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"Am Schnittpunkt zwischen dem Mikrokosmos und dem Makrokosmos
nimmt der Mensch eine ideale Stellung ein. Er isfc von den beiden fundamentalen Formationen der Natur, namlich dem Atom und dem Stern, genau
gleich weit entfernt. Dies stellt den Menschen auf eine höchst ideale Beobachtungsplattform, von der aus er die winzig kleinen und die riesig grofien Wunder
der Natur erforschen kann. Die geschichtliche Entwicklung hat den Menschen
des uralten Traumes beraubt, er befande sich im geometrischen Mittelpunkt
des Universums. Doch die moderne Wissenschaft hat ihm etwas anderes und
WertvoHeres gegeben. Es ist vermutlich von viel gröBerer Wichtigkeit für den
Menschen, in der Mitte zwischen Stern und Atom zu stehen.
lm Bereich der Sterne, Menschen und Atome nimmt der Mensch also schliefilich
doch wieder den Mittelpunkt ein."
from "Lebendiges Weltall" by Heinz Haber
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1. Motivation of the experiment

"Wenn ein elektrisch geladenes Teilchen in der Nahe eines Punktea vorüberfliegt, entsteht in diesem Punkte ein veranderliches elektrisches Feld. Wenn
wir nun dieses Feld durch ein Fouriersches Integral in harmonische Komponenten zerlegen, so sehen wir, daB es gleich dem Felde ist, das in dem Punkte sein
würde, wenn es mit Licht von einer passenden kontinuierlichen Frequenzenverteilung belichtet würde."
E. Fermi1

1.1 Introduction

1.1 Introduction
In classical Maxwell theory, photons obey the superposition principle. They
do not interact with one another and the total electrical field at a given position and time equals the sum of the electrical fields generated by each photon
individually.
The quantum mechanical formulation of electrodynamics, QED, predicts,
however, that photons can interact with one another, be it in an indirect manner. According to QED a photon can only couple directly to a particle carrying
electrical charge. Consequently, two photons would interact if one of them were
to couple to a charged particle, produced by the other through a quantum fluctuation. For small photon energies the cross section for this to happen is very
small, and photon-photon interactions have been observed only at energies above
the threshold for two-photon production of e+e~ pairs.
According to an idea, that can be traced back to Fermi1 (see the title page
of this chapter), the electrical field generated by a moving charged particle
can be Fourier-decomposed into a continuous spectrum of photons. Therefore,
photon-photon interactions can be observed in inelastic scattering processes of
two charged particles.
Electron-positron storage rings provide a high-intensity source of such reactions. These rings were built primarily for the study of e+e~ annihilation. To
lowest order in the electromagnetic coupling constant a, O(a 2 ), the e+e~ system

(a)

X

Fig. 1,1 Production of a fina/ state X in e + e
by two photons.

collisions: a) by one photon, b)
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annihilates into a virtual timelike photon that successively decays into a final
state X consisting of leptons and/or hadrons:
e+e-

_ y _* x.

(1.1)

This is represented diagrammatically in figure 1.1a.
The interaction of a photon flux produced by the electron with one produced by the positron can be computed in QED. To first contributing order in
perturbation theory, the two-photon production of a final state X involves four
elctromagnetic vertices, as represented in figure 1.1b, and is therefore of order
a4:

e+e-

e+e~7*7* -> e + e~X.

(1.2)

The largest e+e storage rings available at present are PETRA at DESY in
Hamburg, West-Germany, and PEP at SLAC, Stanford, California. This thesis
describes an experiment performed at PEP on the two-photon production of
two charged particles. In particular, the formation of the tensor (spin-2) meson
ƒ(1270)^ and its decay into IT+K~ is investigated. The 77 width is determined,
and the dependence of the cross section on the four-momentum transfer, Q 2 , of
one of the virtual photons is studied. The analysis assumes that the ƒ is produced
in a pure helicity-2 state which is justified a posteriori from the data. In the
process, the reaction n—*K+K~ is studied, both because it forms a potential
background to, and for comparison with, the TT+/K~ data. The contribution of the
7r+7T~ continuum is analyzed in terms of Born amplitudes at 77 center-of-mass
energies below the ƒ mass. A comparison of the 7r+7r~ and K+ K" continuum
is made at high masses. A prediction of the currently most popular theory of
strong interactions, Quantum ChromoDynamics (QCD), is tested.

1.2 Two-photon reactions with e+e

colliding beams

Although colliding beam facilities suffer from the fact that they have a relatively low luminosity compared to fixed target machines, they have the advantage
The "official" name of this meson is /(1270). In older publications, including the one
announcing its discovery? one finds the name f°. In more recent publications it is referred
to as ƒ. It has been proposed3 to adopt a new system of hadronic names to bring some
order into the "zoo" of particles. In this sytem, the name would be /2(1270). In this
thesis, for brevity, the name ƒ will be used.

1.2 Two-photon reactions with e+e

colliding beams

(b)

*

X

X

(d)

Fig. 1.2

diagrams contributing to the process e++ee
X. a) Twophoton collision, b) Virtual bremsstrahlung with e"*"e~ scattering, c)
Virtual bremsstr&hlung with e+e~ annihilation, d) -^-cascade process.

of producing a much higher center-of-mass energy for the same beam energy. In
the case of e+e~ storage rings one has the added advantage of a well known initial state of particles that have been shown to behave very accurately pointlike.
The beam energy at PEP is still sufficiently low for the electrons to interact
predominantly electromagnetically, and their weak interaction can usually be
ignored.
In QED one has to order a 4 four types of diagrams that contribute to reaction
(1.2). They are shown in figure 1.2. The first of these classes is the one of interest:
it contains the actual n collision processes. The second and third diagrams
refer to virtual bremsstrahlung reactions with e+e~ scattering and annihilation
respectively. The fourth type is sometimes referred to as the ^-cascade process.
The new physical content comes from the -77 -* X amplitudes in the first
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and fourth categories: their system X has to have even charge conjugation,
whereas the charge conjugation of e+e~-annihilation final states is odd. Therefore, 77 —>• X final states like e+e~, M+M~, T+TT~, and several C = + resonances can be formed. Examples are: n°, r), »?'(958), /(127O), A2{l3,2Ö), i(1440),
/'(1525), 0(1720), T?C(2980), x(3415), and x(3555). Of these, most resonances
below 2 GeV/c2 have indeed been found. Because of the fact that the first class
of diagrams has two low-Q2 propagators it contributes most to the total cross
section. Next in line is the virtual bremsstrahlung scattering diagram because it
has one such propagator. The other two classes can only contribute significantly
if the e+e~ center-of-mass energy is near the mass of a resonance. At PEP energies this is not the case. These features were first pointed out by Low? Calogero
and Zemach5 in 1960, and Arteaga-Romero et al?, Balakin et al7 and Brodsky
et al? in 1970 and 1971.
The intrinsic cross section of 77 reactions at PEP energies is higher than
that of e+e~-annihilation processes. In practice, however, it turns out that the
accepted cross sections are comparable to those of e+e~ annihilation. This is
due to the fact that the 77 mass spectrum peaks sharply at low masses: the 77
luminosity is an order of magnitude lower than the e+e~ luminosity at masses
above the threshold for TT pair-production (see chapter 2).
An advantage is, that the center-of-mass energy of the two virtual photcns
varies. Therefore, one can study the entire spectrum of 77 masses, with the
storage rings running at a fixed beam energy.
The major disadvantage is that the cross sections decrease again by an order of magnitude for each final state electron to be detected. In the case where
one or both of them are detected, one speaks of single tagging and double tagging. In case of no tagging one loses information about the final state, possibly
introducing background.
There are a number of background processes that can closely resemble twophoton reactions. In double tagging, the process e+e~~ —* e + e~7, known as radiative Bhabha scattering, provides a formidable background. In the no-tagging
case, beam-gas interactions and cosmic rays can simulate two-photon events,
while with single tagging all three backgrounds may play a role.
Fortunately, radiative Bhabha events tend to be coplanar, and a simple
acoplanarity cut will remove most of them. Usually beam-gas events can be
rejected by charge conservation requirements, |£pj_| cuts and vertex reconstruction. Cosmic rays are rejected both by vertex and acolinearity cuts (see chapter 4).
In sum one concludes that, since the backgrounds can be handled and event
rates are not too low, two-photon reactions provide a viable way of studying a
class of processes with a different physics content. Good reviews of the subject

]
I
|
'

1.3 Hadron production in two-photon reactions

(a)

(b)

hadrons
/

P, w, 4>
W\A>

hadrons

Fig. 1.3 Hadron production by two photons, a) Pointlike. b) According to the
Vector-Dominance Model (VDM).

are given by Terazawa? Brodsky, Kinoshita and Terazawa}0 Budnev et alJ1 and
in books by Renard12 and Kolanoski!3

1.3 Hadron production in two-photon reactions
Although QED can bs tested up to order a 4 by measuring two-photon production of lep ton pairs} the main interest of two-photon reactions lies in the study
of the coupling of the photon to hadrons. In terms of the quark model, one investigates the coupling of the photon to the quarks as constituents of hadrons.
In the case of resonance formation, the measurement of the 77 width provides
information about the quark model of bound states of quark-antiquark pairs. In
particular, tests of SU(3) symmetry and of models with multiquark or gluonium
states can be made. Gluonia are bound states of gluons, whose possible existence
has been subject to extensive discussions in recent years?7
In lowest order, hadrons emerge as the quarks produced by the two photons
fragment. This is shown in figure 1.3a. This pointlike behaviour of the interaction
is only visible if one probes at very small distances and over a very small time
interval. Because of the uncertainty relations, this means that one needs high
momentum transfer of at least one of the photons, or high transverse momenta of
the quarks. As the momentum transfer becomes smaller, the interaction is spread
over greater distances and a longer time interval and the strong interaction has
ample chance to disguise the pointlike behaviour by the exchange of gluons. In the
Vector-Dominance Model (VDM15), or a generalized version thereof (GVDM16),
f

The PEP-9 collaboration has done this for the reaction e+e
14.

—» e + e ft+li ; see reference
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this scenario is carried to the extreme. There, the photons transform into virtual
bound states with the quantum numbers of the photon: the vector mesons p, UJ
and 4>. In GVDM the photons are also allowed to transform into a continuum
of states with masses above 1.4 GeV/c2. The two vector mesons then interact
strongly as in low-energy hadron-hadron collisions. This picture is represented
by figure 1.3b.
In two-photon reactions it is possible to observe both extremes. In the notagging mode, both photons can be considered real and the momentum transfer
is low. Therefore, VDM should describe the data well in this case. With single
tagging, the momentum transfer increases as the angle of the observed electron
becomes larger. There, deviations from the vector-dominance models might be
explained by a contribution from the pointlike interaction.

1.4 The two-photon formation of resonances
The two-photon mechanism is a clean way of studying resonance formation
in the sense that the production rate can be absolutely calculated from QED
with the 77 width as only free parameter. Also, the resonance can be produced
by itself, i.e. without additional hadrons, if it has the quantum numbers of the
two-photon state. This restricts the type of resonances that can be produced:
their charge conjugation must be C = +1 and their spin cannot be 1 according
to the Yang/Landau theorem18 if the photons are real or nearly so.
1.4.1 Unitary symmetry
Since photons couple only to charged particles, the 77 width, r(77 —> X),
depends on the internal charge structure of the resonance. In terms of the quark
model, F (77 —• X) is a function of the quark content of the resonance. For
the moment, gluonic admixtures are ignored. Since we will limit ourselves in
this thesis to low-mass resonances, we can ignore heavy quarks and the only
contribution will come from the u, d and s quarks. Then, the possible bound
states of quark-antiquark pairs are assigned to locations in the octet and singlet
representations of the SU(3) group:19
3®3->8©l

.

(1.3)

Bound qq states with a certain spin S and orbital angular momentum / will fill
the nonet of mesons of the class Jpc, with total angular momentum J, parity
P = ( - l ) ' + 1 (an additional minus sign is due to the intrinsic opposite parity of
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the q and q) and charge conjugation C — {—l)l+s. In two-photon reactions only
the nonets with Jpc — 0~"+ (pseudo-sca/ars) and Jpc — 2 + + (tensor mesons)
have been found. The nonet of the scalar mesons [J
= 0 + + ) and nonets with
even spin higher than 2 have not yet been established. Nonets with odd spin are
not expected in two-photon reactions, unless Q2 is very high.
The flavour-neutral members of the pseudo-scalar (tensor) meson nonet have
the following quark content:
|T°) (1^2» =
\ns) (|/ 8 » =

M (I/O) =

V2
|u0) + l

^

" |IM/

(1-4)

uu) + |dd) + |ss)

V3

The indices 8 and 1 denote the flavour-octet and -singlet isoscalars. The ir°(A2) is
the ƒ3 = 0 part of an isovector. The three states are orthonormal by construction.
Since the mass of the s quark is considerably larger than that of the u or
d quarks, the SU(3) symmetry is broken. Therefore, the physically observable
isoscalars tj and 77' (ƒ' and ƒ) are mixtures of the SU(3) singlet and octet states:
- s i n © |T?I)
IT?'} =sin0|»? 8 > +cos0|»7i)
|T7>

COS0|J? 8 )

(1.5)
l

|/ >=cose|/8>-8in8|/1>
|/) = s i n 0 | / 8 > + cos 0 |/x)

,

where 0 is the mixing angle. The case that one of the observable pseudo-scalar
(tensor) mesons consists only of uü and dd and the other only of ss is called ideai
mixing. Suppose, that we assume the ƒ to be a tensor meson that contains no
ss, which is suggested by the fact that the branching ratio into KK is very small
(w 3%, see table 1.1). Its ss content is:
cos©

2sin©

•

(L6)

0 = 35.26°.

(1.7)

"7T - ~W
If this is to be 0, we need:
tan 0 = — , or
V2
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Particle

IG(JP)C

n°

l~(0~)+

n

0 + (0~)+

n!

0 + (D~)+

Mass
(MeV/c 2 )

Full
Width
(MeV)

Decay
mode

Pseudo-scalar mesons
134.9630
7.95 x 10~6 7 7
±0.0038 ±0.55 x 10~6
548.8
0.83 x 10~3 77
±0.6 ±0.12 x 10~3 3TT°

0.29
±0.05

957.57
±0.25

wy
77
ƒ
0+(2+)+

Tensor mesons
1274
178
±20
±5

7T7T

1318

p~ir

KK
110
±5

±5

W7T7T

f'

0+(2+)

1525

+

70
±10

±5

KK
KK

Fraction

98.802 ± 0.030
1.198 ± 0.030
39.0 ± 0.8
31.8 ±0.8
23.7 ± 0 . 5
4.91 ±0.13
65.3 ± 1.6
30.0 ± 1.6
2.8 ± 0 . 5
1.9 ±0.2
84.3 ± 1 . 2
2.9 ±0.4
2.9 ± 0.2
70.1 ± 2 . 2
14.5 ±1.2
10.6 ± 2.5
4.9 ±0.8
dominant

Table 1.1 Par6ic/e properties for the C = + pseudo-scalar and tensor mesons (from
reference 20). Only decay modes with a branching ratio of more than
1% are listed.

An SU(3) prediction for the masses of a Jpc multiplet is given by the GellMann-Okubo mass formula?1'22 For pseudo-scalars one has:
„
4ml- - m 2 - 3m2
2
t a n 0 = 3m 2K, — *
n
+ rni

(1.8)

and for tensors:
- 3m2f,

tan 0 =

(1.9)
3 m

/

-

4m

K*(l430)
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From the measflftd masses of the observable pseudo-scalar mesons one finds:
QP » ±11°

(1.10)

whereas for the tensor mesons one finds:
&T « ±28°

(1.11)

One can also estimate 0 for the tensor mesons from, e.g. the branching ratios
for ƒ —+ 7T7r and ƒ' —> "K%. The result is compatible23 with the value in equation
(1.11), retaining the plus sign.

1.4.2 The 77 width
A clean way to determine 0 is provided by the measurement of F (77 —• X).
The coupling of two photons to a quark-antiquark pair is proportional to the
square of the charges of the quarks. If the coupling constant gj?77 within the
multiplet only depends on these charges and not on the flavour, we can find
the relative strengths of the couplings of the flavour-neutral members by just
calculating the average of the square of the charges that each member contains.
From the quark content (equation (1.4)) we obtain:
/

,

e^-ej

1

-11

g„o7„ ( g W a —

ITTJ

using the quark charges eu = | and e,j = e8 = — | . The factors F\ and F% are the
singlet and octet PCAC constants that follow from a more detailed treatment,
using low energy theorems deduced from trace and chiral anomalies?5 They reflect
the fact that the wave functions for the singlet and octet states are not necessarily
identical at the origin. They may be the same for ideally mixed nonets, but
possibly not for nonets with a different mixture, like the pseudo-scalar mesons?5'26
The quantity f is a parameter that is 1 for QCD, but 2 for the Han-Nambu model
of integer charged quarks.
With the aid of equation (1.5) we get the following ratios for the coupling
constants
Sir°7T g"TT Zvn
Stem g/-n e/rr
= - \ / 3 : c o s 0 - 2 \ / 2 f #ƒ• sin©: sin 0 + 2\/2 f i2 f cos0

,
.

.
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Here, RF = Fs/Fi- It is often assumed that Rp = 1. This assumption is
sometimes called that of nonet symmetry. For ideal mixing and Rf — 1 and
QCD (£ = 1) equation (1.13) reduces to - 3 : - \ / 2 : 5.
The 77 widths can be expressed in terms of these coupling constants. For
the pseudo-scalars one has:12

r(p
For the tensor mesons the situation is complicated by the fact that there are
in principle two coupling constants, one for each helicity state A. The SU(3)
symmetry is, however, independent of the helicity: the ratios of (1.13) hold for
each coupling constant separately. We have:^
(gi

_1_^

(A = 0) m i + 6 gl

(A = 2)^

TL

^_^ .

(1 . 15)

As will be explained in subsection 1.4.6, the formation in the helicity A = 0
channel is suppressed.
We can now use these mixing angles to predict the 77 widths of the flavourneutral pseudo-scalar (tensor) mesons r\ and 77' (ƒ' and ƒ). We present them here
in the form of ratios to the 77 width of the TT° (^2):

'

xs

.

(l- 16 )

When we add these two equations, we arrive at a sum-rule:

(1.17)
In the following, we will always take the QCD value for £, £ = 1.
f

Occasionally, one finds other expressions. Grassberger and Kögerler2* use a formula with
r("n ~~* -X") linear in mj. As pointed out by Kolanoski,13 an unambiguous derivation has
not been given sofar.
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Particle

V

v'
ƒ'
ƒ

77 width (keV)
(without TPC/Two-gamma)
7.34 ± 0.21 x 1(T3
0.53 ± 0.05
4.21 ±0.42
0.91 ±0.17
0.11 ±0.05
2.76 ±0.15

13

77 width (keV)
(with TPC/Two-gamma)
—

0.54 ± 0.05
4.21 ±0.35
—
—

2.81 ±0.14

Table 1.2 Column 2: world averages of published values for the I T widths of the
pseudo-scalar and tensor mesons as presented29 at the V 1 conference
on Physics in Collision, 3-5 July 1985, Autun, France. Compare also
reference 30. Column 3: world averages including preliminary values by
the TPC/Two-Gamma collaboration.

1.4.3 The experimental situation
Using equation (1.17), we can determine the experimental value of Rp; using
the values from table 1.2 we get for the pseudoscalars:
RF{P) =0.94 ±0.04

,

(1.18)

and for the tensors:
RF{T)

= 1.08 ±0.12

(1.19)

Both values are not far from 1. In this subsection we w:ll therefore, temporarily,
assume nonet symmetry, i.e. Rp = 1. Using equations (1.10)—(1.15), we can then
compare theory and experiment. We obtain for the theoretical prediction for the
pseudo-scalars, using fc>p = -11°:
r(7r°
= 3 mi
= 7.87 eV

:2.3 m3,
: 0.40 keV

:6.7

(1.20)

: 6.2 keV

normalizing to the calculation using the Adler-Bell-Jackiw anomaly27'28 and
PCAC for the width of the n°.
The experimental results, representing the status of september 1984, are
listed in table 1.2. The agreement with the theoretical expectation is very good,
even remarkable, if one observes that the cube of the mass in the expressions for
v X) forces an extrapolation with a factor of m?,/m\ w 360.
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For the tensor mesons we obtain, using QT — +28°:
- 77) : r ( / ' - 77) = T{f -» 77) =
= 3m^
:0.2m3f,
:8.8m3f=
= 1.0 keV

: 0.10 keV

: 2.61 keV

(1.21)

,

normalizing to the A^. The experimental values are listed in table 1.2. Again, the
agreement with theory is very good. The value listed for the ƒ will be discussed
in more detail later. It is interesting to note, that the ƒ' will not couple to 77
for a mixing angle of 0j> = 19.47°.
1.4.4 Giuojiium admixture
Gluonia are bound states of gluons. They are expected to exist in the framework of QCD because of the non-abelian nature of the theory. Since gluons
are not electrically charged, they should not couple to photons. It is, however,
possible that gluonia mix with ordinary mesons. If they do, two effects result.
One is that these new resonances may be present in the two-photon data, and
the other is, that non-quarkonium admixtures contribute to the formation of
the meson resonances, thus destroying the simplistic picture painted by unitary
symmetry as detailed in the previous sections. Of course, the already existing
near-agreement of the experiment with unitary symmetry effectively restricts the
amount of gluonium admixture one can allow.
To study the amount of gluonium admixture we shall work in a basis of the
states (see, e.g. reference 17):

and

\G) = |gluonium)

.

Any physical state is a linear combination of these basis states:

I*) = x\N) + y\S) + z\G) with

One can compute in a straightforward way ratios of various widths from
SU(3). For the pseudo-scalars a number of relevant ratios is given in table 1.3.
In the same table values are listed for the variables x and y when one uses experimental results. In figure 1.4 some of these values are represented graphically.
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SU(3) prediction

Ratio
2

r(w -* JT°-

rr>
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Result

2

m2
m,2 - rn-m
p

4 mg
7T°7)

\xv\ =0.72 ±0.10
|y,| =0.65 ±0.06

77)

= 0.62 ±0.03
=0.55 ±0.04

- m\
-ml
m
2

' -> 77)

1 /
9\

No data
+ —y
5

,| = 0.76 ±0.04

=0.69 ±0.07

p°r?)

=0.54 ±0.08
= 0.87 ± 0.08
=0.36 ±0.06

Table 1.3 SU(3) predictions for the ratios of widths for radiative decays, 77 reactions and xf> decays and the consequences for x and y for pseudo-scalars.
The values for the 77 widths were taken from table 1.2 and those for
the ip decays from reference 31. Where applicable, the values of f and
Rp were set to unity.

In this figure of y vs. x the circle segment represents the cases where there is no
gluonium admixture. Any point inside the circle is in principle allowed. Some of
the constraints listed in table 1.3 are indicated. There is clearly not much room
for gluonium admixture for the rj, but there is a good possibility in the case of
the T]', especially when one takes the values from tji decays seriously.
In the following we will concentrate specifically on the tensor mesons. For
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Fig. 1.4 Allowed regions in the y vs. x plane for a) the r\ and, b) the r)1 according to table 1.3. The circle segment corresponds to zero gluonium
admixture.

the ƒ and the ƒ' we may write, in terms of mixing angles:

= cos $ƒ I cos 0

(1.24)

and

cos $ƒ> | cos 0 - s/2 sin 0 \ \fz
|sin0 + \/2cos0} /-\/3

(1.25)

= sin $ƒ(
The angle <£>ƒ_ƒ» in these equations is the gluonium admixture angle. The inverse
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0.2 0.51.0

-0.5-0.25

17

2.0 3.0 4.0 keV

0 0.25 0.5 0.75

1 1.25 1.5

1^=0.2 0 keV
Fig. 1.5 Allowed regions in the y vs. x plane for the f and the ƒ' according to
table 1.3. The lines indicate "yy widths of tensor mesons with the yy
width of the A2 as given by table 1.2.
relations are:
1
\/3
sine = - ^ -

COS $ ƒ

(1.26)

i\/3

cos0 =

COS <&ƒ

and
sin0 =

- l3\ / 3
, {V2 xr + yf,}
COS®f>

cos 0 =

3

COS$fr

'

{xf,

'

(1.27)

-V2yfl}

'

' '

We can now re-derive equation (1.16). In the presence of gluonium we arrive
at:

- • • •

18

1. Motivation of the experiment

with the notation introduced above.
With the assumption of nonet symmetry this equation reduces to the one
found, e.g. in reference 17:

From table 1.2 we then find for the ƒ, using the world average:

\xf + ^—yt\ = 1.11 ±0.11
5

(1.30)

and for the ƒ':
|z/' + — y/< | =0.17 ±0.04 .
(1.31)
o
These constraints are illustrated by figure 1.5. The amount of gluonium admixture one can allow is clearly restricted for the ƒ, but not for the ƒ'. If one assumes
ideal mixing, i.e., xp = 0, then yp is constrained by equation (1.31):
-yp = cos$p = 0.59 ± 0.15 (ideal mixing),

(I- 32 )

which is two standard deviations from 1. This, of course, does not prove a
gluonium admixture: if we take, instead of ideal mixing, a mixing angle of 28°,
as suggested by the mass formula, we get:
cos $/, = 1.1 ± 0.3 (0 = 28°).

(1.33)

We can show this in another way using, additionally, an independent analysis32-33 of the decay modes ƒ —> nn,KK and T]TJ, giving:
xf > 0.9

.

(1.34)

This analysis ignores |ss) admixture, but should be approximately valid. One
can use this fact to predict:

1.4 The two-photon formation of resonances
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where the lower bound comes from the case with no gluonium and a mixing angle
0 = 19.47° (where the 77 width of the ƒ is maximal and that of the ƒ' zero);
the upper bound is computed at Xf — 0.9 and yj = 0. The lower bound is fairly
close to the experimental value (again using world averages):

suggesting a lower value for the mixing angle than the one for ideal mixing (35.3°).
If we again assume ideal mixing, we obtain from equation (1.28):
= § cos2 $

.

(1.37)

Using equation (1.35) we predict:
0.13 cos2 $« < r(ƒ -> TY)

< 0 1 7 c o s 2$

/li3gj

The experimental value is:
f' - » -v-v)

^

= 0.039 ± 0.018

,

(1.39)

which is in good agreement with equation (1.38) only if:
0.35 < cos $ƒ> < 0.66 (ideal mixing).

(1-40)

When we use, however, a mixing angle of 28° and assume that the ƒ has no
gluonium admixture, we obtain instead:
0.75 < cos$ƒ/ < 1.23 (0 = 28°),
and there is no evidence for glue left.

(1-41)
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(b)

(a)

(c)
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Fig. 1.6 Three possible mechanisms

for radiative

iji decay,

a) if> —• ggTf, with

gg -» X, bj i/> - • ggg. wit* ggg -* -X7. a" d c) $-+

Transition
figure 1.6a
figure 1.6b
figure 1.6c
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Table 1.4 Branching ratios calculated from SU(3) for three mechanisms of radiative t// decay into tensor mesons and a gamma, normalized to the decay
into f'i (from reference 34).

1.4.5 The connection with radiative tp decays
The other effect of a gluonium admixture to either the pseudo-scalar or the
tensor mesons is, that it should be possible to form these gluonia (sometimes
referred to as glueballs) in two-photon collisions. It is useful to compare the rate
with which this happens to the rate of formation in radiative ip decays.
For radiative tj) decays three mechanisms have been considered?4 They are
depicted in figure 1.6. In the first case, the rjj decays into two gluons and a gamma,
after which the gluons form an iso-singlet state X. In the second scenario, the ^
decays into three gluons that form the state X and X radiates a photon. Here, the
system X + 7 is an iso-singlet. The last possibility is a purely electromagnetic
decay of the i\> with the formation of the state X. As in the second case, X
radiates a photon.
One can calculate the ratios of the widths for various X belonging to the
same nonet. For the tensor mesons the branching ratios are listed in table 1.4,
ignoring phase-space factors for the moment. Effectively, the second and third
possibility have already been ruled out by the data: the decay into ^27 has not
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Particle

Jpc

Mass
(MeV/c2)

Full
Width
(MeV)

Decay
mode

t(1440)

o-+

1458 ± 10

99 ±10

KKTT

0(1720)

2 ++

1717 ±10

130 ± 20

P-K?)

K+K~
•JT+7T~

rjri

X(2100) ?
£(2200) ?

2086 ± 15
2218 ± 10

?
?

210 ± 60
<40

7T + 7T~

K+K-

Table 1.5 Properties of candidates for gluonia. Data are taken from reference 36
and 37.

been observed?5 and it has been found experimentally that: 36
(1.42)
where the branching ratio B(f' -» KK) > 0.7.
From these considerations one concludes that radiative tj} decays are eminently suitable for the search for gluonia. Therefore, if one finds gluonia both in
radiative ip decays, and in photon-photon collisions, the ratio of their production
in these two processes yields information about their composition. If they would
only be produced in radiative if) decays, but not in photon-photon collisions,
there would not be any quarkonium admixture.
In this context a quantity, called stickiness was introduced:25
(1.43)

~c

where N = 3 for pseudo-scalar X and 1 for tensor X. The overall normalization,
C, has no particular significance. The phase-space factor contains, apart from
the mass of X, also the energy of the photon in %l> —> 7X in the 1}) rest frame,
Naively, using perturbation theory, we expect that a pure glueball G is formed
by two photons through a qq loop. Compared to a meson M of the same spin and
comparable mass, we expect that the 7-7 formation of a glueball is suppressed by
a factor
»77)

T(M

22
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On the other hand, in radiative ip decays, we need two gluon-quark vertices to
create a meson, but none for a glueball:

a

In equations (l.44)-(l,45) a, is the coupling constant of the strong interactions.
Since a, ~ 0.25 we have clearly, that
SG^SM

.

(1.46)

The four most popular candidates for glueballs are listed in table 1.5. Only
the t(1440) and the 0(1720) have a definite spin-parity assignment sofar. Currently the experimental values for the stickiness of the pseudo-scalars are:
St : Snr : Sn : Sro « (> 10) : 2.5 : 1: 0.02

(1.47)

5 4 : S8 : Sr : Sf « (> l) : (> 20) : 14 : 1 ,

(1.48)

and for the tensors:

where the £ was assumed to have spin 2. It should be pointed out, that mesons
that contain a large amount of |ss) are expected to have a relatively large stickiness, just as a consequence of SU(3) alone. It is especially when a large |s§)
content is unlikely, that a large stickiness value points to glueball nature. For
details, see reference 25.
In this thesis upper limits will be presented on the 77 widths for the gluonium
candidate 0(1720). It will be shown that the giueball hypothesis is consistent with
the data. The data do not, however, permit the setting of an upper limit to the
amount of mixture between gluonium and quarkonium in the tensor mesons.
1.4.6 The helicity states of the tensor mesons
We already mentioned that two real photons cannot make a spin-1 final state
according to Yang's theorem?8 They are also not allowed to make a spin-2 state
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Table 1.6 CJebsch-Gordan coefficients /or a system of two spin-one particles.

with helicity 1. These properties are due to the fact that real photons are massless
and have therefore only transverse polarizations.
Hence, the only helicity states possible for the spin-2 two-photon system are
A = —2, 0 or 2. We can determine the relative frequency of occurrence of these
helicity states by a simple argument in terms of Ciebsch-Gordan coefficients.
Assuming that only the lowest multipole of the -yy system contributes (i.e. that
the spins of the two photons are parallel and that there is no orbital angular
momentum), we find from table 1.6 the ratios:
(1.49)
or, taking the absolute value of the helicity, a ratio of 6 : 1 in favor of helicity 2t
Since the acceptance of a typical detector depends heavily on the angular
distribution of the produced particles, it is essential to know the helicity state
of the produced system: different helicities result in different angular distributions of the decay products. For a tensor meson with helicity A, decaying into
There exist derivations under more general assumptions that are compatible with this
ratio. For a review, see e.g. reference 13.

1. Motivation of the experiment

24

0.4

0.3

0.2

0.1

Fig. 1.7 Decay angnlar distribution of a tensor meson decaying into two scalar
(or pseudo-scalar) mesons for helicity A = 0,1, 2.

two scalar or pseudo-scalar particles the angular distribution is proportional to
]Y2 (cos#*)|2, where Y( is the spherical harmonic function for angular momentum I and helicity A, and i?* the angle of one of the decay products with respect
to the '7'7-axis in the Ty center of mass. We have:

A= l :

— sin21?* cos2 »

(1.50)

A= 2 :
The angular distributions are shown in figure 1.7. Clearly, the shapes of the
A = 0 and A = 2 curves are similar for small cost?*. This is the region where
most experiments have the best acceptance. It also follows from the curves,
that misidentification of the helicity state can lead to a significant error in the
resulting -77 width.
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1.4.7 The dependence on Q2
As was mentioned earlier, the 77 cross section of hadron production generally
depends on the four-momentum transfer Q2. The prediction of VDM is that for
non-zero but small Q2, (7(77 -* X) is proportional to a p-pole form factor (see,
for example, reference 19 or the original paper by Sakurai15):

= 0)

.

(1.51)

where mp is the mass of the lightest vector meson, the p°(770). At large Q2
a contribution is expected from the longitudinal polarization of the photon?5
Additionally, a contribution from continuum states may be present (GVDM16).
Then the prediction becomes:

(1.52)

Here, the relative strengths of the p,u> and <j> are given by the constants ry:
rp - 0.65,rw = 0.08 and r^ = 0.05. The masses my are: mp = 0.77 GeV/c 2 ,
mu = 0.78 GeV/c2 and m^ = 1.02 GeV/c 2 . The first term is the same as the
one of VDM, now summed over the three vector mesons. The second term is the
continuum contribution, with a mass scale of 1.4 GeV/c 2 . The last term is the
contribution of the longitudinal polarization of the photon. The factors ry, and
0.22 and 0.25 in front of the second and third term, were taken from reference
16, using what they call "model II".
As is shown in figure 1.8, the p-pole form factor decreases much more rapidly
with increasing Q2 than the GVDM factor. This is mainly due to the second
term in (1.52), which becomes larger than the first term at Q2 w 0.8 GeV 2 /c 2 .
The last term contributes at most 23% of the total at very high Q2. When used
with just p dominance, however, it contributes already about, half at Q2 > 2
GeV 2 /c 2 .
For the tensor mesons there is somewhat of a complication in the fact that
as one of the photons becomes virtual and acquires a mass, the helicity of the
77 system is no longer restricted to X — 0 and 2. The authors of reference 38
present a model for the evolution of the various helicity contributions to the

\
>
j
i
[
:
i
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Fig. 1.8 Q 2 dependence 0/77 cross sections According to VDM and GVDM.

formation of the ƒ with increasing Q2. In figure 1.9 the relative amounts of
the helicity contributions are plotted as a function of minimum tagging angle,
tftag.min, related to Q2 by Q2 « .Ebeam £tagi?tag- As a result of this, it is very
difficult to determine the Q2 dependence of the coupling constant in a model
independent way.

1.5 The study of the ƒ
The main subject of this thesis is the tensor meson ƒ. We will consider
only its decay into ir+ir~, for reasons explained below. The experimental study
of the ƒ, even though it is the most prominent of the tensor mesons, has in
the past met with more difficulty than was originally anticipated. There are
several reasons for this. One is, that there is an enormous continuum of charged
two-particle final states. The largest contribution to this continuum comes from
the QED-processes e+e'
Because the
momenta of the final-state particles are very low (of the order of 1 GeV/c), it is
not easy to reject electrons and muons with central detectors that are optimized
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Fig. 1.9 Helicity-0, -I and -2 contributions in
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ƒ as a function of the mini-

for annihilation physics. Apart from QED-processes, there are also hadronic
two-particle final states. In particular the TT+W~ continuum has to be studied
carefully, because it interferes with the ƒ formation.
1.5.1 The ƒ and the K+IT~ continuum
The major decay modes of the ƒ are listed in table 1.1. The ƒ decays mainly
into 7T7T: the branching ratio is 84.3 ± 1.2%. This is the reason that we limit
ourselves to this channel. Moreover, since the detector used for this experiment
is more suited for the detection of charged particles, we will only consider the
decay into n+ir~. Since the ƒ has isospin 0 and the pion has isospin 1, we find
from table 1.6 the ratio:
= 2

-2:1

(1.53)

Therefore, the branching ratio of the ƒ into charged pion pairs, B, is 2/3 x
84.3% = 56.2%.
In addition to charged pion pairs from ƒ decays, we have a large continuum
from the QED process in which the photons couple to the pion charges directly.
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(a)

Fig. 1.10 a) Bom diagrams for -yy •

b) Resonance contribution.

The cross section that one obtains for this continuum to first order in perturbation theory is called the Born approximation. For 'yy —• 7r+7r~ this cross section
was first calculated by Calogero and Zemach? The cross section calculation differs from the usual Q£Z>-calculation of, say, 77 —• fi+fi~ in that the outgoing
pions do not have spin, and that there is an additional diagram to be considered
(see figure 1.10a).
There are two terms for the continuum, one for each helicity state. The
exact form of the cross sections will be given in chapter 2. As it turns out, both
amplitudes are real (apart from a phase factor), and the cross section for the
helicity-2 term is by far the largest at the ƒ mass.
There is reason to believe11 that the Born approximation describes the continuum very well up to the ƒ mass. Therefore, one may approximate pion pairproduction in the ƒ region by adding to the three diagrams of figure 1.10a a
resonance contribution (figure 1.10b).
Since the ƒ is formed mostly in the helicity-2 state, one expects a strong
interference between the resonance and the continuum. We have:
da.77

T(M)

dQ*

(1.54)

where F is the non-interfering helicity-0 part of the Born amplitude and G is the
helicity-2 part which will interfere with the resonance amplitude g. Expanding
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Fig. 1.11 if7 cross section for TT^TT production assuming a Born-term continuum and an f resonance with T[i*f —» f)=3.0 keV, with constructive
interference below the f mass.

equation (1.54), we obtain:
der^^xiM) _

2

2

2

(1.55)

in which the first two terms constitute the normal Born expression. The resonance amplitude, g, is proportional to a resonance propagator:12
goc

- M) -

(1.56)

where Mf is the nominal mass of the ƒ. Ttot is the total width of the resonance.
The square of this amplitude is known as a relativistic Breit- Wigner form.
Since the Born amplitudes are real, the entire interference effect comes from
the Breit-Wigner amplitude. The phase angle 6 is therefore given by
cos 6 = -j-r

(1.57)
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To give an idea of the behaviour of the cross section for the two-gamma production of w+n~ we assume that the width of the ƒ is 3.0 keV, and that we have
constructive interference at masses below the ƒ mass. The result is shown in figure 1.11. It is clear from the figure, that the interference reduces the continuum
at higher masses considerably and modifies the shape of the peak substantially.
Above the ƒ mass, the 7r+7r~ continuum is expected to be calculable in QCD.
One finds, that the cross section drops as M^. It is furthermore predicted, that
the K+ K~~ continuum has the same dependence on M 77 . but has a cross section
that is about a factor of 2 higher. A more detailed discussion can be found in
chapter 2.
1.5.2 The 7r°7r° mode
The only way to detect the ƒ that does not suffer from QED backgrounds
is to measure the decay into two neutral pions. Since this measurement involves
four gammas, it requires a very good electromagnetic calorimeter. It is therefore
no surprise that the only measurement of 77-+ ƒ—+5r°7r° was done by the Crystal
Ball collaboration?4
The advantages of measuring this decay mode are clear: not only is there no
background from e+e~ or fi+n~ production, but also the non-resonant production
of 7T° pairs is expected to be an order of magnitude lower?5
1.5.3 QED backgrounds: e+e~ —> e+e~e+e~
One of the two QED backgrounds is due to the two-photon production of
e+e~ pairs. The best way to treat this background is obviously, to eliminate it.
Sofar, only two experiments have shown results on the ƒ using particle identification extensively: DELCO50 and PLUTO?1 Another experiment, Mark II (at
SPEAR)*3 used pion identification on the basis of their behaviour in a liquidargon calorimeter; however, only to a limited extent. Finally, an experiment at
DCI, DM-141 covers only the very low mass region.
DELCO uses a threshold Cerenkov counter to separate electrons from hadrons
and muons with momenta up to 2 GeV/c. PLUTO uses muon chambers and electromagnetic calorimeters to reject electrons and muons, in the forward direction.
These and other experiments will be described later in more detail.
The present analysis is based on the Time Projection Chamber used by the
TPC/Two-Gamma collaboration (see chapter 3). It has the capability to measure
the energy loss of a particle as it traverses the gas of the chamber. This quantity,
dE/dx, depends on the mass and the momentum of the particle. As will be
shown in chapter 4, the dE/dx measurement can separate electrons from muons
and hadrons very well.
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Other experiments mostly rely on Monte Carlo simulations to estimate the
electron-pair contribution. Although the process can be accurately calculated
in QED, the necessary simulation of the equipment can be quite tricky, and is
usually the source of a major part of the systematical error.
1.5.4 QED backgrounds: e+e~ -» e+e~fj.+/J.~

The background due to the two-photon production of muon pairs is much
more difficult to handle. Since the momenta of the prongs* in the events of
interest are of the order of 1 GeV/c, muon-detection systems usually are inefficient. The mass of the muon is so close to that of the pion, that separation
of muons from pions by means of Cerenkov counters or dEjdx detectors on an
event-by-event basis is impossible.
Except for the already mentioned experiments, DM-1 at DCI, Mark II at
SPEAR, and PLUTO at DESY, all other experiments use a Monte Carlo calculation to subtract the /i-pair background.
In this thesis, however, it will be shown that it is possible to use dEjdx not
only to reject electrons, but also to estimate, on a statistical basis, the relative
amount of TTTT events in a mixture of 7T7T and fifj, events, for low particle momenta
(and, therefore, low mass). For events with high momenta muon chambers can
be used in a statistical argument yielding this ratio at higher mass.

1.6 Measurements of 77 —> ƒ
Aside from this experiment, there are a number of other experiments that
have measured ƒ formation by two photons in recent years. We will review them
here briefly, more or less in chronological order.

S
1
t

1.6.1 PLUTO, central detector data
PLUTO was a detector at the e+e~ colliding beam facility PETRA in Hamburg. It had apart from a rather complete central detector, two forward spectrometers to detect tags. The energy measurement was performed by lead-glass
counters in their Small-Angle Tagger (SAT). The experiment has been dismantled in early 1983.
The PLUTO data set39 corresponds to 2.6 p b ~ \
t

A prong is in the context of this thesis any particle other than a tag.

\
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A possible contribution from the inr continuum was ignored The data were
fitted to the sum of two Monte Carlo calculations, one for e+e~~ —* e+e~e+e~ and
one for e+e~ —> e+e~n'¥iJ,~) plus a resonance term. It was assumed that the ƒ is
produced in a pure helicity-2 state. The statistics did not allow the measurement
of angular distributions.
The PLUTO result for the ƒ width in the untagged data is T(n ->•ƒ) =
2.3 ± 0.5 ± 0.35 keV. The first error is statistical, the second systematical.
For the singly tagged sub-sample an upper limit for the width of T (-7-7 —•
ƒ) < 2.6 keV was obtained for an average Q2 of 0.28 GeV2/c2.
1.6.2 SP-14
SP-14 was one of the three experiments at SPEAR, that reported40 the formation of the ƒ. The setup consisted of four identical forward spectrometers,
one above and one below the beam pipe on each side of the interaction point. A
proportional-tube counter served as central detector. Its operation was limited
to counting tracks. The forward spectrometers each contained a Nal calorimeter
(angular coverage 55-180 mrad) to detect tags. The two-prong sample was used
for the search for the ƒ. A mass distribution was obtained by requiring two tags
and calculating the missing mass from these.
SP-14 reports on an integrated luminosity of 10 pb~*. Although this amount
of data is greater than that of PLUTO, it should be noted that since the SP-14
experiment used a doubly tagged sample, the number of events is substantially
smaller.
The analysis is based on Monte Carlo calculations of the QED background
with an absolute normalization with respect to the integrated luminosity. All
events above the Monte Carlo prediction in the mass range 0.8-2.0 GeV/c2 were
lumped together and said to be due to spin-2 resonance formation. A subtraction
was made for the expected contribution of 7r+7r~ pairs due to the formation of
ij' mesons decaying into ir+n~7, with an undetected 'y.
The total T7 width then was calculated to be 9.5 ± 3.9 ± 2.4 keV. The data
cover a Q2 range of 0.07-0.3 GeV 2 /c 2 .
1.6.3 DM-1
The DM-1 experiment41 at DC1 did not present any results on the ƒ, because
DCI was operated at a very low beam energy (0.75-1.0 GeV), and the integrated
luminosity was limited to 0.5 pb . It is mentioned here, because it did measure
the very low (0.3-0.7 GeV/c2) mass ir+n~ continuum. Particle masses were
calculated from momentum measurements. At least one tag was required. A
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subsample of the data has two tags. The tagging system was able to record tags
at very small angles due to some special features of the DCI storage ring.
The total number of ir+n~ pairs was estimated to be 20 ± 6. A calculation
using Born terms only would yield a somewhat lower number.
1.6.4 TASSO
Another experiment at PETRA, TASSO, is still in operation. It has two
small-angle tagging devices made of lead glass with angular coverage extending
from 24-60 mrad with respect to either beam direction. A complete spectrometer
covers the central region.
The measurement42 was based on 9.24 pb" 1 of data at various beam energies
around 15 GeV.
An absolutely normalized Monte Carlo prediction was used for the combined
e+e~ —* e+e~e+e~ and e+e~ —* e+e~y,+n~ background, and above 1.5 GeV/c2
the data agree well with the pure QED simulation. Systematic errors are given
as 8% in this mass region. Also below 0.9 GeV/c2 the data agree with the
Monte Carlo. The Monte Carlo was then normalized to the data in the mass
region 2.0-3.7 GeV/c2, and only resonance contributions were fitted to the QEDsubtracted spectrum. A possible pion-pair continuum was not included because
it was felt that a reliable calculation was unavailable. A measurement of the
angular distribution of the data in the ƒ mass region resulted in the conclusion
that the formation was largely in the helicity-2 mode, but that a substantial
helicity-0 contribution could not be excluded.
The spectrum was fitted very well with an ƒ Breit-Wigner with an energydependent width, and a contribution from the scalar meson S*(980), and the
resulting 77 width is r ( r y -*• ƒ) = 3.2 ± 0.2 ± 0.6 keV.
In the singly tagged sample, the Monte Carlo model by Krasemann and
Vermaseren38 was fitted to the data together with the QED contribution, and
for the 77 width at an average Q2 of 0.35 GeV2/c2 the value 1.6±0.6±0.3 keV was
obtained. It should be remarked, that the model of reference 38 already includes
a Q2 dependence. Therefore, this value seems rather low. The confidence level
for the width to be the same as in the no-tag case, is 8%.
1.6.5 Mark II, SPEAR data
The second experiment at SPEAR that presented results on the ƒ used the
Mark II detector?3 The central detector included, apart from the usual drift
chambers and muon detectors, liquid-argon calorimeters.
The data sample corresponds to 13.2 pb~*.
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The unique feature of this experiment is, that it used direct hadron identification. The fact was used that the (low momentum) hadrons did not deposit
as much energy in the liquid-argon calorimeters as expected, losing a substantial amount of energy in the magnet coil positioned between the central drift
chamber and the calorimeters. Since this method involved a considerable loss of
efficiency, it was only used to establish the size of the low-mass wn continuum.
A QED Monte Carlo was then normalized to the total two-prong sample, using
the known number of events in this mass region.
After subtracting the QED Monte Carlo spectrum, a Born contribution and
a Breit- Wigner term and the interference between the two were fitted to the data.
Mark II obtained T{*n -*•ƒ) = 3.6 ± 0.3 ± 0.5 keV. Replacing the Born term
with a QCD prediction at masses above 1.5 GeV/c2, did not affect this Tesult.
In this analysis, helicity 2 was assumed. No angular distributions or tagged
results were given.
1.6.6 Crystal Ball
The third experiment at SPEAR to report a measurement of the 77 formation of the ƒ was the Crystal Ball collaboration?4 This is the only experiment
that measured the ƒ in the 7r°7r° decay mode. As was mentioned earlier, the
experiment therefore did not suffer from the usual e+e~ and }i+n~ backgrounds.
The non-resonant production of jr°9r° was found to be very small, as expected?5
The Crystal Ball detector consists of a spherical array of Nal(Tl) shower counters and end caps, spanning together 98% of the solid angle. Charged particles
are detected in a set of cylindrical spark chambers and proportional chambers.
A total of 21 pb~ of data was collected at beam energies between 2 and
3.5 GeV. Events were selected with four photons, and 7r°7r° candidates were
selected from these. The parameters of the two-pion system were subsequently
reconstructed. The acceptance covers the range of |cosi>*| from 0 to 0.7. An ƒ
peak is clearly visible.
A helicity analysis showed that the spin-2 assumption is justified, and that
helicity 2 dominates. Using the measured numbers for the helicity contributions
a icy width of 2.9^°-4 ± 0.6 keV was obtained, with the first error statistical and
the second systematical. Using the assumption that the ƒ is formed only in
helicity 2, the fit gave r ( r y -* X) = 2.7 ± 0.2 ± 0.6 keV.
1.6.7 Mark II, PEP data
The second measurement of the Mark II collaboration was performed with
essentially the same detector, but now at PEP*6 A forward spectrometer was
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added to detect tags. The energy measurement of these was performed by leadscintillator shower counters.
This data sample constituted 14.5 pb" 1 , at a beam energy of 14.5 GeV.
The analysis was different from the one on the SPEAR sample in that it did
not use the liquid-argon calorimeters to select pions. Rather, the QED contribution was fitted together with the Born term, the ƒ term and the interference
between the two. The Breit-Wigner for the ƒ now used an energy-dependent
width, like the TASSO analysis.
The result is T(-ry -*•ƒ) = 2.52 ±0.13 ±0.38 keV, when helicity 2 is assumed.
No angular distributions were presented.
The singly-tagged data were divided into two bins of Q2. For the range
2
Q < 0.26 the result is r 77 _,/(Q 2 ) = 1.92 ± 0.32 ± 0.39 keV, and for the range
0.26 < Q2 < 1.4 the value Y^^f{Q2) = 1.25 ± 0.28 ± 0.27 was found. This Q2
dependence is consistent with the expectation from GVDM; a simple p-pole form
factor does not describe the data very well.
At a recent conference47 the Mark II collaboration presented a measurement
of the 7T+7r~ continuum at masses above 1.6 GeV/c2. Here, use was made of
muon identification with the muon chambers, and qualitative agreement with
QCD calculations (see chapter 2) was found. The high-mass continuum will be
discussed in more detail in chapter 5.
1.6.8 CELLO
When the PLUTO detector at PETRA was removed, the CELLO detector
took its place. CELLO has a central detector that is more complete than that
of PLUTO, but its tagging system is less elaborate.
The measurement48 involves 11.4 pb" 1 of data.
The QED backgrounds was calculated by a Monte Carlo simulation, and an
absolute normalisation was used for the subtraction. The QED curve matches the
two-prong mass distribution well at masses above 1.5 GeV/c2. For the systematic
error in the normalisation a value of 8.4% is quoted.
The 7T7T data are analyzed using a model by Menessier49 This model describes the production of Kit and KK pairs by real photons at 77 masses below
1.4 GeV/c2 using a unitary and analytic, coupled channel K matrix formalism.
Apart from the regular Born diagrams and the usual /-propagator (figure 1.10),
it includes unitarity corrections on these diagrams and vector-meson (p, w) exchange terms. A satisfactory fit to their mass and angular distributions, however,
can be made with only the unitarized Born term and a helicity-2 ƒ amplitude.
Also, it was impossible to distinguish a "pure Born" term from the unitarized
one within the experimental errors.
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Using a certain parmetrization of the Menessier model a value for F(77 —• ƒ)
of 2.5 ± 0.1 ± 0.5 keV was found. The model assumes heIicity-2 formation of the
ƒ, and fits the angular distribution well. No tagged results were given.
1.6.9 DELCO
The DELCO collabration at PEP recently published a paper on a measurement of pion pair-production?0 The key element in the central detector is a
threshold Cerenkov counter, that provides electron identification for momenta
below 2.0 GeV/c. The detector does not have forward tagging devices.
The analysis method is different from those of other experiments in two ways.
Firstly, the two-electron sample can be cleanly separated out with the Öerenkov
counter, thus leaving only the eenn final state as a QED background. Secondly,
the two-electron sample was used to calculate the effective luminosity, by comparing the data to a Monte Carlo. The Monte Carlo then gives as effective
luminosity 43.4 ±0.4 pb~'. This number differs qualitatively from the one given
by other experiments in that it includes the two-prong detection efficiency. The
effective luminosity was now used to normalize the e+e~ —* e+e~/z+/z~ Monte
Carlo. Quantitatively, it represents a luminosity measurement with a 1% accuracy, which is very good.
After the n+fi~ background was subtracted, the JTTT mass spectrum was fitted
in the usual way, with a Born term, an ƒ amplitude and the interference. For
the radiative width of the ƒ a value of T('yy ->• ƒ) = 2.7 ± 0.05 ± 0.2 keV was
obtained, assuming helicity 2. Angular distributions were not measured.
1.6.10 PLUTO, forward detector data.
In a second analysis of the PLUTO collaboration, published recently" only
events were used for which the forward detectors could identify each particle.
The acceptance was such, that predominantly events with a small |cosi?*| were
accepted. Electrons were identified with a Large-Angle Tagger (LAT), a leadscintillator shower counter. Muons were separated from pions by the forward
muon chamber system.
A total of 13 pb" 1 was analyzed this way. The measured M+M~ events were
used to normalize the TT+TT" events to. The mass range covered is 0.36-1.7
GeV/c2. At low masses the data tend to lie below the Born term, even when
the detailed calculation by Menessier49 is taken into account. At the ƒ mass
the mass resolution is not very good, but both calculations give a reasonable fit.
The standard model with Born terms, ƒ, and interference gives a 77 width of
3.25 ± 0.25 ± 0.5 keV and the Menessier model 2.85 ± 0.25 ± 0.5 keV.
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1.7 Summary
In the previous sections it has been shown that there is considerable interest
in the determination of the 77 width of the tensor mesons. To obtain the Q2 dependence of the cross section is of importance, firstly by itself to gain insight into
the mechanism that leads to resonance formation by two photons, and secondly
to provide information about the connection between inelastic scattering of two
virtual photons and that of two real photons. In this light, it is necessary to
establish the helicity state in which the resonances are formed, since predictions
have been made, that the helicity structure drastically changes with increasing
Q2. If this is the case, corrections have to be made to the detection efficiency,
which can lead to different conclusions about the Q2 dependence.
The experimental results on the ƒ in particular, sofar, are not complete. Early
experiments with small amounts of data have failed to detect a considerable 7T7r
continuum. Of the experiments that have been published in recent years, only
the DELCO collaboration can claim to have done a high-statistics experiment.
The only experiment to present a Q2 distribution is the Mark II group, with
their PEP data. Some experiments report angular distributions, but none of
them specifies definite helicity contributions for the formation of the ƒ.
For these reasons, this thesis presents another measurement of the formation
of the ƒ by two photons. The dependence of the 77 cross section on the Q2 of
one of the photons can be obtained with greater accuracy since the equipment
was especially designed for the purpose of tagging (see chapter 3). The central
detector has an angular coverage that is greater than that of most other experiments, so a helicity analysis can be performed for the untagged data. The results
will be published?2
In chapter 2 we will introduce the theoretical aspects of photon-photon interactions in more detail. Explicit expressions for several 77 cross sections will
be given. Some notes on Monte Carlo procedures are presented
In chapter 3 we describe the PEP-nng and the central and forward spectrometers. Special attention will be given to the central detector, and in particular the Time Projection Chamber (TPC), that provides dE/dx measurement of
charged tracks. The trigger system will be discussed.
Chapter 4 presents the data analysis. In particular, the QED subtraction
methods using the TPC's dE/dx capability are described.
In chapter 5 the results are presented and discussed.
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"Im folgenden soil auf eine Methode zur Behandlung des Problems hingewiesen werden, die auf einen Gedanken von Fermi1 zurückgeht, und die
besonders von Williams53 auf verschiedene Probleme mit Erfolg angewandt
wurde."
C.F. von Weizsacker54
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2.1 Introduction
In this chapter we will give a summary of the theoretical framework that
is needed for the understanding of photon-photon reactions at e+e~ storage
rings. The aim is to arrive at expressions for the cross sections of reactions
e+e~~ —> e+e~X, where X for the purpose of this thesis stands for two-prong final states in general, and the ƒ in particular. Since the literature on the subject
is extensive, no detailed derivations will be given. Some topics are well summarized in reference 13. We use a slightly different notation to accomodate material
from various other sources, while retaining consistency.
We will start with a discussion of the kinematical variables that will be used
throughout the thesis. Following that, we will present the most general form of
the cross section for the reaction e+e~ —+ e+e~X and discuss the helicity structure. Because of their historical significance and usefulness for quick calculations,
we will discuss some approximations for the cross section formula; in the analysis
the fully differential form is mostly used since computing power no longer forms
a limitation.
The main feature of the cross section formula is its factorizabiiity in essentially two parts:
a{e+e~ -* e+e~X) oc Z^{e+e~ -> e + e ^ V ) o(*m -> X)

,

(2.1)

where £ 7 1 is called the (Vyj luminosity function. It can be completely calculated
from QED. The second factor in equation (2.1) is the cross section for the process
We will end the chap'.^r with the discussion of several two-prong 77 cross
sections and Monte Carlo methods to simulate the corresponding events on a
computer.

2.2

As was already pointed out in chapter 1, there are basically four types of
diagrams that contribute to the reaction e+e~ —> e+e~X. They were shown in
figure 1.2. It was argued there, that the two-photon collision diagram, figure 1.2a,
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contributes dominantly to the cross section. Therefore, we shall limit ourselves
to the discussion of this particular diagram.
The kinematical quantities involved are depicted in figure 2.1. The incoming electron has a four-momentum denoted by pi = (^beam)Pi)> the incoming positron has p2 = (•#beam>P2)- The scattered leptons have four-momenta
pj = (l£t',p(), where i = 1,2. Since in this experiment the beams were unpolarized (and hence there is no overall azimuthal dependence) there are only five
variables needed to determine the 77 system for a given beam energy. At PEP
the beam energy £beam = 14.5 GeV. The set of five variables we will use, is given
in the laboratory system:
— the energies E[ and E'2 of the scattered leptons,
— their angles #1 and i?2 with respect to the beam axis,
— the angle <p between the two lepton scattering planes.
The kinematical variables of the 77 system can be expressed in terms of the
variables of the scattered leptons. We define the photon energy u and same
relative to the beam energy, x as:
(2.2)

Pi =

Qi =

Fig. 2.1 Kinematics of the two-photon reaction e+e~ —> e+e~X.
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The four-vectors of the two photons are denoted by g; = p, — p\. The squared
masses of the (space-like) photons then are:

- (m e /^) 2 cos t?tj

g? = 2ml - ZEE'i fl - \J\ - {me/Ebeamf\/l

.

(2.3)

We define the positive quantities

<?? = - « ? •

(2-4)

For j?i » wie/i?beam equation (2.3) reduces to
Q] « 2J5beamS;- (1 - cos #i)

,

(2.5)

and, if i?,- is small (but still » we/i?beam)>
Q?«£beam^1», ?

•

(2-6)

These approximations are unsatisfactory when the scattering angles are very
small. An approximation that is sufficiently accurate and numerically stable for
use on a computer is given by:

Q\ *, 42&.J1 - x,)sin2 itf,- + ml -*L-

.

(2.7)

l — zt-

The invariant mass of the 77 system is given by:
M^7 = (qi + g2)2 = 4wiw2 - 2E[E'2(l - cos??! cost?! - sin*?isin??2 costp), (2.8)
where terms of order ml have been neglected. For small Q\ and Q\ this reduces
to:
.

(2.9)
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2.3 The helicity structure of the two-photon cross section
The transition matrix element of the reaction e+e~ —> e+e~X as given by
the diagram of figure 2.1 can be factorized into three parts: one for each leptonphoton vertex and one for the coupling of the photons to the system X:

4

X b M t t , ^ ) ] A*, ,

(2.10)

where e is the electric charge so that the fine structure constant a = e2f4n «
1/137 and u and v the free Dirac spinors with spin a for electrons and positrons
respectively. The tensor A^v describes the two-photon reaction 77 —* X. It is
this factorization that allows one to talk about (virtual) two-photon scattering in
e+e~~ reactions. The transition matrix element T for the process 77 —> X depends
on the polarization states of the two photons as described by the polarization
four-vectors e,-:

#^£

.

(2.11)

Conservation of electromagnetic current imposes the constraints:
9l> ef

= O,

i - 1,2.

(2.12)

Therefore, the photon polarization can be expressed by a three-vector €,-. Any
mixture of pure polarization states of photon i can therefore be given by a 3 x 3
density matrix pf". In our case the density matrices are given by:11'55

"i

where the metric tensor gM„ has gOo = 1 and g,-t = —1, i — 1,3. The differential
cross section can then be written as:11

«.+.- -..u-x) - M^Wi

fit'

vg,, ^

• P-")

The tensor M^^,^,, describing the production of the final state X, is given by:
M^,

= 8TT2 J A*, A$S 6{qi + q2 - PX) drx

.

(2.15)
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Here, Px is the four-momentum of the final state, and the integral is over the
final-state phase space TxIn principle M* ,v, has 256 components. Lorentz invariance and current
conservation show that only 10 of them are independent. Time reversal symmetry
requires that 2 of these are zero. Furthermore, if one uses unpolarized beams, 2
more vanish. The expression for the differential cross section becomes:11

(2.16)

where now the density matrix elements pf1 refer to the corresponding expressions
in the 77 helicity basis, as given in reference 11. The a's and r's are the cross
sections for 7-7 -+ X for unpolarized transverse photons (T) with helicities ±1
or longitudinal photons (L) with helicity 0. They are real functions of q\, q\ and
M^. Symmetry between both photons requires:

reducing effectively the number of independent functions. One may introduce
the cross sections o\\ and o± for two transverse photons with linear polarization
respectively parallel and perpendicular to each other:

The term with vpL represents a correlation between transverse and longitudinal
photons. The coefficients of TTT a n d TTL both depend on the angle !p between the
lepton scattering planes in the 77 center-of-mass system. When one integrates
over J), these terms disappear.
Since real photons have only transverse polarizations, all terms with an index
L vanish if the corresponding photon is on the mass shell. In our case neither
photon is ever completely real. The behaviour of the four terms with one or both
photons having a longitudinal polarization is, when <2? —• 0:
: Q\

OIL OC QI

: Ql

T

Q\

TL oc \JQ\Q\

.

j
I
1
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Therefore, for small Q? and if one integrates over tp, the only term remaining is
the one containing

2.4 The transverse-photon approximation
2.4.1 The 77 luminosity function

I

From the considerations in the previous section it follows, that for a wide
range of applications the cross section for e+e~ —• e+e~X can be approximated
by:

i

(2.20)
At this point we introduce the two-photon luminosity function ü 7 7 mentioned in
the introduction:

i
j
j

i

e+e'X)
i

dcos ê2difi

d

u

p

(2.21)
where the differential luminosity function is given by:
pi pi

««l

'

with density matrix elements:11

+5 +

2X

a m qj 2 g f

2X
(2p2gi -qiq2?
2X
b

2X

)

2

%f
j

m|

??
™\

(2 23)
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where
k = l{M^-ql-ql)

and

X = (gl92)2 - q\q\ = fc2 - q\q\

.

(2.24)

The quantitiy k can be physically interpreted as M 7 1 times the absolute value
of the momentum of the photon in the 77 center of mass.
2.4.2 Mass dependence of the luminosity function
The luminosity function in equation (2.22) has been analytically integrated
(reference 55) and discussed in detail in reference 56. The author of reference 56
takes equations 40 and 41 and the expressions in appendix 2 of reference 55 and
rearranges them in three groups of declining importance. With the differential
luminosity function denned by:
do{e+e- -» e+e-X)

he then obtains (his equation 3):

where a = M 2 7 /(4£ : 2 e a m ). The functions fW are (from the appendix of reference
56):
= 4(l + ia) 2 log(l/<r

+ 2 log(iW77/me) (log(l/<7))2 (2 + 2c + f<72)+

(2.27 a)

- 8(1 + |a) 2 [i 2 (l) - L2(a)}} log [ ^ ( 1 - a)] +
- 4a - 5a2)

- 4(1 + \af log(l/a)[log(l - a)] 2 - (4 - fa 2 ) (log(l/a)) 2 +
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- 3(1 - ff)(3 + o) log(l/a) log(l - o)+
- fa2 - 6(1 + a + ^a2) L 2 (l) +
6(1 + \ofL2{a) + 12(1 + a)[a(o)}2}
8«T - 7) + (11 -2a-

(2.27 b)

4or 2 )Z, 2 (l)+

4(1 + ff)[L8(l) - i s H ] + (8 + 13cr)v/ff(4-cr)a(<7)+
12{2 + a + \a2 - 2(1 - a) log 2} [a(<r)]2+

(2.27 c)

with
n=l

a[t) = \K- arctan I J -^— 1

and

Here, Lï(t) and Ls(<) are called Spence functions. The first form of L2{t) converges more or less rapidly when t < \, while for t > | the second form converges
faster?7 Some special values are: L2{1) = i?r2 and J ^ " 1 / 2 ) = (7T2/36)log2 +
|f(3), with the Riemann f function f(z) = f^^Li l/ n *The authors of reference 55 did, however, make an unwarranted assumption
by taking y/X<JTT independent of Q2. We checked this assumption against a
numerical integration of equation (2.21) (assuming that only «ryy is independent
of Q2) with a program to be discussed at the end of this chapter. It was found
that formula (2.26) gives a result that is about 7% low compared to the numerical
integration, integrated over the mass range 0.5-3.0 GeV/c2 and all e + and e~
polar angles. Two tests were performed; one involved replacing y/Xa-px by its
value at zero O2, | A f f a i r , in the numerical integration, and in the other test
the numerical integration was limited to e* polar angles up to 20 mrad. In
either case the agreement with the analytical integration is excellent, to within
the error expected for the numerical integration. This leads to the conclusion,
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Fig. 2.2 The two-photon differential luminosity function versus M1-1. The beam
energy is 14.5 GeV.

that equation (2.26) should be used only for experiments, where the final-state
e± emerge at polar angles less than 20 mrad, either by excluding events with
detected e±, or by making a |EPJL| cut on the detected secondaries.
In figure 2.2 we plot
as a function of M 7 7 in curve A.
2.4.3 The Q2 dependence of the luminosity function
The Q2 dependence of the luminosity function (equation (2.22)) was studied
in detail by the authors of reference 58. With the luminosity function defined
by:
dcr(e+e- -> e+e~X)

TT

= 0,Ql)

(2.28)

50

2. Two-photon physics

they obtain after some approximations, (equation 3 of reference 58):

= SZïTdr7sk + « + ^ - 2 ^ | ,

(2.29)

where we have introduced g = Ql/C^-^beam)' * n e scaled four-momentum squared
of the tagged photon; the untagged photon has the label 1. The variable a is
denned as in the previous section, a — M^/(4E*eim).
The function / i ( i i ,
is given by:
. 2£beam 1 - 2:1

l_

,

mt

(2.30)

Equation (2.29) has been analytically integrated
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over w\. The result is:

15

(2.31)

Here, a and 6 are given by:

cr + q

a = max

+q

(2.32)

1sm

and

o +q

, if g<sin 2 i? m i n ;
(2.33)

sm

otherwise.

We introduce:
(2.34)

C = log
772,

where i?anti is the anti-tagg/ng angle, i.e. the angle for which lepton 1 would have
been detected if i?i > i^anti- Using the Spence function Li, the functions #M are
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given by:

|

i

(

'

^

}

(2-35 a)
(2-35 b)
(2.35 c)

= 4(<x + 9 + 2 ) ^ i i ± i

,J.35 d)

=2 f a + 9 + 4+ - ^ - ) L2(t)
V
o + qj

(2.35 e)

[logt]2

Hl*)[t) = (<x +q + 4 + -L-\

(2.35 f)

= -4 ( l + - ? - ) {(1 - t) log(l -t) + t}

(2.35 g)

= 4 fl + -?—) {t(l - log*)}

(2.35 h)

r

)?

(2-35 k)

-4c)t

(2.35 1)

/ 2

= \2{a + q)c+ (

L

\o + q

=
2

= —— t

\
+2

ï
(4c - 2) log*

)

(2.35m)

J

*

(2.35 n)

.

(2.35 o)

The curves B through E in figure 2.2 give the luminosity function as a function
of M-y-y after numerical integration of equation (2.31) over certain ranges of (J2
of the tagged photon. Notable is the rapid loss of luminosity when Q2 increases.
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2.5 Other approximations
2.5.2 Weizsacker- Williams approximation
Historically, several other approximations have been popular. The functions
p*+ contain in general the variables of both photons. For small Q?, Q? <C M^7
one may write the luminosity function as a product of two photon fluxes each
determined by the kinematics of one vertex only. One obtains, after integration
over the angular distribution of the photons:11

(2.36)
with:

(2.37)
with suitable values for Q^in anc * ^max» depending on whether the scattered
lepton is detected or not. This factorization is known as the "equivalent photon"
or "Weizsacker-Williams" approximation for the two-photon case.
2.5.2 Low approximation
An even rougher approximation is obtained when only the leading term of
equation (2.37) is taken. We have:

du

= — logr? 1 + 1 - z 2
nw

,

2.38

where

if the scattered lepton is not detected, and
i9

'min

(2.40)
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if the scattered lepton is detected in the range i?min < d < i? max . We have used
the approximation for Q2 of equation (2.6). We find the differential luminosity
function dC^/dMin by integrating equation (2.36) with as a constraint equation
(2.9). Use of the approximation of equation (2.38) results in:

where /(M77/2£'beam) is called the "Low function". It is given by:4
+ z2)

-(l-z*){3

.

(2.42)

One would obtain the same result if one were to take the integrated result (equation (2.26)) with only the leading terms in log(22?beam/me) in F^1'. To see this,
we use:
g

g

me

g

mt

2Übeam

rn

e

Over a fairly wide mass range (M71/2£beam < 0-8), the Low formula describes the exact luminosity function quite well in shape, but overestimates it by
10-20%.
Since in this thesis the transverse-photon approximation (equation (2.22)
and its integrated forms) is used, we refer to the literature for more detailed
information about the other approximations?1'56

2.6 G a m m a - g a m m a cross sections
In this section we will discuss the TY cross sections that are relevant to the
two-prong data analysis. In particular, we will give expressions for the QED cross
sections <T{TI —* t+l~) where £ (lepton) is a muon or an electron, a Born-term
calculation of <7(Ty —> 7r+7r~) believed to hold at low Af77, a QCD calculation
supposedly valid for high masses, and a resonance cross section thought appropriate for wide resonances such as the ƒ.
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Fig. 2.3 Dominant diagramsforlepton pair-production by two photons.

2.6.1 The process 77 —> t+l~

The reaction 77 —* £+£~ is dominated by the Toynman diagrams in figure
2.3. The differential cross section for this process is gi"en, e. g. in reference 10:
a2
'P

( I - / ? * 2 COS2??*)2

with J?* the angle of one of the leptons t with respect to the 77 direction in the
77 center of mass, and:

(2.45)

£^;2

the velocity of the leptons. In general, a * denotes a 77 center-of-mass quantity:
E*L is the energy of the leptons in the 77 center of mass. One may integrate
equation (2.44) over the solid-angle element dU* = d<p* dcostf*. It is useful to
have an analytical expression for the primitive:

dcosi?*

•dcosi?* = G(t) =

/3*t

i-/3* 2 t 2

1

(2.46)
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Fig. 2.4 Gamma-jamma cross sections for pion and muon production. The QCD
cross section shown is actually dafdcos 6* at t?* = 90°.

with the intgration over <p* trivially yielding a factor 27r. In the expression,
t — cost?*. The cross section integrated over all cost?* is then:

o(TY

3*3 - A? + (3 - 0*) log i ± J l
(2.47)

an expression that can also be found, e.g. in reference 11.
In figure 2.4 the 77 cross section is shown as a function of M 77 for the process
TY —> M+M~i using equation (2.47). It should be pointed out, that this cross
section was calculated for real photons. A formula that shows the dependence
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2

on Q , but integrated over f2* can be found in reference 11. One has:

In principle, to use the cross section crsTio n e needs also the luminosity function
L^• As it turns out, Z^ differs from &^ only by a constant factor, the photon
polarization parameter. This factor is near unity.
If one needs a more accurate calculation that takes into account both Q2 and
•d* dependence as well as other diagrams of order a 4 , one can use a Monte Carlo
integration program written by Vermaseren?9'60 This program uses an exact QED
calculation of the process e+e~ —* e+e~i+£", with just the diagrams of the
type of figure 2.3, and, optionally, diagrams of the virtual-bremsstrahlung type
(see figure 1.2). The agreement of equation (2.47) combined with a luminosity
function as in equation (2.26) with the exact calculation is very good in general,
although in certain kinematical situations the differences are more pronounced.
A recent analytical calculation of the 77—*x+x~ cross section?1 where x is a
fermion, is differential in cos &* and applies also to the case where one of the
photons has Q2 ^ 0.
2.6.2 The process 77 —>• n+n~, Born approximation
To compute the cross section for the process 77 —» w+7r~ to lowest order
(Born approximation) we treat the pions as point particles. Since pions are
scalar particles another diagram (figure 1.10) has to be included in the matrix
element. The cross section consists of two parts, one for total 77 helicity 0 and
one for helicity 2. They are:5-10-11'49

dü*

2M2 ^ (I-/?* 2 cos2 i?*)2

Ol

MiMnn

I
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The primitives are (with the integration over tp* resulting in a factor 2n):
A= 0 :

ƒ
J

:

dcosi? = Gou) =

a cost?*

(2.50)
The result of the integration over the entire solid angle is then obtained by
calculating

A= 2 :

«7(77 - » + O = j ~ /?* (3 - 0*2) + (/T4 + 2/T2 - 3) log ±JU

(2.51)
The cross section for the process 77 —* ir+ir is shown in figure 2.4.
A general caveat is made, that it is not at all clear to what extent the Born
approximation is applicable. Certainly with increasing energy the approximation has to break down, since the hadrons are not pointlike. Nevertheless, very
detailed calculations have been performed including final-state interactions and
other channels and exchange mechanisms49
2.6.3 The process 77 -> 7r+7r~, QCD
At higher masses it is thought that QCD may correctly estimate the cross
section for the process 77 —• w+ir~. Brodsky and Lepage obtain for the differential cross section:45'62'63

where Fff(M27) is the pion form factor, calculable in QCD. At large A/2 they
approximate:45'64

M2
1 J

77
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Here, /M is the meson decay constant for a meson M as determined from leptonic
decays, and as is the QCD running coupling constant:

with nj the number of flavors and A the QCD scale parameter. The differential
cross section is shown as a function of mass in figure 2.4, at •&* = 90°.
For the production of other meson-anti-meson pairs MM one simply gets:
MM)

« ( ^~

)

do{~n -> TTTT)

(2.55)

.

The values for some of these meson decay constants are:45 ƒ„• »s 93 MeV, /jf « 112
MeV, fp « 154 MeV, /$ « 161 MeV and fu « 158 MeV. Using these numbers,
we find that, for example, the cross section for ^yy —* KK should be a factor 2.1
times larger than the cross section for 77 —> K+n~.
2.6.4 Resonance formation
For a narrow resonance the 77 cross section is given by:11

- Ml)

.

(2.56)

For a wide resonance the delta function is replaced by a Breit-Wigner shape:

derived from the Breit-Wigner amplitude:65

where MR is the mass of the resonance R. The differential cross section becomes:

2

>

(2.59)
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For a resonance decaying into two (spin-O) particles the differential decay width
is given by:
dT(R -> x+x~) = Ttot \Ytm{ê*, <p*)\2 Br{R -+ x+x~) dü*

,

(2.60)

with r t o t the total decay width of the resonance, and Br(R —> x+x~) the branching ratio into x+x~. The differential 77 cross section is then given by:

MRrtotBr(R - x+x~) r ( 7 7 -+ R)
(2.61)
In these equations J is the spin of the resonance, F( 7 7 —+ R) its 77 width, and
Y™{8*,tp*) the spherical harmonic for orbital angular momentum I and helicity
m. The latter is normalized so that the integral over fi* of the square of its
absolute value is unity.
The helicity states of the ƒ have already been discussed in detail in chapter 1.
The spherical harmonics for spin J = 2 are easily integrable. For example,

/

f J5
\Yn (t?*,^3*)| dfl* = /
sin t?* d<p*dcos 1?* =
J 32^
=

(2.62)

16 I* ~ 3* + S* ) '

with, as usual, t = cos#*.
For wide resonances with spin the width is dependent on the mass because
of the presence of a potential barrier due to the spin, the centrifugal barrier66
One can estimate for the /: 46 ' 66
P^5

with p = WjM^ 7 - m£ the absolute value of the momentum of the pion in the
77 center of mass and po = \I\Mj — m%. The quantity TQ is a measure of the
radius of the potential barrier, and is usually taken46'50 to be 1 fm (ss 5 GeV"1).
FQ and Mf are the nominal width and mass of the ƒ (see table 1.1).
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2.6.5 Interference terms
If one assumes that the ƒ is formed in a helicity-2 state, and that a continuum
background is present with the same helicity, the amplitude of the ƒ will interfere
with the amplitude of the background. If one further assumes that the Born term
adequately represents this continuum, one finds from equations (1.55), (2.49),
(2.58) and (2.61), that the interference term in the cross bection is given by (see
also chapter 1):

/8?r(2J + l)MfTtotBr(f

v

- Af ?

2M

2 M

-» n+^Tj^

^

x

-» ƒ)

(2.64)

/?* 2 (l-cos 2 tf*)
1 - 0** cos2 tf* '

Phase factors exp(2i<p*), present in both the Born amplitude and the spherical
harmonie, cancel each other in the product. The •d* dependence is:

where t = cost?*. The primitive is:
T~)

,

.*
K

The integral over all Ü* is then twice this expression with t = 1.
The cross sections for the Born terms, the ƒ, and the interference term were
already shown as a function of M 7 7 in chapter 1 (figure 1.11).
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2.7 Particle masses and apparent cross sections
It is often not possible to identify particles on an event-to-event basis. This
is especially the case in an experiment where low-energy pions have to be separated from muons. In the case of the TPC (see chapter 3), particle identification
is otherwise possible to a large extent. Other experiments have been performed
with no particle identification at low momenta at all. Even in the case of the
TPC, processes may have backgrounds from similar processes with different particle types in certain areas of phase space, where particle identification is not
unambiguously possible.
Therefore, it is useful to investigate the consequences of performing an analysis, where perforce particles belonging to background processes are given the
wrong mass. Here, we are only interested in the case where the number of finalstate particles equals two.
2.7.1 The effect on the e+e~ cross section
The effect of giving final-state particles the wrong mass is most easily demonstrated in the form of an example. Suppose, that the data sample to be analyzed
contains two particle types, pions and x-ons. Suppose further, that the cross
section °']+1/-_,e+e-I+a.-(-WTï) at 'yy center-of-mass energy M^ is known. The
correct effective mass should be calculated using the x-on mass rnx. In the -yy
center of mass:
Mxx = Mni = 2^p 2 + ml

,

(2.67)

Since these events constitute a contamination of the primary sample of pions, we
erroneously assign them the pion mass mr. Therefore, we arrive at the wrong
effective mass, M^. Using equation (2.67) we get:
^ + 4(ml - m\)

.

(2.68)

Because of conservation of energy this relation remains true when the effective
mass is calculated using lab variables.
The number of events generated by nature in a certain mass bin AM-y7 is
(for unit integrated luminosity) given by:
true/w

x _ ^iilM-n)

true
T1

•

(2.69J
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When pion masses are assigned, these same events will not only appear in a
different mass bin, but also the mass bin in the plot assuming pion masses,
, will seem larger or smaller. We have:

AM
AM™ =

dM

** AM

VMlctWrnl)**,

AM 77 =

—
AMn ,
oM 7 7
M™
and therefore, the apparent number of events in that bin will be:

(97M

(2.70)

- A(m% - m\))

M n

.

AM,

For clarity, this equation should be read as follows: To obtain the number of
events in the mass plot where pion masses have been used, evaluate the luminosity function dZ^fdM^ and the 77 cross section <7true at the true centerof-mass energy M7-y = {M%r — 4{m\ — m*)} 1 / 2 and multiply by the Jacobian
\dM^/dM„r\
and the bin size AMrr. Since equation (2.71) assumes unit integrated luminosity, we obtain the same result for the differential cross section

2.7.2 The effect on the 77 cross section
The 77 cross section is obtained from the e+e~ cross section by dividing by
the luminosity function and the bin size. It will therefore appear, as if the cross
section for the 77 production of x+x~ is equal to:

_app

f y/M*w - 4(m2 - ml))
\V

*w

V

*

X

'J

M,

- 4(ml - ml)
In the analysis of the 7T+7r~ final state (chapter 4) all particles are given the
pion mass. Even though the masses of the muon and the pion are only 35 MeV/c2
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different, the effect is not negligible at very low ipy mass. The apparent cross
section for 7-7—>fi+fi~ is 30% higher than the true cross section at 0.4 GeV/c2,
and still about 4% higher at 1 GeV/c2. Wherever in the analysis the i~/-+(i+fi~
cross section is called for, it is corrected as described.
In the case of a two-prong background like "n —• K+K~, the apparent cross
section is much lower than the true cross section. This will be discussed further
in chapter 4 and 5.

2.8 A Monte Carlo generator of the luminosity function
2.8.1 Monte Carlo simulations
To be able to estimate the acceptance of the apparatus, i.e. the number of
events that are detected divided by the number of events that nature generated, one needs to simulate the behaviour of the detector under conditions that
resemble reality as closely as possible. Therefore, large detector simulation programs have been written, making use of all known properties of the detector, the
materials of which it consists etc.
In principle, to test whether an event with a particular configuration will be
stored on tape, all detectable particles have to be extrapolated through the materials in the detector and the response of each detector to the particle estimated.
The responses of all detectors to all particles combined have to be evaluated and
a decision must be made whether the event would have triggered the system to
read out the electronics and write the data on tape.
The amount of detail that goes into such programs depends largely on the
precision needed. In very elaborate programs every track may be followed closely
and at many points decisions may be made whether a particle underwent a
Coulomb scatter, had an interaction with detector material, lost some energy
in a non-elastic process, created a shower of secondary particles, or decayed.
Usually this is done by comparing a random number to the integrated value of
the proper probability function along the track.
Any program that uses random numbers to solve a problem is called a Monte
Carlo program, for obvious reasons. Two programs are in use by the TPC/TwoGamma collaboration: a very detailed simulation program called GLOBAL and
a fast Monte Carlo called FMC.
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2.8.2 Monte Carlo generators
To obtain the right acceptance curves for a certain process, it is necessary
to account for the detailed shape of the distributions of the relevant kinematical
variables for that process. This can be accomplished in several ways. Usually it
is preferable to generate events exactly as nature would. This is often difficult:
it turns out that every distribution to be generated exactly corresponds to an
integration of that distribution. These integrations can sometimes be done numerically, although special caution is needed because many distributions are at
some point divergent and/or the integration can be numerically unstable.
When in the analysis a simulation of a QED process was called for, we used
the Monte Carlo event generator written by Vermaseren^9'60 since it uses exact
QED calculations of the full process e+e~ —> e+e~l+£~. The integrations in this
program are done numerically. Unfortunately, hadronic processes can generally
not be calculated in this fashion, and we have to rely on approximations.
In the next paragraph a program will be described that uses the transversephoton approximation to generate the electron and positron four-momenta as
well as a four-momentum for the 77 center-of-mass system. In this thesis, the
center-of-mass four-vector was used to generate a two-prong final state according
to spin-0 phase-space distributions.
2.8.3 GAMGAMMON, a luminosity function generator
Pretending for the moment, that the cross section <?TT{MT1,q\,q\) of equation (2.21) is unity and independent of My7 and <;?, we can rewrite (2.21) (which
is then equal to equation (2.22)) such that it is differential in the quantities we
want to generate:

(2.73)
with <j>i the azimuthal angle of one of the tags (the azimuthal angle of the other
one is then determined by <p).
The aim is now to find an analytically integrable expression that very closely
resembles (2.73). Any differences with (2.73) will be contained in a factor that
does not exhibit dramatical dependence on any of the kinematical variables and
can be integrated numerically by a procedure known as the hit/miss Monte Carlo
technique.
To see the basic dependence on wt-, it is instructive to consider equation
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(2.26). The overall w dependence is seen to be:
aj

-T7

L

J

_

(2.74)

2M 77
The essential dependence on i?t- is contained in the factor:
j

cot \&x cot | ?
fcorr

(

'

]

where the correction factor to get back to the original expression,

is of order one. The dependences on <p and <j>\ are, for this purpose, negligible.
In summary, we have:

—

=

cot |t?i cot \ê2 fw

i

(2.77)

with
beam

the weight function to be integrated later with the hit/miss technique.
In general, if one wants to generate random numbers x that are distributed
according to some function f(x), this means that the probability for x to lie
between x and x + dx should be:
P{x)dx = f{x)dx = dF{x)

.

(2.79)

Here, F(x) is the primitive of f[x). Therefore, if one has a series of random
numbers R. that have a flat distribution in the range [0,1], the root xo of the
equation
F(r\

— P

m — F~^(P\

It

en\

j
\
!
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will be distributed according to f(x): the probability of finding an xo between
x and x + dx is just dR — dF[x) = f(x) dx. To be more precise, taking into
account the fact that x is usually bounded (x G [a,&]):

ff(t)dt
-b

= *

,

(2.81)

ff(t)dt
a

and
l

F { a ) \ Z

+ F{a))

.

(2.82)

Most computers have a random number generator giving a flat distribution
in the range [0,1]. We therefore find that wt- should be calculated as follows:

(2.83)

for appropriate wm;n and u>max. For u/ max we can take the beam energy JSbeamFor wmin w e observe, that
4u»lW2 > M^

> {Af™}2

,

(2.84)

and therefore
{M m i n } 2

Since we will never want to generate events with masses below a certain non-zero
, we do not have to worry about the divergence at low w.
A simple calculation shows, that

*,- = 2arcsin f {sin i^min} fc%=] )

(2.86)

gives the right ê distribution. We can take t?max = ""> but we have a problem if
^min — 0. Since we know, that the exact distribution has no singularity at t?,- = 0
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(q? remains finite), we can apply a little trick: rather than trying to generate a
distribution following cot \&i, we generate the function

(2.87)

e + sin \ti

with e a small number (e = 10~7 seems to do very well). We then calculate i?,with:
-

= 2arcsin

£

sin \dm-m - £

-

£

(2.88)

The angles tp and 4>\ are simply thrown as
Finally, the weight function fw has to be included. What we have done sofar
can essentially be represented as follows. We have integrated the multidimensional integral

to the extent:
nTT

~dz'

(2.90)

= Jfwd\' ,
and

with z = {wi,
z' =

the old and new variables. We thus have to integrate fw over the new variables
z'.
We will do this according to the hit/miss method. It consists of designing an
n + 1 dimensional volume large enough that the function fw fits in it (n is the
dimensionality of the integral, in our case n = 6). Imagine a hyperplane in six
dimensions, with along the "horizontal" axes the variables z', and "vertically"
the function value fw- The box is then defined as that part of the volume
bounded by the limits of the variables z' and some value /max vertically, larger
than max(/w). For each event one now generates a random number R between
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0 and 1 and determines whether fmdxZ is "above" or "below" (i.e. greater or
less than) fw- If it is above fw, the event is thrown away, and a new event is
generated. If it is below fw, the event is kept. To obtain the value for the total
integral one simply divides the number of events kept by the number of trials,
and multiplies this by the volume of the box. One easily convinces oneself that
this procedure yields h.deed the integral, since, if the box is rather "empty" (i.e.
if fw is much smaller everywhere than /max)> many events will "miss" [i.e. have
/max<£ > fw)- The integral is then (using equation (2.91)):

log

sin hi
sin|i? min

W

v

(2.92)
try

For events with i?mjn — 0, or for different sets of limits for the two xags, obvious
modifications are made.
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These two pictures form a stereo matched pair. With some practice, it is
possible to perceiv* depth without the aid of a stereoscope. The pictures are
computer generated and depict a multipronj event in the TPC.
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Fig. 3.1 The Stanford Linear Accelerator Center. The linear accelerator runs
from the top of the photograph 6o the center, where endstations A and
B can be distinguished. The road following the PEP ring is also clearly
visible, with interaction region 2 in the righthand lower corner.
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3.1 Introduction
In this chapter* a description of the Stanford linear accelerator center, the
three kilometer linear accelerator itself, the electron positron storage ring PEP
and the TPC/Two-Gamma detector facility is given. The chapter is kept in general terms with emphasis on the particular components of the detector equipment
that are especially relevant for the analysis described in this thesis.
The detector is divided into two major components: the central detector,
consisting of the Time Projection Chamber and additional devices, under the
responsibility of the PEP-4 collaboration, and the forward detectors, consisting
of the Two-Gamma spectrometers, under the responsibility of the PEP-9 collaboration.
This chapter is divided in three parts: the accelerator center and the PEP
ring, the various subsystems that make up the detector facility and finally, the
trigger process.

3.2 The Stanford Linear Accelerator Center
The Stanford linear accelerator center (figure 3.1) is a U.S. national facility
operated by the Leland Stanford jr. university for the Department of Energy. It
is entirely devoted to experimental and theoretical research in elementary particle
physics. The center is located on a separate tract of university property adjacent
to the main campus of the university. The three-kilometer linear accelerator
was initially used for fixed target experiments. In 1972 one of the first electron
positron storage rings, SPEAR, came into operation. SPEAR is about 200 meters
in circumference and can store beams with energies up to 4 GeV. Its successes
inspired the building of a much larger storage ring, PEP (Positron Electron
Project). The PEP ring is 2.5 km in circumference and can store electron and
positron beams with energies of up to 15 GeV each. For the study of electron
positron collisions ai; still higher energies SLAC has started the construction of a
new type of colliding beam machine, the SLC (SLAC Linear Collider), in which
bunches of electrons and positrons will be accelerated to energies of up to 50 GeV
each and then made to collide head-on in an extremely small interaction area.
Bunches are used only once, as opposed to the continuous circulation in the PEP
and SPEAR storage rings.
f

Chapter written in collaboration with Bert van Uitert.

72

3. Apparatus

3.2.1 The linear accelerator
For the experiments described in this thesis the linear accelerator, or Linac,
serves as the source of high energy positrons and electrons. An electron gun at
one end of the linac produces bunches of electrons, which are accelerated by a
powerful microwave produced by 240 klystrons to energies of up to 30 GeV. For
use in the PEP storage ring energies of about 15 GeV are used. Positron bunches
of these energies are made by directing electron bunches on to a target one third
of the way down the accelerator. The positrons are then collected and further
accelerated.
3.2.2 The PEP storage ring
The PEP storage ring is built to accommodate three bunches each of positrons and electrons, the electrons circulating clockwise, the positrons counterclockwise. This leads to collisions in six places as is reflected in figure 3.1. PEP
consists of six arcs that alternate with six straight regions to form a rounded
hexagonal figure. These 12 sections are numbered like hours on a dial, odd numbered sections indicating arcs with bending magnets and even numbered sections
indicating straight sections. Five of these have experimental halls and the sixth
is reserved for studies of the storage ring itself.
For the data described in this experiment, the ring was operated at a beam
energy of 14.5 GeV and the luminosity ranged between 1030 and 1031/(cm2s) at
currents of 10-20 mA per beam.

3.3 The T P C / T w o - G a m m a facility
3.3.1 Overview
The Time Projection Chamber/Two-Gamma detector used in this experiment is shown in figure 3.2; figure 3.3 shows the central detector in more detail
and table 3.1 summarizes the characteristics of its subsystems. Figure 3.4 shows
the entire facility and table 3.2 summarizes the characteristics of the forward
detector components.
Starting from the beam line, the following elements can be distinguished in
the central detector: an inner pressure wall, the inner drift chamber (IDC), the
time projection chamber (TPC), the outer pressure wall, the magnet coil, the
outer drift chamber (ODC), the hexagonal calorimeter (HEX) and three layers
of iron and muon chambers (MU). Particles emerging from the interaction region

3.3 The TPC/Two-Gamma facility

Fig. 3.2 Artist's view of the Time Projection Chamber/Two-Gamma, detector
facility. Only one arm of the forward detector is shown.
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magnet

1982-83: 4 kG Al coil solenoid (1.32 Xo coil package)
1984: 14.5 kG superconducting coil (0.86 Xo package)
Diameter = 2.15 m, length = 3.0 m

tracking

Time Projection chamber (TPC):
2.0 m long (in z) at 20 to 100 cm radius (r)
Argon-methane (80%-20%) at 8.5 atm.
Max. drift 1.0 m in 20 jusec, 75 kV/m drift electric field
The azimuth is divided into six 60° sectors. Per sector:
183 proportional wire hits on tracks with |cos#| < 0.71, each wire gives
r, i and amplitude for dE/dx measurement by ionization sampling
15 3-dim space points from induced cathode signals on several of 13,824
channels to give r, <f>, and z (from the drift time), for |cos#| < 0.71
>2 3-d points and >15 wire hits over 97% of 4TT sterad
Track pair resolution of 1-2 cm
dE/dx ±3.5% for Bhabhas, ±4.0% for tracks in jet events with >120 samples
£Tp/p2 = ±3.6% for p > 2GeV/c
position resolution in bending plane is 190 /im and in z direction 340 fim.
Inner drift chamber at 13 to 19 cm radius
8.5 atm Ar-CH* (80%-20%), 150 /an in bend plane
1.2 m long covering 95% of 4JT, with 4 axial layers.
Outer drift chamber at 1.19 to 1.24 m radius
1 atm Ar-CH4 (80%-20%), 200 /im in bend plane
3 m long covering 77% of 4tr, with 3 axial layers.

pole-tip
calorimeter

Gas, proportional mode, sampling Pb-lniiiinate calorimeter
2 modules, 13.5 Xo deep, at z = 1.1 m, covering 18% of 4*
Argon-methane (80%-20%) at 8.5 atm; total of 51 samples
Three 60° stereo views, each with 13 and 4 samples in depth
Projective strip geometry with 8 mrad angular segment
(TE/E = ±11%/ V / Ë , below 10 GeV
± 6% for Bhabhas at 14.5 GeV

hexagonal
calorimeter

Gas, proportional mode, sampling Pb-laminate calorimeter
6 modules, 10 Xo deep, 4.2 m long, at 1.2 m radius
Argon-ethyl bromide (96%-4%) at 1 atm.
Solid angle coverage of 75% (90% including PTC)
3 correlated 60° stereo views, using wire and cathode signals
in 40 samples (27 and 13 samples in depth)
Projective strip geometry with 9 mrad angular segment
o-E/E = ±16%/\/E, below 10 GeV
± 14% for Bhabhas at 14.5 GeV

muon
detector

Magnet flux return + 2 layers 'ron, total 810 g/cm 2
Triangular, double layer, extruded Al proportional tubes
Argon-methane (80%-20%) at 1 atm.
3 layers with axial wires and 4th layer at 90°
Including endcap with 3 layers: 98% of iir coverage
Resolution better than 1 cm.

Table 3.1 Characteristics of the components of the centra) detector. (Data from
reference 67.)

Outer Muon Detect»
Pole Tip
CllonmeWr
Pole Tip Muon Detector
3
2

Middle Muon Detector
lnn«r Muon Detector
Hex*gorwl CalohmeMf
Outer OrM Cfumber
Time Projection Chamber
Inner DrrR Chamber

Muon Abaoroer

I
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magnets

2 septum magnets: 1 m long, aperture 2.24 m horizontal by 2.1 m vertical
B m a x = 1.7 kG; ƒ Bdl « 2.6 kGm; B = 0 on beam axis
Each magnet compensated by air core skew quads immediately
around the beam pipe.

tracking

5 drift chamber (DC) modules at each end
DC-1: 4 planes, 2 horizontal, 2 vertical ±10°, Ar-Ethane (50%-50%)
DC-3: 2 vertical ±10°, Ar-CO2 (83%-17%)
DC-2,4,5: 3 planes, 1 horizontal, 2 vertical ±10°, Ar-CO2
"position w 300ym
<Tp/p = ±V(0.008p) 2 + (0.025)2
Angular acceptance of system: 22 mrad to 180 mrad

Nal
calorimeter

Angular acceptance: 22 mrad to 100 mrad at either end
Each detector contains 60 individual Nal crystals each 22 inch long
with a hexagonal cross section 6 inch apex to apex
<rE/E = ± 1 % at 14.5 GeV
Spatial resolution: a s» 0.4 cm

Pb-scintillator
calorimeter

Angular acceptance: 100 mrad to 180 mrad at either end
Alternate layers of Pb sheets and plastic scintillator strips set in
three 60° stereo views; wave bar readout
54 total layers, 18 Xn
<7E/E = ±15%/v/Ë
spatial resolution: er s» 1 cm

time-of-flight

Two planes of scintillation hodoscope at each end; one plane has
50 horizontal scintillator strips, the other 62 vertical strips
Time resolution: <TT = 0.3 ns
1 met»"" of iron (787 g/cm 2 ) at each end
3 di. hamber modules at each end, each module having 2 offset
ve; .ical sense wire planes, Ar-Ethane (50%-50%)
Spatial resolution: c = 220 ptm

cerenkov

i atm CO2 radiator, 70 cm long, divided into 12 azimuthal
segments at each end
Effic: ncy for electrons > 90% over-all, > 95% over 80% of angular
coverage (22 mrad to 180 mrad)

Table 3.2 Characteristics of the components of the forward detector. ('Data from
reference 67.)
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in a more forward direction with respect to the beam line are detected in the
pole-tip calorimeters (PTC) and end-cap muon chambers. Still smaller angles
are covered by the forward detector, consisting of: a Cerenkov counter, a set
of 5 planar drift chambers, a time of flight scintillator hodoscope, a small-angle
calorimeter formed by an array of Nal crystals, surrounded by a lead-scintillator
sandwich calorimeter and finally three layers of drift chambers, interspersed with
iron for muon identification.
3.3.2 The Time Projection Chamber
The Time Projection Chamber68"73 is the first representative of a new generation of central detectors, based on an innovative design idea by D. NygrenT2 The
chamber is a large drift chamber with the electric field parallel to the magnetic
field, allowing very long drift distances: the chamber is two meters long with a
diameter of two meters. A central membrane, perpendicular to the beam line,
is kept at 75 kV and provides, together with a series of equipotential rings, a
uniform electric field parallel to the beam line and the magnetic field, as sketched
in figure 3.5. The two end planes are at ground potential. A charged particle
Endcop sense
wires

\

Endcap sense
wires

Negative high
volJoge electrode

"Beam pipe

183 dE/dx wires per sector
15 spatial wires per sector

Fig. 3.5 A schematic drawing of the TPC.
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Fig. 3.6 aj End view showing the six sectors of an end pfane. For one sector the
signal wires are indicated.
b) Drawing of a TPC sector showing the 15 cathode pad rows and the
3 lines of end-plane sources.

traversing the detector volume ionizes the gas; ionization electrons drift along the
electric field lines to the end planes where they are detected. Since the magnetic
field lines are parallel to the electric field lines, no distortions of the drift pattern
occur, as in more conventional designs. Indeed, the B field substantially reduces
the diffusion of the ionization electrons perpendicular to the electric field lines
by causing them to spiral around the electric field lines.
The end planes are subdivided in six sectors, each sector having 183 proportional wires and 15 rows of segmented cathode pads (figure 3.6). The pads are
7 mm x 7 mm and there are 1152 pads per sector. Ionization electrons initiate
an avalanche on the wire, and true three-dimensional coordinates can be derived
from the location of the wire, the time of arrival of the ionization and, finally,
the coordinate along the wire. The latter is obtained from the signals induced
on the row of cathode pads under the proportional wire. One pad row is located
under every twelfth signal wire. The signals from the five nearest wires to a pad
row contribute to the induction of a signal on two to three of the pads below.
The position of the avalanche along the pad row can then be determined from
the center of gravity of the pad signals. The pulse heights from wires and pads
are directly proportional to the ionization energy loss, dE/dx, of the detected
particle. This energy loss is a function of the speed and charge of the particle
alone, if other parameters, sucn as the gas composition and pressure, are constant. The time projection chamber is operated with a gas mixture of 80% argon

3. Apparatus

80

PARTICLE TRAJECTORY

TRAJECTORY
PROJECTED ONTO
PAD PLANE

Fig. 3,7 Simplified representation of the detection process for a track passing
through the TPC. Only the sense wire directly over the pad is shown,
although the signals from the five nearest sense wires contribute to the
pad signals.

and 20% methane at 8.5 atm, corresponding to typically 200 ionization electrons per centimeter track. The detection process is schematically represented
in figure 3.7.
The 1152 pads and 183 wires of each sector give a total of 13824 pads and
2196 sense wires for the entire TPC. Each of these is connected to an individual
electronics channel. Each channel consists of a preamplifier, a shaping amplifier,
a charge-coupled device (CCD) and a digitizer. From each channel pulse height
information to an acurracy of 1% and timing information to an accuracy of
ss 20 ns is required.
Signals are first amplified and shaped by the preamplifiers and shaping amplifiers and then go into the CCD's which act as analog shift registers. During
data collecties, each signal is sampled every 100 ns by the CCD's. The individual
measurements are called buckets. The CCD clock is slowed down for readout,
and one bucket is digitized every 50 ^s. The digitized information is sent to the
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online computer and stored on magnetic tape.
Under standard TPC operating conditions, the electrons drift through the
TPC gas at « 5 cm//xs. An entire event, therefore, takes a maximum ul 20 fis
to drift through the TPC, which corresponds to 200 buckets. Given the large
number of channels and the large number of buckets per channel, the information
in a given bucket is only read out if it is above a preset threshold. Even if there
is no input signal, the CCD output is nonzero when digitized. This offset or
pedestal varies from channel to channel and has to be determined when the
electronics are calibrated. A typical input signal from a pad or wire has 5 to
7 CCD buckets with pulse heights above threshold. Such a group is called a
cluster, and the signal pulse height and time of arrival are determined by fitting
a parabola to the highest three buckets in a cluster.
3.3.3 Inner and outer drift chamber
The inner and outer drift chambers were designed to generate a fast chargedparticle trigger for the time projection chamber and to assist in tracking and momentum reconstruction, especially for high momentum tracks. A further function
of the outer drift chamber is to tag photons that have converted before entering
the calorimeter, e.g. in the magnet coil. The IDC (figure 3.8), placed at the
inner radius of the TPC inside the pressure vessel, is the first sensitive detector
element outside the beam pipe. The ODC is placed outside the magnet coil and
operates at atmospheric pressure.

+ Field -wire
o Sense wire

Fig. 3.8 The inner drift chamber. View perpendicular to the beam line showing
four staggered layers of drift cells.
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The inner drift chamber ' consists of four concentric layers of 60 sense
wires each. The second and fourth layers (B and D) are rotated 3° with respect
to the first and third layers (A and C) so that checksums can be formed. The
sense wires are of 25 (xm gold-plated tungsten at 70 g tension. The chamber
occupies the region from 13.2 to 19.4 cm in radius, vvith sense wires at radii of
14.87, 16.07,17.27 and 18.47 cm from the beam line. All wires are 114.3 cm long,
so the A layer is sensitive to about 14.6° (255 mrad) from the beam line. Each
sense wire cell is positioned between two field wires of 150 fim beryllium-copper,
also at 70 g tension. The resolution of the chamber is 150

Fig. 3.9 The outer drift chamber geometry. View perpendicular to the beam
line.

The outer drift chamber75 (figure 3.9) has three layers of 216 wires each.
The chamber consists of six modules that overlap so that there are no azimuthal
gaps between them. The wires are at radii of 119.7, 121.7 and 123.7 cm and the
length of all wires is 304.8 cm. Angular coverage of the innermost layer begins at
38.2° (0.666 radians). The sense wires are 30 ^m gold-plated tungsten at 110 g
tension. The drift cells are delimited by miniature plastic I-beams, covered with
metallic tape to provide a field-shaping electrode. Grounded cathode surfaces
are formed by the aluminum sheets that make up the body of the chambers.
The ODC operates on the exhaust gas from the TPC at one atmosphere. Its
resolution is 200 /xm.
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Intersection point
Beam line

Fig. 3.10 Schematic drawing of one HEX module, illustrating stereo views and
projective geometry.

3.3.4 The hexagonal calorimeter
The hexagonal barrel calorimeter76'77 consists of six modules. Each module
has 40 layers of sense wire planes alternating with planes of 3.2 mm lead laminates, a total of 10 radiation lengths for a particle trajectory perpendicular to
the module. The HEX calorimeter covers about 55% of the 4-K solid angle with
a mimimum radius of 127 cm, a thickness of 45 cm and a total length of 384 cm.
The calorimeter is operated in the Geiger discharge mode at 1 atmosphere with a
gas mixture of 4% ethyl bromide in argon. Accurate position measurements are
obtained by using narrow (0.5° wide) hodoscopic channels in three stereo views.
Figure 3.10 shows schematically for the trapezoidal modules of the HEX how the
planar boundaries in each view provide wedge-shaped channels with polar projective geometry. Signals from successive layers are hard wired together at the
edges of the modules, forming two submodules of 27 and 13 layers, respectively.
The Geiger discharge takes place in the high field-gradient region close to
the 20 fim. tungsten sense wires. Independent of initiating ionization the discharge propagates at approximately 105 m/s in both directions along the wire
by continuous avalanche development and photoionization. It stops when the
electric field strength is reduced sufficiently. Such a confinement is obtained in
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this calorimeter by crossing the sense wires at right angles with 0.125 mm nylon
filaments every 10 mm. With a wire spacing of 5 mm the cell dimensions are
5 x 10 mm2.
3.3.5 Pole-tip calorimeter
The two pole-tip calorimeters78 are each 13.7 radiation lengths thick with
51 layers of sense wire planes and aluminum-clad lead. The PTC's are inside
the pressure volume of the TPC and operated in proportional mode. There are
three stereo views with axes at 60° intervals. The modules are subdivided in a
finer-grained front section of thin radiators and narrow channels (39 layers, 8.4
radiation lengths and 1 cm wire spacing) and a coarser-grained back section (12
layers, 5.3 radiation lengths and 2 cm wire spacing). As in the HEX, projective
geometry is used: the wire spacing increases linearly with the distance from the
interaction point. Unlike in the HEX, each gap in the PTC has wires for only one
of the three views. The modules have an inner radius of 29 cm, an outer radius

PTC 1
PTC 0

Fig. 3.11 The Pole Tip Calorimeters.

of 94 cm and the first layer is at 117.5 cm from the interaction point along the
beam axis (figure 3.11). The pole-tip calorimeters have an energy resolution of
« 11 — 12%/\/Ê~ up to a photon energy of 2 GeV with some degradation due to
energy loss out of the back of the modules for higher energies, to about 16%/\/Ê
at 14.5 GeV. The pole-tip calorimeters also serve as luminosity monitors with a
special Bhabha trigger.
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Fig. 3.12 Schematic design of the central muon chambers

3.3.6 Muon chambers
The outermost layers of the central detector are formed by the muon detection
system?9 Proceeding outward from the iron magnet yoke there are three layers
of chambers, interspersed with iron; the end caps are covered by two layers
of chambers with one layer of iron in between. The chambers are extruded
aluminum drift tubes as shown in figure 3.12. Each drift cell has an equilateral
triangular cross section with a 50 fxm gold-plated tungsten sense wire, tensioned
at 240 gram, at the center. The muon detection system has a total surface area
of 628 m 2 . It covers approximately 98% of 4n with 3284 wires, some of which are
over 7 m long. The first three layers of muon chambers surrounding the central
detector are oriented parallel to the beam line, the outermost is perpendicular.
In the end-cap region, the first and third layers are vertical while the second
is horizontal. The chambers are operated with argon/methane at atmospheric
pressure. Their efficiency is over 99% with a resolution of better than 1 cm.
3.3.7 Solenoidal magnet
The magnetic field for momentum determination in the TPC for the data
described in this thesis is provided by a normal coil?0 located between the outer
pressure vessel of the TPC and the outer drift chamber. The coil is water cooled
and can generate a nearly homogeneous magnetic field of 4 kGauss at 2200 A.
The conventional coil is made of aluminum, wound in four layers of 114.5 turns.
Its total thickness corresponds to 1.4 radiation lengths for a particle incident in
a direction perpendicular to the beam line.
In 1984 a thin-coil superconducting magnet was successfully installed and
tested and it has been in use since the beginning of 1985. The superconduct-
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ing coil represents only 0.6 radiation lengths, a significant improvement for the
trigger efficiency for charged particles and the photon detection in the hexagonal
calorimeter. The magnetic field generated is 13.5 kGauss.
3.3.8 Forward calorimeters
The Nal electromagnetic shower detectors, each consisting of 60 hexagonal
Nal(Tl) crystals (15 cm apex to apex), were used to detect final-state electrons
in the angular range 22-100 mrad. Absolute energy calibrations to 0.3% were
obtained by use of elastic e+e~ (Bhabha) events. Calibrations were corrected for
short-term variations by means of a light flasher system. An excellent energy
resolution of CE/E « 1% at 14.5 GeV is obtained. The position resolution is
5 mm rms (corresponding to 1 mrad angular resolution). Figure 3.13 shows an
exploded view of one array.
OUTER CRYSTAL
HOUSING
60 SODIUM
IODIDE CRYSTALS

CENTER HEXAGON
SUPPORT

END COVER
PLATE FRONT

Fig. 3.13 Exploded view of an Nal crystal array.

The small-angle spectrometers each also include a lead-scintillator shower
counter, covering 100-200 mrad. Each unit consists of 54 layers of lead sheets
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interspersed with scintillator strips. The energy resolution is 0&/E « 15%/\/Ê
and the spatial resolution is « 1 cm rms.

3.4 Trigger
In bunched colliding beam experiments it is beneficial to organize a trigger by
subdividing decisions into several levels. When the detector is active, the readout
of all non-buffered electronics, such as analog-to-digital converters (ADC's), timeto-digital converters (TDC's) etc., is started for every beam crossing. In general
the readout is aborted and the electronics is reset by means of a fast clear before
the next beam crossing occurs, unless the decision to abort is postponed or
canceled by the trigger logic. In a first-stage trigger, called a pretrigger, only
so much information is collected and processed that after a possible negative
decision there is sufficient time left to reset the electronics before the next bunches
collide. For the PEP storage ring the time between bunch crossings is 2.44 /zs.
Allowing for reset time and time for signal propagation, this leaves « 2 us for
the collection and processing of first-level trigger information. Such a time is
sufficient for coincidences of drift chamber hits (with drift cell sizes of the order
of a few cm), discriminator outputs of calorimeters etc. If the pretrigger fires,
readout of the event continues and higher-level decisions can be made.
This thesis reports on data acquired with the charged-particle trigger?1 In
addition to this trigger, there are several neutral-energy and combined chargedplus-neutral triggers, as well as a Bhabha trigger. The forward detector has its
own set of triggers, some of which use central detector information. In the following subsections we will discuss the charged-particle trigger and its pretrigger
in more detail.
3.4.1 Pretriggers
The charged-particle pretrigger uses information from the IDC, the ODC and
prompt information from the TPC proportional wires. Since the time needed for
ionization electrons to drift the full length of the TPC is approximately 20 /is,
only the first » 9 cm from the end planes can be used for the pretrigger. Tracks
with a polar angle of less than 45° can thus be signaled. The ODC is used to
define tracks at larger angles.
The IDC pretrigger. During the data collection period, several sections of the
IDC were inoperative. In order to obtain pretrigger information without azimuthal bias, the information from each sense wire in the inner layer was OR-ed
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with that from the corresponding wire in the third layer; idem for the second and
the outer layer. The two effective layers that were thus formed had no azimuthal
efficiency gaps. The pretrigger is set for a coincidence in overlapping cells in the
two layers, with timing coincidence requirements imposed to discriminate against
tracks not coming from the beam axis.

2 ODC wedges
for supersector 0
ODC

Coil

Fig. 3.14 End view of the TPC showing supersector definition and ODC trigger
segmentation.

The ODC pretrigger. For triggering purposes the ODC was divided into twelve
30-degree wedges (figure 3.14). In each wedge six groups were formed out of three
wires from the inner layer, four from the middle and five from the outer layer,
with overlap in the middle and outer layer. A track is signaled in the wedge, if
within such a group a coincidence occurs between two wires in different layers.
The TPC pretrigger. The trigger logic divides each TPC end plane in six overlapping supersectors of 120° by combining pairs of adjacent sectors as shown in
figure 3.14. The signals of corresponding wires in the two sectors that make up
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ai

z axis

I.P.

Fig. 3.15 Side view of one sector at one end of the TPC showing ripples for a
track exiting through the end cap (trade 1^ and a tradt exiting through
the outer edge (track 2).

a supersector were OR-ed together and grouped into 23 groups of eight wires,
called "majority units". A minimum number of wire signals above threshold
causes the unit to fire. This number was set to three for the data discussed here.
The signals are synchronized by an external clock signal that divides the drift
time in the TPC into discrete slices of 420 ns. The pretrigger for a supersector
is set if one of the majority units fires during the first four clock cycles after a
beam crossing. In order to keep the pretrigger rate at an acceptable level, the
eleven majority units closest to the beam line were not enabled in the pretrigger.
The pretrigffer signals from IDC, ODC and TPC are finally combined to
enable the trigger: for the two charged particle trigger, the IDC is required in
coincidence with two or more pretriggers from the ODC and/or TPC. Since the
TPC supersectors overlap by one full sector, two pretriggers were counted only
for non-adjacent supersectors.
3.4.2 The ripple trigger
Once the ripple trigger for a given supersector is enabled by a pretrigger in
the same supersector or in one of the two ODC 30° segments, charged tracks
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from the interaction point are found by following the ionization information as
it comes in via the majority units. A ripple track is initiated by a majority hit
near the outer egde of the TPC (or, for tracks that exit the chamber through
the end cap, a hit somewhere in a sector), which enables the ripple logic for
the three units inwards. If one of these three fires within nine clock cycles, the
ripple is continued with the same procedure down to one of the two innermost
units. There a coincidence is required with a timing signal which selects tracks
originating from the beam crossing region.
The > 2 charged-particle trigger requires at least two completed ripple tracks
in non-adjacent supersectors. Other triggers (with corresponding pretriggers),
such as the charged + neutral trigger, require > 1 ripple track. Figure 3.15
illustrates the rippling process.
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"It 's absurd and unfair, . . . this objection to talking shop. For what reason
under the sun do men and women come together if not for the exchange of the
best that is in them! And the best that is in them is what they are interested
in, the thing by which they make their living, the thing they 've specialized on
and sat up day and night over and even dreamed about."
from "Martin Eden" by Jack London
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4.1 Introduction
In chapter 1 some experiments were mentioned that used particle identification in the analysis of the two-pion final state. In particular, a recent analysis by
the PLUTO collaboration51 was cited. Two older experiments, one by the Mark
II collaboration43 at SPEAR and one by the DM-1 collaboration at DCI41 were
also discussed. That pion identification is crucial in obtaining a reliable cross
section follows from the observation that, if the number of ti+fi~ events is large
compared to the number of ir+n~ events, a small error in the estimate of the
H+H~ background results in a large error in the ir+n~ spectrum after subtraction. The problem is especially noticeable at low and at high masses. At the ƒ
mass the number of pion events is roughly equal to the number of muon events,
and the problem therefore less significant.
In the following sections we will discuss three methods available to the
TPC/Two-Gamma collaboration to determine statistically the ratio of pions over
muons in the mass range 0.4 to 4 GeV/c2 in the untagged data sample.
In the mass range 0.4-0.8 GeV/c2 we made use of a statistical method using
the dE/dx information provided by the TPC. Two distinct approaches were used,
one serving to check the other.
In a limited range in center-of-mass angle we used the number of hits as measured by the central and end-cap muon chambers to find the n+ir~ continuum,
in the mass range 1.3—3.3 GeV/c2. In essence one exploits the difference in probability that a pion produces a hit, compared to a muon. A correction then has
to be applied for punch-through of pions. This particular analysis provided us
with a very nice measurement of the high-mass ir^Tr" continuum will allow us to
compare to a current analysis by the Mark II collaboration47 (see chapter 5). The
results from this particular center-of-mass angular range were used to calibrate
in final detail a Monte Carlo calculation of the e+e~n+n~ final state.
Using this method, we found that for the analysis of the ƒ, the 7r+7r~ continuum is negligible at masses above 2 GeV/c2. We then used the Monte Carlo simulation to interpolate the fi+fi~ background in the mass region 0.8-2.0 GeV/c2.
In the process of presenting the analysis it will be shown that our understanding
of the apparatus is adequate, and that the fi+fi~ background can be used to
define the luminosity.
Essentially, the n+n~ cross section is arrived at by multiplying the ratio
of 7r+7r~ events to H+(i~ events by a calculation of the £i+M~ cross section.
Corrections have to be made for differences in acceptance due to the differing
angular distributions, as well as for the effect of using the pion mass for muons.
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A major consideration in the present analysis was the difference in behaviour
of pions and muons in the detector where their absorption and interaction properties are concerned. Detailed Monte Carlo simulations and analysis of data
samples with other than two-prong events have been used to find these differences and to account for them.
The tagged data were analyzed in almost the same way. The fi+n~ background was oh*- :ned from Monte Carlo simulation, normalized to the luminosity
as determined by the untagged data analysis.
A separate analysis of the K+K~ final state was performed. The acceptance
was calculated from a Monte Carlo simulation. Backgrounds to this final state
are estimated. It also is investigated how much it contributes to the background
in the ir+n~ data.
Finally, a fitting procedure to obtain the 77 width of the ƒ is presented. The
results will be discussed in chapter 5.
We start with a discussion of the data acquisition, the data reduction, and
the two-prong selection.

4.2 D a t a sample and cuts
Data were taken at 29 GeV e+e~ center-of-mass energy. The event sample
corresponds to an integrated luminosity (measured from the number of Bhabha
events on the raw data tapes that went into this analysis) of 74.6 pb" 1 . Only
those events satisfying the charged trigger were used. As mentioned in chapter 3,
this trigger required two ripples at a polar angle > 30° in different sectors,
thereby requiring a separation in azimuthal angle by at least 60°. Each ripple is
pretriggered by hits in the inner drift chamber and either a fast TPC pretrigger
or hits in the outer drift chamber. Because of the way that ripples are followed
by the electronics, they are required to point to within about 20 cm of the vertex
along the beam line. The trigger did not require the presence of a tag.
In shorthand form:
charged trigger = 1IDC A {2ODC V (1ODC A 1 TPCF) V2TPCF}

.

(4.1)

The fast TPC pretrigger (TPCF) should fire for tracks at low angles, whereas
ODC hits can only be present on tracks with a polar angle > 45°. It is already
at this level that the major difficulty of the analysis presents itself: in order to
produce hits in the ODC, a track has to penetrate the magnet coil, some 1.5
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Total number of events on raw data tapes
Number of events after first stages of analysis
Number of events with two and only two charged prongs
coming from the interaction region
Number of two-prong events with charge balance
Number of events with both tracks having |pj_| > 200
MeV/c
— Of these, with readout of forward spectrometer
— Without forward spectrometer readout
Number of events with two-ripple trigger
Number of events with both tracks making an angle
with the beam axis such that |cos$| < 0.8
— Of these, with readout of forward spectrometer
— Without forward spectrometer readout
Number of events with opening angle > 175°
Number of events after cuts on dE/dx and dE/dx x 2
— Classified as unambiguous two-electron events
— Classified as ambiguous events with preference for
two-electron category
— Classified as unambiguous two-pion/muon events
— Classified as ambiguous events with preference for
two-muon/pion category
— Removed, being likely two-kaon candidates
— Removed, being outside allowed dE/dx region of
most likely final state
— Classified as other types of events
Total number of events left after |£pj.| cut
Total number of two-electron events after all cuts
— Of these, anti-tagged
— With single tag satisfying fiducial cuts
— Rejected because of tag outside fiducial volume or
because of double tagging
Total number of two-muon/pion events after all cuts
— Of these, anti-tagged
— With single tag satisfying fiducial cuts
— Rejected because of tag outside fiducial volume or
because of double tagging

4000000
993 284
487619
442046
255 512
85455
J 70 057
223408
177692
59302
118 390
176 764
168911
46 517
235
122 399
65
49
256
7 548
129 740
41345
39 701
1644
107
88126
84602
3 524
162

Table 4.1 Summary of the effects of the cuts that were applied in the two-prong
analysis of the two-electron and two-muon/pion final states.

96

4. Data analysis

radiation lengths of material. A substantial difference between the behaviour of
muons and pions in the detector arises from this.
Some known inefficiencies in azimuth are caused by the sector boundaries.
A timing problem caused the trigger to be inefficient at 90°. These known inefficiencies were included in the trigger simulation program.
In the first passes of the off-line analysis the following requirements were
imposed on tracks in the central detector:
— at least two tracks had to have their vertex within 10 cm along the beam
axis to reject beam-gas interactions
— if Oiily two tracks survived, they had to be acolinear by at least 5 degrees
to reject cosmic rays
— the total visible energy had to be less than 12 GeV to select two-photon
candidates
— at least two tracks had to have a |pj_| > 100 MeV/c, this being the value
where the curvature of the tracks becomes too large to efficiently trigger
on.
4.2.1 Two prong selection
The two-prong analysis described here was carried out by the Offline AnalySIS program OASIS. Tracks were only counted as charged tracks if they had
a reconstructed vertex within 15 cm along the beam axis from the interaction
point and within a radius of 5 cm from the beam axis.
The events were selected as follows. Firstly, the number of charged tracks in
the central detector had to be equal to two. These had to be oppositely charged.
Both tracks had to have a |pjj > 200 MeV/c. The entire event had to have a
valid charged (two-ripple) trigger. A fiducial cut was applied to the tracks: they
had to have |cosi?| < 0.8, i.e. the angle with the beam axis J? had to be > 37°.
Of the entire data sample of 74.6 pb" 1 , about one third had readout of the
forward spectrometer information. Events with forward detector readout that
were taken with a different set of triggers are available for a larger data set, but
were not used for this analysis, because invariably these triggers required a single
tag with some restrictions. It was felt that an analysis based on one trigger only
would improve internal consistency. Therefore, the amount of data analyzed to
obtain a Q2 dependence corresponds to 24.6 pb" 1 .
In this stage, particle identification cuts were made. These are detailed in
the following sections.
To ensure that all particles were seen a |£pj_| cut was imposed. Untagged
events fell into two categories, one with forward detector readout, the other

4.2 Data sample and cuts
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without. Where the forward detector was read out, explicit anti-tagging was
performed by requiring that no tags be seen. In addition, and also where the
forward detector was not read out, a |£pj_| cut was imposed. For the pion/muon
sample, this cut was |£pj.| < 150 MeV/c. It was found from the data with a
single tag that this cut on the two central particles essentially amounts to antitagging. Because of energy loss and multiple scattering in the gas of the TPC,
the momentum resolution for electrons was found to be slightly worse than for
muons or pions. Therefore, the cut for the two-electron data was |£pjj < 400
MeV/c.
Tagged events were required to have an energy deposition of at least 2.2
GeV in either the Nal detector or the lead-scintillator shower counter of one of
the forward spectrometers. A tag had to have a minimum angle of 25 mrad in
addition to being within the geometrical fiducial of either detector. The |£pj_|
cut included in this case the transverse momentum of the tag. Because of the
energy and position resolution of the forward spectrometers, a larger value of
this quantity was allowed: |£pj_| < 400 MeV/c.
At this stage the sample was assumed to contain only e+e~e+e~, e+e~(i+fj,~,
e+e~7r+7r~, e+e~K+K~ and e+e~pp final states. Already, a clear shoulder can
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be seen in the effective mass spectrum of the two prongs in the TPC at the ƒ
mass (see figure 4.1). In this and other figures, the pion mass is used for all
tracks.
A summary of the effects of the cuts is given in table 4.1. The second column
shows the effect of the cuts, the first column a breakdown of the number in the
second column. Some distributions of pertinent kinematical variables are shown
in figure 4.2.
4.2.2 Particle identification
Particle identification was based on a x 2 fit of the measured truncated mean
dEjdx (i.e. the lowest 65% of the dE/dx samplings) and momentum to the
theoretical relation between dE/dx and velocity j3c. An approximate formula for
the energy loss is given by:20
dE

2

2pmeAed

- « 4*NAremec -^—-

(Zmc\

{—)

\

{2melj3c\

J

[in {—J-)

23

- fi \ ,
2

2

(4.2)

with NA = 6.022 x 10 /mole (Avogadro's constant), re = e /mec = 2.82 fm,
and me the electron mass. The constants Zme<i, pmed a n d Amed are the charge
(in units of electron charge), the mass density and the atomic mass number of
the medium, and Z\nc the charge of the incident particle. The quantity I is
a phenomenological function characterizing the binding of the electrons to the
medium. It may be approximated as I « 16 Z^d eV. For a more detailed
discussion of the dE/dx and the properties in that respect of the TPC, see e.g.
reference 83.
Since this relation depends on the velocity of the particle, one obtains with
the measured momentum a value of x 2 for each mass hypothesis: x?> X^> X2i
X/f and Xp- A plot of dE/dx versus momentum is shown in figure 4.3. At
low momenta there is a region where electrons and pions/muons have a similar
dE/dx. It was to avoid this overlap region that the cut was imposed on the
|p_L | of each track of > 200 MeV/c. This cut also avoided by some margin the
threshold of the trigger efficiency at about 100 MeV/c.
Unfortunately, the masses of the muon and the pion are too similar to cause
the muon and pion bands to be well separated. Therefore, on an event-by-event
basis, only the classification into four-electron and ee^/7r7r-ambigdous final state
is straightforward.
Events were classified as follows:
2__, minlx^OOjX 2 ^ 1 )} < 8 —» e+e~(i+(i~/n+TT~
»=1,2

ambiguous.
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If, for some reason, both sums are less than 8, the hypothesis with the smaller
value is followed. To ensure a well-measured dE/dx, only events were kept with
both tracks having more than 30 participating wires.
For the purpose of identifying e+e~ or K+IT~/fi+n~ final states, an event was
classified as an eeKK event if the sum of the kaon x 2 's was more, than 4 less than
the sums leading to electron or pion/muon hypotheses. Moreover, both tracks
were required to have their dE/dx within a range appropriate to the hypothesis.
For electrons that range was 14-20 keV/cm, for pions and muons 9-16 keV/cm.
The effect of these cuts can be found in table 4.1. The effective mass spectra of
the untagged and tagged electron samples are shown in figure 4.4a and b, and
those of the muons and pions in figure 4.4c and d. The dE/dx cuts used to
analyze the K+K~ final state will be discussed later.
In the process of computing the ratio n+TT~ /fj,+//""from dE/dx, slightly more
stringent particle identification criteria were used. This should, however, not
affect the final answer for the cross section, given by multiplication with a QEDcalculation of the TY —> fi+fi~ cross section.
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4.3 The ratio ir+ir /fi+fi

from dE/dx

At low momenta the mass difference between the muon and the pion is still
non-negligible when compared to the momentum. Hence, the two dE/dx vs. |p|
curves are sufficiently separated that a statistical analysis should give the ratio
of pions to muons, even though pions and muons cannot be identified on an
event-to-event basis.
Because of the |£p_i_| cut and the requirement that both particles have a polar
angle of more than 37°, the opening angle between the two pions is effectively
constrained to be large. This implies that the effective mass is strongly correlated
to the momenta. Therefore, low momenta are equivalent to a low 77 mass.
In order to apply the dE/dx statistical method successfully, we had to impose
somewhat more stringent dE/dx cuts on the data. To belong to the four-electron
sample, both tracks of an event had to have their x\ < 3, and similarly, to be
called a pion/muon event, min(x£, xV) < 3- More than 30 wires were required
for the dE/dx calculation and no other hypothesis could have a lower x 2 f° r a ny
of the tracks.
4.3.1 Method I
The method to calculate the muon/pion ratio works as follows. We average xl
over all tracks of all four-electron events in several mass bins to obtain (xl{M))ee.
Similarly, we obtain (x^^O),^/™ a n d (xliM))^/^
for the combined w/nn
sample. Plots of these quantities as a function of mass are shown in figure 4.5.
The reason that {Xe(M))ee < 1 is the cut on the dE/dx x 2 described above.
We now assume that {xjU-kO)^/** would be similar to {x\{M))ee in case
the sample contained only muons. As it were, (x?(M))ee measures the "standard
deviation" of the dE/dx distribution of a pure sample of particles in a certain
region of 77 mass, with respect to the average dE/dx of that particle type.
The distribution for a combination of particles with different masses is slightly
wider. One may regard (xjU^Dwe/jnr a s a measure of this standard deviation of
this combined dE/dx distribution with respect to the average dE/dx of muons,
and {xir(-^0)/i/i/iT7r thati with respect to the average dE/dx of pions. From such
a more or less intuitive picture we expect this standard deviation to be larger
when measured with respect to the average dE/dx of the less abundant particle
type.
Looking at the low-mass end of figure 4.5 we conclude that, since {x\{M))
ee
r> the data clearly do not consist of muons only. Since, on the
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other hand, {xJ(-W))jift/irir < {xJ(-^))/i^/jrjr it i s a l s o evident that the fraction of
muons is larger than the fraction of pions. In fact, the fraction of muons, a(M),
is given by:

1

}

'

(

'

Derivation. Let a[M) be the muon fraction of the data sample and fi{M) the fraction of pions.
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Then, because of the definition of the average X2>s> w e have:
•XX

(4.5)

XT

Here <X^(-^))/IM> (xl(M))rr,
(xliM))^
and {x%{M))rx are the average x% for a pure muon
sample, the average \ \ f° r a P u r e pi° n sample etc.
If the only particles involved are pions and muons, then a(M) + /3(Af) = 1. Substitution of
/3 = 1 — a in (4.5) gives:

a{

'

(4.6)
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We now make the following assumptions:

(xlW)w = (xlM)** = (xl{M))ee

(4.7)

and

(xJ(M))«r = ixUM))^

.

(4.8)

A possible objection to assumption (4.7) is that for electrons the energy loss is so much higher
than for muons and pions, that the measurement errors could be different. However, even if this
is so, the x should not be affected if the errors are properly treated. Since the dE/dx error
depends on the dE/dx of the particle, especially assumption (4.8) is certainly not valid for any
two types of particle. We use the fact that the masses of the muon and the pion are rather close.
Furthermore, both assumptions were tested in a Monte Carlo, and hold fairly accurately.
Substitution of (4.7) and (4.8) into (4.5) yields, when the two equations of (4.5) are added:
(4.9)
Substitution of equations (4,7) and (4.9) into (4.6) leads to equation (4.4).

Applying equation (4.4), we obtain the fractional muon and pion content of
the data (figure 4.6). Multiplying with the histogram of the data with the loose
dE/dx cuts gives the fifj, and TTTT spectra (figure 4.7). This method will hereafter
be referred to as method I.
4.3.2 Method II
One may ask to what extent (i.e. mass) method I works reliably. Therefore,
we tried an alternative method (method II), that is more visually oriented. Plots

f(x)

-A

0

Fig. 4.8 Analysis of two overlapping peaks, see text.
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were made of the quantity x = x£(l) + x£(2) — x£(l) — xl(2), in eight mass bins
in the range 0.4-0.8 GeV/c 2 . Six of these are shown in figure 4.9, upper plots.
The dominating feature is a large peak at negative values of a;, where fj.fi events
are expected to be found. But a tail on the positive side is also clearly visible.
Such a distribution in x is a linear superposition of a distribution for muons and
one for pions. It is assumed that the shape of the distribution for a pure sample
of pions is the same as the one for a similar sample of muons when x is replaced
by —x, which is plausible from the definition of x. In addition we assume thf l
the distribution for pure muons vanishes sufficiently rapidly in the region where
pions dominate, and vice versa. The situation is represented in figure 4.8 by two
gaussians, but the gaussian nature is not required. In this figure, the fraction
%~*IT" ffi+fi~

= b/a.

The analysis is based on the idea, that the events that appear in the very
right part of the plot have the largest probability of consisting of pions whereas
the events entering in the very left part are most likely fi+fz~ events. Therefore,
the ratio of the number of entries in a certain part at the right of the plot to the
number of events in an equivalent part at the left should be close to the ratio of
pions to muons.
To state the problem in mathematical terms, we define a ratio of running
integrals, R(x), as follows, using quantities defined by figure 4.8:

Jaf(x') + bf(-x')dx'
ï
ƒ af(x') + bf{-x') dx'
-A

We contend that, for x close to A the ratio R(x) « N^-t^- IN^+p

Derivation. To see this, we substitute x' —* —x' in the numerator. We obtain:

'faf(-x') + bf{x')dx'
(4.11)
x

ƒ a f(x') + bfl-x') dx'
-A

which can be written as
D/_*

_ *F-(x)±bF+(x)
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Fig. 4.10 The ratio irn/ft/j. as obtained from method II compared to values obtained from method I.
with
(4.13)
-A

There is a region x > 0 (z not too close to A) where F~ ss 0 but f +

7S 0, and therefore,

Looking at the expression for R(x) we find, that as x goes from —A to A,
R(x) goes from 1 at negative values of x assymptotically to the desired ratio at
positive values of x.
We tried this method on the data. The result is also shown in figure 4.9, in the
lower plots. There we plot R{x) vs. x and we find the expected behaviour. Some
plots show a rise at large x; this is probably due to statistical fluctuations: one
or two events extra in the upper plot on the positive side are hard to compensate
for by the events on the negative side, until both integrals in the ratio R(x) have
sufficient statistics.
The first two mass bins (spanning 0.4-0.5 GeV/c2) lack severely in statistics
because of the cuts made on the transverse momentum of each track. The other
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bins are very nicely suited for the method, although, as the mass increases, the
two peaks become less separated and the overall number of events decreases. The
ratio of pions to muons is found by eye from the plots of R(x) in figure 4.9 by
estimating upper and lower limits for value of the minimum. The point halfway
between the limits is taken to be the desired ratio, while half the vertical width
is used as a measure of the error.
A comparison of the two methods discussed sofar is given in figure 4.10. From
the figure we see, that the values obtained by one method are similar to those
from the other. Further, the (statistical) errors of the points from method I are
smaller.
The major systematical error that method I may be subjected to, is that it is
presumably possible that because of a calibration error in the TPC energy-loss
measurement, the theoretical curves with respect to which the x 2 's are calculated
do not correspond to the measured dE/dx. Method II can be used to test this.
Pions were taken from four-prong data, and pairs were chosen in such a fashion as
to obey similar cuts as the two-prong data. Each track was used once at most, or
not at all. Plots of the type of figure 4.9 were made and the position of the peak,
now consisting of pions only, was measured. The position was systematically on
the positive side, and compatible with the position that the muon peak would
occupy on the negative side. This is illustrated by figure 4.11. In the figure
the position of the pion peak and the corresponding muon peak are shown as
a function of mass. For comparison, the absolute values of the positions of the
muon peaks are indicated with a solid line. It is seen from this test, that there
is no reason to assume that method I suffers from any sytematical error related
to the position of the theoretical curves, at least in this mass range.

4.4 Muon identification using the muon chambers
Another method (method III) was provided by muon identification using
the muon chambers covering the central and end-cap regions. In the analysis
we limited ourselves to the center-of-mass angular region cos»?* < 0.3. This
was convenient for two reasons. Firstly, the muon-chamber efficiency depends
on cost?*, and this particular choice avoids inefficient regions to a large extent.
Secondly, the /J.+fi~ cross section depends strongly on cos#* (see chapter 2):
1 + cos2 JT

(414)

If | cos •&* I < 0.3 the average cross section is about 5% different from the value
at cost?* « 0. The (i+(i~ cross section is minimal at cost?* = 0; the pion-pair
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Fig. 4.11 The position of the pion and muon peaks as a function of mass for
pion pairs selected from the four-prong data and muon pairs from their
dominance in the two-prong data. The data are divided in three regions
of center-of-mass rapidity y = ^ ln(E + pt/E — pz). The solid lines
indicate the absolute value of the muon peak positions.

angular distribution is a priori unknown, but for example at the ƒ, it is quite flat
and maximal around cos d* = 0. We thus have the smallest n+fi~ contamination
there.
4.4.1 Muon detection efficiency
In order to investigate the efficiency of the muon detector, the tracks of twoprong events in the TPC were extrapolated to the muon chambers. The hits in
the muon chambers on each track were counted. The maximum number of n
hits on a track pointing to the end-cap muon chambers is 6; on a track in the
direction of the barrel muon chambers that number is 8. To find out how well
the muon chambers can be used for identification, di-muon events were selected
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Fig. 4.12 Efficiency for > 1 p. hit on the trade if the partner is required to have
at least 6 \i hits on its track.

by requiring that at least 6 fi hits be associated with one of the tracks, and the
efficiency to have > 1 fi hit on the other track of the ]Epj_ [-balanced pair was
recorded. The result is shown in figure 4.12. It shows a clean threshold with zero
efficiency at low transverse momentum and close to 100% above 1 GeV/c. One
sees that approximately a > 80% efficiency can be expected if |pj_| > 0.8 GeV/c.
A minimum transverse momentum of 0.8 GeV/c was consequently required in
the analysis. This determination is somewhat biased towards large angles by
the requirement of > 6 hits on the other track. We used the end-cap muon
chambers in the analysis, because that increased the solid-angular coverage. The
requirement that the tracks have a polar angle t? > 37° with respect to the beam
axis is however applied, as it was for all data.

4.4.2 The method
For a particular mass and cosi?* range we assume that there is no correlation
between the two probabilities to have /j, hits on the two muon tracks. We can
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Fig. 4.13 The mass dependence of 1 — PQ, where Pa is the probability to have at
least one fi hit on a muon track.

write:
(4.15)
Here Po is the probability for a muon to have no fj. hit on its track, and P\ is
the probability for it to have at least 1 n hit on its track; JV0, Ni and N2 are,
respectively, the number of events with no tracks, one track and both tracks
having > 1 fj, hit on it.
Measuring the numbers NQ, N\ and N^ at a particular mass allows us to
solve for N„, JV^ and PQ. In fact, we have one more constraint:
(4.16)
Using these equations we find:

Nf

(4.17)
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The value of 1 — PQ is plotted us. mass in figure 4.13. The data can be described
well by a parametrization A[l - exp{~B(Mri - C)}]. The final numbers were
obtained using the parametrization of Po in:
(4.18)
with

N* = Ni + N2 +
These numbers were used to compute the ratio

(4.19)

+

4.4.3 Checks
Method III relies on the muon chambers. We eliminated some bad runs in
which the muon chambers were not operating properly, which resulted in an
anomalous number of high-mass pion-pair candidates. In a test we repeated the
analysis, requiring that in a previous event in the same run at least one muon
pair was identified. We obtained the same results, with reduced statistics. An
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eye scan showed that two-prong events with a mass larger than 3 GeV/c 2 almost
always have some p hits on one of the tracks, except in the few runs that were
excluded.
As a check on the time stability of the method, the mean value of Px was
determined for consecutive runs containing > 100 /z+/z~/7r+7r~ pairs with loose
cuts. This divided the data sample into approximately 200 subsamples and
showed that (Pi), the mean probability to have at least one fj, hit on a track, was
consistently between 0.7 and 0.9 throughout.
We tried replacing the 7r+7r~//z+/i~ identification by non-electron selection.
This brought in very few extra events. We concluded that there are few K+K~
and pp events in the sample.
4.4.4 Corrections
We determined punch-through (and random) fj. hits on pion tracks by analyzing a sample of events identified as 4TT events. The fraction of tracks from
four-prong events with > l / i hit is plotted vs. \p±\ in figure 4.14. It makes a large
difference if the |£pj_| cut is applied on the four-prong events. A possible explanation is, that the four-prong sample contains a significant number of rf events,
and that a jSpj.1 cut eliminates them. The punch-through fraction for tracks
in the mass range M^ ~ 2 GeV/c2 is then 0.047 ± 0.013. The corresponding
correction factor for the 7r+7r~/ju+/z"~ratio was taken to be 1.10 ± 0.03.
A small correction was applied for the decay of the pion into muon plus
neutrino. Such an event would count in favor of the number of muons. The
correction ranges from 2% at low mass to 1% at 3 GeV/c 2 .
4.4.5 Results
The ratios Nv/(Nn + iV"^) from methods I and III were now used to multiply
the standard distribution of ir+n~ plus n+fj,~ events. The parts of the muonpair mass spectrum thus obtained are shown in figure 4.15 for the center-of-mass
angular range |costf*| < 0.3. Above 2.0 GeV/c2, the fraction of ir+ix~ events is
very small (< 5%).
Method III was used to obtain the cross section at masses above 1.3 GeV/c 2 .
It is shown and further discussed in chapter 5.

4.5 Interpolation
In the previous sections methods were discussed to obtain the fi+/J.~ background at low mass (0.4-0.8 GeV/c2) using dE/dx, and at high mass (> 1.3
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Fig. 4.15 Combined muon spectrum. The data between 0.4 and 0.8 GeV/t1 are
trom method I, the data between 1.3 and 3.0 GeV/c2 horn method 111.

GeV/c2) using the muon detectors. The latter method was, however, used only
for |cost?*| < 0.3. To obtain the muon background at all center-of-mass angles
and all masses, the e+e~/z+/x~ spectrum had to be interpolated in the intermediate mass range, and extrapolated to larger |cos$*|.
The data were divided in various bins in |cos#*|: 0.0-0.2, 0.0-0.3, 0.00.6, 0.2-0.4, 0.4-0.6, and 0.6-0.8. We established already, that the number of
e+e~n+ir~ events above 2 GeV/c2 is negligible in comparison to the number of
e+e~fi+n~ events. This observation lead us to the assumption that this remains
true for |cost?*| > 0.3. This is substantiated by the theoretical expectations.
In case the high-mass n+n~ continuum behaves like the Born term, the yield
of jr+7T~ events will in fact be diminished at higher |cost?*|, whereas in case it
behaves more according to QCD predictions, the cross section will be essentially
flat to | cos i?* | = 0.8, beyond which point the cross section will rise steeply,
similar to the QED cross section for e+e~n+(i~ [see chapter 2).
With the muon background spectrum in the range 2.0-4.0 GeV/c2 adequately
described by the data without pion subtraction, all we needed to do is to estimate
the spectrum between 0.8 and 2.0 GeV/c2. This was done using a Monte Carlo
simulation.
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4.5.1 Estimate by Monte Carlo
Generated e+e~n+/j,~ events from the program by Vermaseren were processed
through the detector simulation program GLOBAL and subjected to a simulation
of the trigger while going through the same analysis as the data. The histograms
with the standard dE/dx cut were multiplied by factors to make them correspond
roughly to the proper integrated luminosity.
For the data with | cos i?* | < 0.3, the parts of the muon spectrum that had
been obtained already were divided by their Monte Carlo estimate, leading to a
rather flat distribution (figure 4.16). A curve of the form

1-e

(4.20)

was fitted to this spectrum. The Monte Carlo points between 0.8 and 2.0 GeV/c2
for all bins in | cos t?* | were corrected using this fitted curve.

118

4. Data analysis

4.5.2 Smoothing
The three parts were now combined in one histogram for each range of cos i?*.
The typical useful mass range is 0.5-4.0 GeV/c2. A smoothed version of these
histograms was obtained by fitting to them a curve of the form:

= A 1-e

The fits are always very good. These fitted curves were now used as an estimate
of the fi+ti~ background, to be denoted J V ^ ^ M ^ c o s t ? * ) .
4.5.3 Singly tagged data
Tagged data were selected as described in section 4.2.1. The data were otherwise treated in much the same fashion as the untagged data. Unfortunately, the
statistics did not allow the use of the dEjdx methods. We were able to use the
muon-chamber method, but only to obtain a <22 distribution for all data above
1.3 GeV/c2(see chapter 5).
Therefore, Monte Carlo results were used to estimate the p* (i~ background
in the full mass range. The Monte Carlo included all necessary corrections, as
described above. Smooth curves were fitted to the Monte Carlo histograms. With
these estimates for the n+ti~ background, the singly tagged data were further
treated like the untagged data.

4.6 Species dependence of the acceptance
In order to extract the ir+Tc~ cross section from the ratio of ir+ir~ to fi+fi~
events, all acceptance effects that are not the same for muons and pions had
to be corrected for. The total efficiency was assumed to consist of two distinct parts. The first of these is what will be called the geometrical acceptance,
^(M^.cosi?*). It does not distinguish particle types, i.e. the geometrical acceptance for muons is the same as that for pions, provided they have the same
angular distribution. Of course, in our case the angular distributions are not
necessarily the same.
The second part involves all the particle-type dependences. Mainly, it consists of the difference in nuclear interaction and absorption properties, in all its
manifestations, such as loss of particles in the beam pipe or TPC gas, or failure
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Fig. 4.17 The geometrical acceptance a3 a function of M^~, and cost?* for twoprong events.

to trigger the data-acquisition system due to absorption in the magnet coil. It
will be called the dynamical acceptance, P(M 7 7 ,COSJ?*). This part of the efficiency is expressed in terms of a ratio to that for muons, and will be called the
dynamical acceptance ratio:
(4.22)

4.6.1 The geometrical acceptance
One may analytically calculate the number of fj,+/x~ events one expects to
be produced in the amount of integrated luminosity analyzed using formulas for
the 77 cross section and the luminosity function that can be found in chapter 2.
A correction was applied to account for giving muons the pion mass. The way
in which this is done is described in section 2.7.
When N*+'- (M77,cos$*) is divided by these theoretical calculations, one
obtains the acceptance for muons. This was done for the mass spectra of four of
the costf* ranges: 0.0-0.2, 0.2-0.4, 0.4-0.6 and 0.6-0.8.
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In order to obtain an acceptance for a flat center-of-mass angular distribution we corrected by dividing the spectra mass bin by mass bin by the (i+n~
cross section at the proper mass and proper average cos tf*. We renormalized by
multiplying by the /x+A*~ cross section at the proper mass and at cosi?* = 0. The
result is a set of four curves of the geometrical acceptance £(Afyy,cos $*), shown
in figure 4.17. Since both the ir+n~ cross section and the M+M~ cross section will
be corrected with the same acceptance, an overall normalization constant drops
out in the ratio.
4.6.2 The dynamical acceptance
The major contribution to the dynamical acceptance comes from the requirement of an ODC pretrigger to enable the charged trigger: pions have a smaller
probability to penetrate the outer pressure-vessel wall and magnet coil (equivalent to about 13 cm aluminum at 90°), than muons.
The dynamical acceptance ratio for each angular range was first estimated
from theoretical considerations using the known amounts of material on the path
of a particle. This estimate was then compared to and corrected by a Monte
Carlo simulation. The advantage of this procedure is that an estimate can be
obtained fairly easily with high internal precision, whereas it is difficult to obtain
a statistically adequate Monte Carlo sample. When the Monte Carlo is used to
correct the estimate, one does not need nearly as much precision as when the
Monte Carlo simulation is to stand on its own.
The estimates were performed in the following way. For each tvent of the
7r+ir~ f (j,+fi~ data two weights were calculated, one corresponding to the hypothesis that the event is a 7r+7r~ event, and the other for the case that it is a n+fi~
event. The pionic weight was calculated as the product of the survival probabilities for each track, including loss in the beam pipe and inner pressure vessel
wall of the TPC, loss by decay into a muon and a neutrino in the TPC, and loss
in the outer pressure vessel wall and magnet coil if the direction of the particle
allowed it to reach the coil. The muonic weight only included the loss in the
outer pressure vessel wall and magnetic coil, the loss in the beam pipe being
negligible in comparison.
The survival probabilities for several particle species passing through the
outer pressure vessel wall and the ODC were obtained from a combination of
measurements and calculations. The measurements were done using a redundant trigger for singly tagged eefifi, eeK+K~, eepp, untagged een+ir~ir+ir~,
eeK+K~n+n~, eeppir+ir~ and beam-gas events containing protons. Calculations included energy loss by dE/dx, multiple scattering, hadronic interactions,
and the intrinsic efficiency of the ODC. These calculations were compared to
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Fig. 4.18 The ratio of the dynamical acceptance ratio estimate to its Monte Carlo
calculation.

Monte Carlo studies using the High Energy Transport Code84 (HETC). A detailed discussion is given in reference 85.
For the Monte Carlo correction, a sample of two-prong events was generated
using the GAMGAMMON generator (see chapter 2) and each prong was taken
to be a pion. Then detector simulation was performed using GLOBAL, and the
same analysis was applied to the GLOBAL output as to the data. Special care
was taken to properly simulate the charged trigger. In particular, the effect of
the outer pressure vessel wall and magnet coil was treated in detail, using the
results discussed above. The resulting set of histograms was called the pion set.
Then the process was repeated, using the same generated event sample, but
now treating the tracks as muons. The resulting histograms constitute the muon
set. When the pion set is divided by the muon set we obtain the dynamical
acceptance ratio for pions.
We then devided the dynamical acceptance ratio estimates by their Monte
Carlo calculation. An example is shown in figure 4.18. The result is close to unity,
and a correction can be easily obtained by a linear fit, also shown. We then
multiplied the estimates by their corrections. The final dynamical acceptance
ratios for several angular regions are shown in Sgure 4.19. It is interesting to
note, that the dynamical acceptance ratio does not depend heavily on |cost?*|.
For the singly tagged data the untagged geomet. ical acceptance and dynamical acceptance ratio were used for the range |cost?*| < 0.6.
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4.7 The process i~i
In addition to the TT+IT~ final state, the production of two other two-prong
hadronic final states, K+K~ and pp is expected. Both are of interest by themselves, but also form a potential background to the w+ir~ data and each other.
In the K+K~ sample, one may observe the formation of the /'(1525) and the
0(1720) mesons. As was pointed out in chapter 2, also the K+K~ continuum is
of interest. The cross section is predicted by QCD calculations.
A separate analysis was performed by the TPC/Two-Gamma collaboration
for the process -77—>pp?2 The cross section is similar to that for n+n~ production
in absolute value, but falling much more steeply with M 77 , but shifted towards
higher mass, of course. The arguments presented in section 2.7 having to do
with assignment of particle masses hold even more dramatically in this case. We
expect therefore no contribution from pp production to the background for either
In the following subsections an analysis of the reaction -y-y
presented.

K+K~ is

4.7 The process

-yf->K+K~
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mass spectrum for |cos«?*| < 0.6.

4.7.1 K+K~ analysis
The analysis was performed in a fairly standard fashion. There is no large
contribution from QED events since the dE/dx curves are well separated, with
the exception of the crossover regions. The selection of K+K~ events differed
from the selection of 7r+7r~ events only in the dE/dx cuts. Each track had to
satisfy the condition that x\ < & an<* more than 2 less than the other Xi- The
resulting K+K~ mass spectrum (restricted to | cos t?* | < 0.6) is shown in figure
4.20. To prove that the events consist of K+K~ pairs, a dE/dx vs. |p| plot
is shown in figure 4.21. No clustering around the overlap regions is observed.
Rather, the figure shows a depletion in those regions, leading to an acceptance
curve that has several minima.
The total sample of K+K~ data consists of about 240 events.
4.7.2 K+K~ cross section; backgrounds
A Monte Carlo simulation of the K+K~ final state similar to the one used for
the 7r+7T~ analysis yielded the acceptance. In the generator (GAMGAMMON) a
uniform angular distribution was used; in this center-of-mass angular range, this
is a fairly good approximation. The generated events were extrapolated through
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the detector by the detector simulation program GLOBAL. In the subsequent
analysis of the Monte Carlo events the trigger was simulated. Again, proper care
had to be taken of the dynamical acceptance, because the trigger required ODC
hits as a pretrigger. The way in which the survival probability was computed
was described already in section 4.6.2. The dynamical acceptance as a function
°f |Px| differs only slightly from that for pions, but starts at a somewhat higer
value of |P_L|.
After dividing the data by the acceptance we obtained the cross section for
the process i^—*K+K~. It is presented and discussed in more detail in chapter 5.
The cross section for K+K~ production in icy collisions turns out to be less than
or similar to that for ir+ir~ production and has about the same mass dependence.
From Monte Carlo simulations of e+e~—*e+e~e+e~ and e+e~—>e+e~n+n~ for
the kaon selection criteria it was estimated that the contamination of the kaon
sample by these processes is less than 10%. Since the acceptance for 7r+7r~ is the
same as for /z+M~•> the contamination by pion pairs is negligible.
4.7.3 K+K~ as background to n+ir~
In order to estimate the background to the n+n~ data caused by the

4.8 Corrections to the ir+Tr spectrum
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final state, the measured cross section of 77 -+ K+K~ was now used in a Monte
Carlo calculation.
The cuts that were used in the analysis of the n+n~/n+n~~ data were described earlier. With these cuts, the acceptance for the K+K~ background was
found to be ~ 5% centered around 2 GeV/c2 KK effective mass. This acceptance is comparable to that for the pions at the same ITK effective mass, but the
effects of assigning the wrong particle mass, as discussed in section 2.7, cause the
actual contamination to be much less.
From our measurement of the KK cross section we therefore estimate less
than 5% contamination of the 7r+7T~ sample by kaons, and this predominantly
around 1.7 GeV/c2 nw effective mass.

4.8 Corrections to the ir+n

spectrum

To be able to fit the TT+TT~ spectrum, two corrections have to be applied. One
was already discussed in chapter 2: the effect of giving muons the pion mass in
the analysis. Where necessary, these corrections were applied, and will not be
discussed further. The other effect is due to the limited mass resolution of the
TPC. The correction associated with this is applied at the fitting stage.
An estimate has to be made for backgrounds other than K+K~ and pp.
These backgrounds are presumably due to higher-multiplicity final states, of
which one or more (possibly neutral) prongs were not detected.
4.8.1 Mass resolution
The mass resolution was determined by assuming that it is mainly caused by
the measurement error in the momentum of the particles. One then expects the
error in the mass determination to be given by:
-;2

" " — ' •

J

.„

(4.23)

where On is the opening angle between the two prongs and ëp„± the error in the
momentum measurement obtained from the track fitting procedure.
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Fig. 4.22 Contour p/ot of the error in the mass determination as obtained from the
errors in the momenta, versus iW77. The shaded area represents the one
standard deviation region surrounding the mean value of
The line represents a fit, see text.

A plot of
versus M 7 7 was made using the final data sample of
muons and pions. It is shown in. figure 4.22. For each mass bin the r.m.s.
<5M77/M77 and standard deviation were used to fit to the form
Af~

— C\

(4.24)

The fit gives Cx = 0.0288 ± 0.0009 and C2 = 0.0057 ± 0.0005. The solid line in
figure 4.22 represents the fitted result.
4.8.2 Feeddown from higher-multiplicity final states
It is expected that the contribution of feeddown from higher-multiplicity final
states is small because of the tight |£pj_| cut of < 150 MeV/c. This background is
not expected to peak at |£pj_| = 0. Therefore, the relative amount of background
should decrease as the |£p_i_| cut is tightened.
This was tried: with otherwise the same cuts and a |£pj_| cut of < 75 MeV/c
the dE/dx separation (method I) of the ir+n~/n+(i~~ data was repeated. The

4.9 The

change in the n+K~/fi+n~ ratio was unsignificant.
unnecessary to make a correction to the data.

fit
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It was therefore deemed

4.8.3 Influence on the 77 width of the f
As a result of the&e studies and the conclusions reached about the K+K~ and
pp cross sections, it was assumed that there is no significant background to the
7r+7r~ spectrum. Even if this assumption were incorrect, the fitting procedure
would partially compensate, as long as the mass distribution of the background is
falling roughly in the same fashion as the n+ti~ spectrum. This would then lead
to an upward deviation of the "luminosity" parameter (see the next section) from
unity. In fact, such a deviation is observed, but only on the few-percent level, as
will be shown in chapter 5. It is therefore unlikely that these backgrounds will
affect the results for the ƒ.
It is possible that the effect of backgrounds would be more pronounced in the
high-mass continuum for both the n+%~ and the K+K~ final states. With the
relatively large statistical uncertainties involved in these measurements, however,
it is not likely to be noticeable.

4.9 The fit
In the preceding we have discussed all ingredients to the fitting routine that
will be discussed in this section. From the fits we obtain the 77 width and the
Q2 and angular distributions of the ƒ. Let us stress from the outset, that all fits
were made to the combined spectrum of n+n~ and H+/J,~ events. Effectively, the
fit consisted of a theoretical calculation of the 7r+7r~ cross section using certain
parameter values (to be discussed), and a theoretical calculation of the n+fi~
cross section, both using the formulas from chapter 2. The ratio of the two
(after suitable corrections) was multiplied with the estimated number of muon
events (from methods I and III) in the data. The expected total number (for the
set of parameter values) of ir+ir~ plus fi+fi~ events was obtained by adding the
estimated number of muon events. The fit consisted of varying the parameters
until the best fit with the combined (data) spectrum of /x+/z~ and n+%~ was
found.
The fits were performed using the HBOOK86 fitting procedure HFIT. It is
a typical fitting routine that calls a user supplied function with an array of
parameters and the mass My7. This section describes the fitting function. The
results of the fits will be given and discussed in detail in chapter 5.
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4.9.1 Parameters
The following possible parameters were considered.
— The gamma-gamma width of the ƒ.
— The interference parameter. It is a parameter that multiplies the interference term. In case of full interference, the parameter should be 1.
— Born-term parameter. It multiplies the two Born terms, and its square
root multiplies the interference term. Normally it should be 1.
— Form-factor parameter. This parameter multiplies the entire pionic 77
cross section, i.e. the sum of the two Born terms, the Breit-Wigner term
and the interference term. In the untagged case this parameter should be 1.
— Luminosity parameter. This parameter multiplies the estimated y+n~
background, and therefore modifies the luminosity. Its nominal value is 1.
— Total decay width of the ƒ. It should be, according to table 1.1, 0.178 GeV.
— The first coefficient, Ci, in the expression for the mass resolution (see
section 4.8.1).
— The second coefficient, C^.
For the fits to untagged data histograms, the Born-term and form-factor
parameters and the total decay width as well as coefficients C\ and Ci were
usually fixed at their nominal values, being 1 for the Born-term and luminosity
parameters, 0.178 (see table 1.1) for the total decay width, and C\ = 0.0288, and
Ci = 0.0057 as obtained from the data. Then, only the 77 width, interference
and luminosity parameters were variable.
In the tagged case, all parameters were preset to the results of the fit of the
untagged data, and kept fixed, except for the form-factor parameter.
4.9.2 The fitting function
From the Born-term, interference and form-factor parameters, the 77 width
and Af77, one may calculate the cross section for two-pion production by two
gammas, a 71 _ >T+7r -(M y7 , cosi?*) for a certain center-of-mass angle 1?* (see chapter 2). We correct for the mass resolution and the geometrical acceptance, while
integrating over cosi?*:

(4.25)

4.10 Summary

with 6M'
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the standard deviation of the mass resolution and

T-{M'rf)=

I

oni_>„+v-{M^,coSr)x

The integrals were evaluated numerically.
One may similarly calculate the Try cross section for the production of two
muons (chapter 2). No fitting parameters are involved here. One obtains, after
correction for mass resolution and angular acceptance, oc°^ + (M77) for the
untagged histograms.
For the tagged histograms, the results of a run with Vermaseren's program
were used. These cross sections are integrated already over cos •&*, so it is not easy
to correct properly for the acceptance. Instead, we multiplied the cross sections
by the average acceptance. These histograms do not have to be corrected for the
pion/muon mass difference, since the pion mass was used in obtaining them.
In sum, one finds the following fitting function:

(
)

w

, n
ƒ •

(4.27)
Here, Ne<%' _ is the estimated number of muon events in the data, see section
4.5.2. This value was used by HFIT to minimize a x2, computed from the function
value and the ir+ir~/ix+\i~ data, by strategically modifying the parameters.

4.10 Summary
We have shown that for the TT+/K~ data there exist two handles on the /z+M~
continuum. One is the dE/dx capability of the TPC that leads to methods I
and II. Method II can be used as a check on method I and indicates that in the
mass region 0.4-0.8 GeV/c2 it is unlikely that either method suffers from large
systematical error.
The other handle is provided by the central and end-cap muon chambers. A
method was developed to statistically identify the // + //~ continuum in the mass
range 1.3-3.3 GeV/c2, method III.
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It was shown that combination of these methods with Monte Carlo techniques makes it possible to interpolate the spectra in the region not covered by
either method. In this way a good estimate of the factual n+(i~ background was
constructed. With the aid of further Monte Carlo studies a correction was made
to account for the particle type dependence of the acceptance.
Studies of the possible backgrounds showed that they are not very large and
that they are partially compensated for in the fit.
Finally the fitting procedure was outlined. All corrections were applied at
the fitting stage; the fit was made to the full sample of 7r+7r~ and fi+fi~ events.
A separate analysis was performed for the K+K~~ final state. This analysis
followed more conventional lines since there is no large QED background as in
the 7T+7r~ case, except in dE/dx overlap regions. Estimates were made of these
backgrounds, the acceptance was calculated and the data were converted to a
cross section.
In the next and final chapter we will present and discuss the results.
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"As we learn from our mistakes our knowledge grows, even though we may
never know—that is, know for certain. Since our knowledge can grow, there
can be no reason hare for despair of reason. And since we can never know for
certain, there can be no authority here for any claim to authority, for conceit
over our knowledge, or for smugness."
from "Conjectures and Refutations" by Karl R. Popper

5.2 The /

133

5.1 Introduction
In this chapter we present and discuss the results. We will start with a more
detailed section on the fits to the w+ir~ jii+n~ data, and the resulting 77 width
of the ƒ, and the angular distribution of its decay. We will extend the fits to the
singly tagged data and obtain the Q2 distribution of ƒ formation in 77 collisions.
Next we will show the cross section for the high-mass n+n~ continuum,
obtained from method III (see chapter 4). The method also allows us to extract
a Q2 distribution. Since the analysis was limited to |costf*| < 0.3 it was not
possible to arrive at an angular distribution.
Then we present the cross section for the reaction Ty—*K+K~. A comparison
is made with the TT+TV~ continuum.
Finally, we discuss the results and their physical implications. From the 77
width we obtain new information on the admixture of gluonium to the tensor
mesons, and a determination of the mixing angle. With the TT+W~ and K+K~
continua we are able to test QCD predictions of the shape and absolute value
of the 77 cross sections as a function of M 7 7 . With certain assumptions, upper
limits can be determined for the formation of the tensor meson 0(1720).

5.2 The ƒ
5.2.1 The 77 width
Using the fitting routine discussed in section 4.9, fits were carried out to the
data histograms for the various costf* regions. Let us recall, that the fits are
made to the combined spectrum of n+p~ and 7r+7r~ data. The fitting function
consists of formulas given in chapter 2 (sections 2.6.1, 2.6.2, 2.6.4 and 2.6.5)
for the fi+n~ cross section, the Born terms, the resonance contribution and the
interference term, together with the estimated number of M+M~ events in the
data as determined in sections 4.5,2 and 4.5.3. Quantities such as the 77 width,
the amount of interference, and an overall normalization (luminosity) constant
are parameters in the fit.
In the fits, the 77 mass range 0.8-2.0 GeV/c2 was used, even though the useful mass range is larger than that: from about 0.5-3.5 GeV/c2. This restriction
was imposed to ensure, that the probably larger systematical errors especially in

j
i
j
J
j
1
i
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| COS 0 * |

range
0.0 0.2 0.4 0.6 0.0 0.0 -

0.2
0.4
0.6
0.8
0.3
0.6

77 width
(keV)

Interference
parameter

Luminosity
parameter

3.52 ± 0.15
3.31 ±0.18
3.73 ± 0.33
2.9 ±1.2
3.36 ±0.12
3.21 ±0.10

0.45 ±
0.49 ±
0.68 ±
0.33 ±
0.56 ±
0.51 ±

1.062 ± 0.014
0.998 ± 0.015
0.998 ± 0.015
1.086 ± 0.020
1.049 ±0.012
1.001 ± 0.008

0.04
0.05
0.08
0.29
0.03
0.03

Table 5.1 The fit results tor the mass range 0.8-2.0 GeV/<?for several angular
ranges.

the very low mass range would not influence the fit. As a check, the fits were
repeated using a range starting at 0.55 GeV/c 2 . The results do not change on
average, but a larger scatter is observed from one cost?* range to another. The
reader is reminded, that a helicity-2 angular distribution for the ƒ is implicit in
the fitting function. We therefore expect, that we obtain the same 77 width for
each angular range, if the helicity-2 assumption is true.
The results are presented in table 5.1. In the table the fitted values are shown
for the 77 width of the ƒ, the interference parameter and the "luminosity" parameter. The indicated errors are statistical only, and are obtained from the
error matrix produced by the fit. The spread in the values for the 77 width is,
however, not only due to statistical uncertainties. Since the e+e~n+n~ background and the dynamical acceptance ratios were determined independently for
each angular range, the spread reflects part of the systematical error as well. The
weighted average of the values is:
Tave(77 _> ƒ) = 3.3 ± 0.3 keV,

(5.1)

where the error only covers the spread in the values. To quote a value that is
directly comparable to those obtained by other experiments, we prefer to use the
value that uses the angular range | cos 1?* | < 0.6:
r/(77 - , . ƒ ) = 3.2 ± 0.1 ± 0.4 keV,

(5.2)

where the systematical error is assumed to consist of two parts: ~ 10% due to
the e+e~/x+ft~ background determination, and ~ 10% due to the uncertainty in
the dynamical acceptance ratio. The errors are added in quadrature, because
they are uncorrelated.
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Fig. 5.1 The n+ir~/ii+n~ data for the angular range |cost?'| < 0.6. The solid
curve is the result of the fit.

The average value of the interference parameter is about 0.5. We do not
ascribe any particular significance to this parameter. The peak position is clearly
shifted towards lower mass, very likely due to interference of the ƒ with the 7r+7r~
continuum. There is, however, no reason to believe that the Born approximation
is still valid at the mass of the ƒ and higher. On the contrary, the Born term fits
rather poorly above the ƒ mass. Therefore, the value of the parameter is largely
a matter of fit mechanics, rather than due to a definite physics issue. Moreover,
slight changes in the value do not significantly alter the 77 width. Large changes
do affect the 77 width, but in those cases the fits are very bad and obviously do
not correspond to reality.
The average value of the "luminosity" parameter is 1.032 ±0.035. The error
represents the spread and is again mostly due to systematical effects. Although
consistent with 1, the average is slightly higher. As indicated in section 4.8, this
may be due to the compensatory effect of the fit for background events. We
assume, that any propagation of this ~ 3% error into the value for the 77 width
is adequately accounted for by the systematical error.
As an example, we show the n+n~/n+ii~ data in the angular range | cos 1?* | <
0.6 in figure 5.1. In the figure, the result of the fit is shown as a solid line super-
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(GeV/c2)
Fig. 5.2 The cross section for the process fi~»7T+7r , unfolded with regard to
mass resolution, for the angular range | cosi?*| < 0.6.

imposed on the data. After subtracting the fitted amount of /*+>~ background
and dividing the resulting ir+ir~ spectrum by it, multiplication with the 77 cross
section for muon pair-production (corrected for using pion masses) gives the cross
section for pion pair-production by two-photon coilisions in this angular range. It
is shown in figure 5.2. Again, the solid line represents the fit. The data shown are
unfolded for the mass resolution. Without unfolding, the cross section would appear sligthly smaller at the ƒ mass because of smearing efFects.The cross section
is given in tabular form in table 5.2.
In chapter 4 some other parameters were mentioned. Considering the fact
that the Born term seems to describe the data at low mass rather well, the
Born-term parameter was kept fixed at 1 in all fits.
A few fits were tried in which the total decay width of the ƒ was allowed to
vary. The result for the angular range | cos t?* | < 0.6 is representative:
To = 0.197 ±0.012 GeV.

(5.3)

The quantity T$ is the nominal total decay width of the ƒ appearing in equation
(2.63). With this value (about 10% higher than the value in table l.l), the
resulting 77 width of the ƒ is about 5% larger.
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7T + 7T

Mass
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.925
0.975
1.025
1.075
1.125
1.175
1.225
1.275
1.325
1.375
1.425
1.475
1.525
1.575
1.625
1.675
1.725
1.775
1.825
1.875
1.925
1.975
7T + 7T~

1.375
1.425
1.475
1.525

data (fig- 5.2)
a (nb)
124
139
202
133
140
134
87
115
96
120
140
138
172
212
299
274
182
97
58
52
22
13
13
17
8
13
7
13
13
10

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

40
25
22
18
16
14
12
11
10
10
9
9
9
9
11
10
8
7
6
6
6
6
6
6
6
6
5
6
6
5

data (fig- 5.5)
64
45
20
6.7

±
±
±
±

(cont'd)
1.575
1.625
1.675
1.725
1.775
1.825
1.875
1.925
1.975
2.025
2.075
2.125
2.200
2.300
2.450
2.650
3.000
K+K
1.275
1.325
1.375
1.425
1.475
1.525
1.575
1.625
1.675
1.725
1.800
1.900
2.150
3.175

9.4
3.9
5.5
5.2
4.4
3.1
2.4
3.7
2.8
3.3
1.4
2.4

0.16
0.80
0.21
0.25
0.00

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

3.1
2.0
1.8
1.7
1.6
1.0
1.0
1.4
1.3
1.2
0.8
1.1

0.30
0.50
0.21
0.23
0.07

data (fig- 5.7)

± 160
± 14
± 6
± 2.9
10.7 ± 3.2
12.2 ± 3.8
13 ± 4
6.4 ± 3.0
7.0 ± 2.9
5.0 ± 2.5
2.3 ± 1.0
2.7 ± 1.2
1.1 ± 0.6
0.18 ± 0.11
260
49
24
9.5

25
13
7
3.3

Table 5.2 Cross sections for the low-mass 7r+7r data f| cos iS* | < 0.6, figure 5.2),
the high-mass 7r+7r~ data (|cost?*| < 0.3, figure 5.5) and the K+K~
data flcost?*| < 0.6, figure 5.7}. Errors are statistical only.
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0.4

0.6

0.8

0.00

Icosö'l
Fig. 5.3 .Angular distribution of one of the pions from the ƒ decay w.r.t. the
photon-photon axis in the 77 center of mass.

Finally, a consistency test was made for the mass resolution. The constants
C\ and C% (section 4.8.1) in the expression for the mass resolution were allowed
to vary. The total width was fixed at 0.178. The fitted values for C\ and C2 are
consistent with the measured ones. No effect on the -77 width was observed.
5.2.2 The angu/ar distribution
From the first four values in table 5.1 we derive the angular distribution of
one of the pions in the center of mass by multiplication with the average value
of |Y22(cosi?*)|2 in each angular range. The result is shown in figure 5.3. Also
shown are two curves, one for helicity 2 (|y"22(cos#*)|2), solid line) and the other
for helicity 0 (|y2°(cosi?*)|2), dashed line). They each represent the best fit to the
data points, when either 100% helicity 2 or 100% helicity 0 is assumed. Clearly,
helicity 2 is preferred.
When a linear combination of helicity 0 and 2 is fitted to the data, the
fit improves slightly, but the helicity-2 part still dominates by about 2 to 1.
Therefore it is not possible to exclude a substantial helicity-0 contribution. The
data are certainly consistent with the 6 to 1 ratio of helicity 2 over helicity
0 implied by the Clebsch-Gordan coefficients mentioned in chapter 1. From the

5.3 The 7T+)r~ continuum
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figure it is seen, that a helicity-0 admixture would contribute most in the angular
range |cost?*| > 0.8, where this experiment has no acceptance. If one assumes a
helicity-0 contribution, one arrives at a larger 77 width for the ƒ. For example,
in case of a 6 to 1 mixture of helicity 2 and 0 the 77 width is:
> ƒ) = 3.6 ± 0.1 ± 0.5 keV (6 to 1 mixture of helicity 2 and 0).

(5.4)

At most, for 100% helicity 0 and no helicity 2, the -77 width would be:
T(77 -> f) = 5.9 ± 0.2 ± 0.8 keV (100% helicity 0),

(5.5)

but this is not consistent with the data presented here.
5.2.3 The Q2 distribution
Similar fits were performed on the tagged data sample in order to obtain
the Q2 distribution for ƒ formation. It was necessary to keep all fit parameters
fixed at the values obtained from the untagged data with the exception of the
form-factor parameter (section 4.9). The singly tagged r „inple is too small to
allow more than one free parameter in the fit.
In the fits the data in the center-of-mass angular range | cosi?*| < 0.6 were
used. The resulting values of the form-factor parameter are plotted vs. the average Q2 of the observed data in figure 5.4. The error bars were determined by the
fitting procedure and therefore do not include overall systematical errors. We
estimate the systematical error to be less than or similar to the statistical error.
By definition, the value of the form-factor parameter at Q2 = 0 is 1. The
curves represent the form factors from VDM and GVDM (section 1.4.7) and are
normalized to this point. The solid line represents the p-pole form factor, and the
dashed line the form factor expected from GVDM. There is a preference for the
simple p-pole form factor, but the error bars do not allow exclusion of GVDM.

5.3 The 7T+7r
+

continuum

The Tr n~ continuum was obtained from the statistical method using the
central and end-cap muon chambers (method III) as described in section 4.4.
From the ratio of pions to muons and a calculation of the fi+fi~ cross section
(chapter 2) we find, after correction with the dynamical acceptance ratio, the
cross section for the process 77—>7r+7r~ at relatively high mass. It is shown in
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Q2
Fig. 5.4 The Q2 dependence of ƒ formation in the single tagging mode. The
solid line represents the expectation of p dominance, the dashed line
that for generalized vector dominance.

figure 5.5. The center-of-mass angular range is | cos i?* | < 0.3. The cross section
is tabulated in table 5.2.
Superimposed on figure 5.5 is a solid line giving the result of the QCD calculation discussed in chapter 2. We may approximate, using equations (2.44) and
(2.52):
doOyy —•+ W+TT~)

d^t*

83 nb
=

M^sinU*

•

M

The solid curve represents the integral of this function | cos t?* | < 0.3.
At the low-mass end the data are seen to rise because of the presence of the
ƒ. The shape of the calculation seems to agree well enough at m /sses above 1.5
GeV/c 2 , but the absolute value is too low by a factor of about 3. It is likely that
the ƒ still contributes to the spectrum at these masses. Because of interference
effects it is difficult to make a quantitive estimate.
An analysis by the Mark II collaboration is in progress. Preliminary results47
indicate agreement with QCD above 2 GeV/c2 and additional contributions from
resonances below 2 GeV/c2.

5.4 The K+K~ continuum
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|cOS0*| < 0.3

— = Brodsky & Lepage

Fig. 5.5 The cross section for the process -yy—nr+» as determined by method
III. I'he curve represents a QCD calculation, see text.

Using method III on the singly tagged data, we were able to ext-act a Q2
distribution for the 7r+7r~ continuum by combining the data in the mass range
1.3-3.3 GeV/c 2 . It is shown in figure 5.6. Again, the data follow more or less a ppole form factor. The vertical scale in the figure gives the cross section averaged
over the mass range. It corresponds to a mean mass of about 1.8 GeV/c 2 . The
statistical errors are larger than for the Q2 distribution of the ƒ, and do not allow
exclusion of other, more gently falling, form factors.

5.4 The K+K~

continuum

The process ^-*K+K~
was analyzed as described in section 4.7. The resulting Ty cross section is shown figure 5.7. Only statistical errors are shown.
Systematical uncertainties are expected to derive mainly from the trigger efficiency and the accuracy of the Monte Carlo in simulating the severe dE/dx cuts.
In total, the systematical error may be as large as 40%.
The solid line is again the QCD prediction. We used the approximate formula
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t=

2 -

Q2 (GeV 2 /c 2 )
Fig. 5.6 The Q 2 dependence ofit+n~ production in the single tagging mode, of
the data in the mass range 1.3-3.3 GeV/c 2 . The solid line represents the
expectation of p dominance, the dashed line that for generalized vector
dominance.

(5.6), multiplied by the factor (ƒ#/'f„)4 — 2.1 (see section 2.6.3) and integrated
over the angular range | cos t?* | < 0.6. Also here, the shape of the curve is in nice
agreement with the data. The absolute value is in much better agreement than
for the •ÏÏ+IT~ data.
Again, the data are seen to rise more steeply at the low-mass end. In this
case, the rise may be attributed to the presence of the ƒ and the A% in their
K+K~ decay modes. At around 1.5 GeV/c2 a statistically not very significant
shoulder may be due to the ƒ'. No indication is found for the formation of the
#(1720).
To compare the 7r+7r~ and K+K~ cross sections, we show the data for both
processes in the same plot, figure 5.8. The n+n~ cross section was scaled up with
the appropriate factor to compensate for the smaller angular range covered. As
was to be expected from the comparison with the QCD curves, the KK cross
section is smaller than the TTTT cross section, rather than a factor of 2.1 higher as
predicted by Brodsky and Lepage (section 2.6.3).
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10*

j

|cos0| £ 0.6
— = Brodsky & Lepage

10 - 1

3.5
2

(GeV/c )
Fig. 5.7 The cross section for the reaction ^—*K+K
for the center-of-mass
angular range | cos i?* | < 0.6. The solid line represents the QGD calculation [or this Bnal state.

5.5 Physics implications
5.5.1 The f
In table 5.3 the world status is given of previous measurements of F(77 —• ƒ).
The measurements were discussed in more detail in chapter 1. Also shown is the
new measurement discussed in this thesis. Without that measurement, the world
average was (table 1.2):
T(77 -> ƒ) = 2.76 ± 0.15 keV (WA without this measurement.)

(5.7)

and with the new value:
T(77 -> ƒ) = 2.81 ± 0.14 keV (WA with this measurement.)

(5.8)
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Fig. 5.8 Comparison of the cross sections for the 77 production of pion and kaon
pairs.

We can now compute RF and the mixing angle 0 for tensor mesons, as shown
in chapter 1. Using only the new result for the ƒ and the earlier result for the
ƒ', we get:
RF = F8/F1 = 1.17 ±0.14 ,

(5.9)

whereas the new world average yields:
RF = 1.09 ± 0.12 .

(5.10)

The new values for the mixing angle then are, for the TPC/Two-gamma result:
0 = 24.9° ± 2.8° ,

(5.11)

0 = 26.6° ± 2.6° .

(5.12)

and for the world average:
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r(ry - /) (keV)

Measured by

Reference

2.3 ± 0.5 ± 0.3
3.2 ± 0.2 ± 0.6
3.6 ± 0.3 ± 0.5
2.7 ± 0.2 ± 0.6
2.52 ±0.13 ±0.38
2.5 ± 0.1 ± 0.5
2.7 ± 0.05 ± 0.2
3.25 ± 0.25 ± 0.5
3.2 ±0.1 ±0.4

PLUTO, 1982 analysis
TASSO
Mark II, SPEAR data
Crystal Ball
Mark II, PEP data
CELLO
DELCO
PLUTO, 1984 analysis
TPC/Two-gamma, this thesis

39
42
43
44
46
48
50
51
52

Table 5.3 Summary of the world's measurements of the 77 width of the f, as of
august 1985.

When we assume that Rp = 1, we obtain two values for the mixing angle, one
from the 77 width of the ƒ and one from the ƒ'. We find, (not really surprisingly),
that a 77 width of the ƒ > 2.7 is not consistent with the formalism when RF = 1
(assuming that the 77 width of the Ai is correct). Therefore, the best solution
is necessarily the one where the 77 width of the ƒ is maximal: 0 = 19.47°. This,
in turn, is not consistent with the measured non-zero value of the 77 width of
the ƒ'. For the ƒ' there is a solution also when Rp — 1, and it is close to the
value of 28° suggested by the mass formula. Thus we get:
0 / « 19.5° and Q}, = 28.8° ± 2.2° {RF = l).

(5.13)

In sum, we have established two results for the tensor mesons: (1) the mixing
angle for the tensor mesons is very close to the value suggested by the mass
formula, but may be slightly lower, and (2) the PC AC constants Fi and Fg are
very similar.
It was already shown in chapter 1 that there is little room for gluonium
admixture in the ƒ. With the new value for the 77 width of the ƒ, gluonium
admixture is excluded to almost the two standard deviation level when Rp =
1 is assumed; when Rp ^ 1 the amount of gluonium admixture is essentially
only limited by the independent analysis of its branching ratios mentioned in
chapter 1, giving xj > 0.9. This translates into a limit for gluonium admixture
of zj < 0.19.
The amount of gluonium admixture in the ƒ' is undetermined also in the
case Rp = 1. In any case, it is clear that there is no need for the assumption of
gluonium admixture for either the ƒ or the ƒ'. This conclusion was also reached
recently by the authors of reference 87, using a compilation ot' known branching
ratios and decay widths of the tensor mesons.
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PLUTO, 77-»iTT7r

data

1.5

(GeV/c 2 )
Fig. 5.9 The TT+TT cross section as measured by the PLUTO collaboration?1
The differential cross section da/dcostfr* extrapolated to cos*?* = 0 is
plotted as a function of M^. The lines represent different Sts.

5.5.2 The low-mass 7r+7r continuum
As can be seen from figure 5.1, our result for the 77 cross section at low mass
is seen to be consistent with the prediction of the Born approximation. Only
two experiments have been able to measure the 7r+7r~ continuum in the mass
range 0.5-0.8 GeV/c 2 , DM-1 and PLUTO (see chapter 1). The DM-1 data 41 are
statistically not very significant, but are compatible with having a cross section
larger than the Born term. From a recent analysis by the PLUTO collaboration51
it is concluded, that the integrated cross section below 0.8 GeV/c2 is consistent
with the integrated Born term, but that the mass dependences do not agree. In
particular, between 0.5 and 0.7 GeV/c2 the data are significantly below the Born
prediction. The PLUTO data and the results of their fits are shown in figure
5.9. We tend to the opinion that our data in this mass range disagree with the
PLUTO data.
Recently, the shape of the continuum below and at the ƒ mass has received
a great deal of attention. Very detailed calculations have been performed by a.o.
Menessier49 and Lyth88'89 In particular in the latter reference it is argued that
an additional phase factor should be assigned to the Breit-Wigner shape for the
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ƒ due to elastic unitarity. This was tried in fits to the Mark II (PEP) data and
the CELLO data. According to Lyth89 their values for the "n width of the ƒ
would change from 2.52 keV and 2.5 keV to 3.1 and 3.2 keV respectively, in closer
agreement with our result, obtained in a fit with the amount of interference as a
free parameter.
It is pointed out by Vail et al?° that the observation of a shift of the nominal
position of the ƒ in both the n+ir~ and the 7r°7r° data?4 can be explained by the
presence of an isospin-2 component to the 7T7T continuum.
As far as new resonances are concerned, we find in our data no evidence for
the formation of any resonances decaying into n+ir~ in the mass range 0.5-1.2
GeV/c 2 . In particular, we do not see the formation of the S* (975) claimed by
some experiments (see chapter 1). Also we find no evidence for a proposed lowmass scalar meson (e(600)), or a recently observed91 glueball candidate at 750
MeV/c 2 , although the absence of the latter may be conveniently explained by its
gluonium nature.
To summarize our results, the data up to the ƒ region can be explained by
a calculation involving only the Born approximation. No evidence is found for
any resonances between 0.5 GeV/c2and the ƒ mass.
5.5.3 Tiie n+n~ and K+K~ continua. and QCD
From figure 5.5 we see that the 7r+7r~ continuum as predicted by QCD follows
the data very well in shape, but is too low below 2 GeV/c 2 . Because of the
uncertainties regarding the interference of the ƒ with the continuum, it is not
possible to reach a conclusion, except that the prediction is consistent with the
data if a substantial resonance contribution is assumed. Above 2 GeV/c 2 , the
statistical errors do not allow a detailed comparison. Here the data and the
prediction are consistent without the need for additional contributions.
The agreement of the K+K" continuum and QCD appears to be better. The
prediction is fairly close to the data (see figure 5.7). Possible contributions from
the decay of the f, A^, f', and, possibly, the 0(1720), may affect this conclusion
up to a mass of about 2 GeV/c2. Above 2 GeV/c2 the data are in agreement
with the prediction.
A reservation has to be made concerning the shape of the continuum. The
curve shown uses the rough estimate for Fw given by Brodsky and Lepage, Fr ex
M~*. The QCD expression (equation (2.53)), however, also involves a»; in
turn, ctt is a function of M 77 : <xa oc (logfM^/A 2 ])" 1 . This results in a steeper
behaviour of the QCD prediction than given by the rough estimate for Fr.
To summarize, the results are consistent with the QCD prediction, but it is
not possible to reach a more quantitative conclusion. The preliminary conclusions
of the Mark II collaboration are not unlike ours?7
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Fig. 5.10 Example of a. Bt to the w+w continuum in order to establish an upper
limit for r ( - n ~> 0(1720)). The line through the data points represents
the fit result, the second line is the sum of the contribution from the f
and the (in this case fixedj contribution from QCDflower line).

5.5.4 The TT+TT" continuum and the 6(1720)
In this section we calculate upper limits for the product of the 77 width
of the 0(1720) and its branching ratio into 7r+7r~. In one approach a shape
for the continuum was assumed, and relativistic Breit-Wigner was added at the
known mass and with the proper width. We already established, that the shape
of the continuum follows the QCD prediction rather well. We therefore used
that shape in the fit, with a variable normalization constant. In another fit we
included a contribution from the ƒ: a relativistic Breit-Wigner with fixed mass
and width, but variable amplitude. In a third fit we omitted the QCD prediction
entirely; in a fourth, the QCD curve was fixed at the predicted value. In these fits
any interference effects of the resonances with the continuum were ignored: too
many additional parameters would be involved. It is possible that the effective
resonance mass of the 0(1720) is shifted because of interference effects. This
could change the value for the upper limit somewhat.
Several fits were tried in this manner. The position of the 0(1720) was fixed
at 1.72 GeV/c2, and its width at 150 MeV, which includes a correction for the
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mass resolution. All fitted values for the 77 width of the 0(1720) were consistent
within statistical errors. An example of the result of such a fit is shown in figure
5.10. The resulting upper limit for the 0(1720) is:
^(1720)) • £r(0(172O) -» jr+jT) < 0.17 keV (95% confidence level),
(5.14)
calculated by adding the average fitted value and twice the average error in the
fitted values. No large contribution is expected from systematical errors. This
leads to a stickiness value of (see chapter 1):
^ > 3.1 ± 1.0 > 2.1 ,
S
f

(5.15)

a rather low value when compared to the lower limit obtained from the decay into
K+K~ (see next subsection). To arrive at equation (5.15) we used the results of
the Mark III collaboration on radiative ip decays:36'37'92"94
Br($

-+ 7/) • Br(f

-> IT**')

= (0.77 ± 0.05 ± 0.13) X 10~3
4

Br{4> -» 70(1720)) • 5r(0(172O) -> TT+TT') = (1.6 ± 0.3 ± 0.3) x 10~

,

.
(5.16)

5.5.5 The K+K~ continuum, the f' and the 0(1720)
Similar fits were performed for the K+K~ data. Contributions were considered from the ƒ, the ƒ', the 0(1720) and the QCD continuum. The position of the
6 and its width, as well as the width of the ƒ' were kept fixed at 1.720 GeV/c 2 ,
150 MeV and 120 MeV respectively, with *. correction for the mass resolution
included in the latter two. The position of the ƒ' was not kept fixed, since the
fit preferred a higher value than the established value of 1.525 GeV/c2 (see table
1.1). The fitted value of the position is:
Mf. = 1.560 ± 0.032 GeV/c2,

(5.17)

slightly more than one standard deviation from the established value.
Also in this case it is possible that interference effects affect the results to
some degree. Even so, inclusion of interference was not attempted. An example
of a fit is shown in figure 5.11. Again, the results of all fits were within statistical
errors in agreement. The 77 width of the ƒ' was found to be:
> f') • Br{f' -• KK) = 0.12 ± 0.06 ± 0.06 keV,

(5.18)
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Fig. 5.11 Example of a fit to the K^~K continuum in order to establish upper
limits for r(-yy - • ƒ') and r ( r r -» 0(1720)). The line through the data
points represents the fit result, the lower line is tie contribution from
QCD (in this case with a normalization determined by the fitj.

where the systematical error is due to uncertainties in the trigger efficiency (20%),
and the ability of the Monte Carlo to accurately simulate the severe dE/dx cuts
(possibly as large as 40%). In the form of an upper limit we have:
r(TY -> ƒ') < 0.29 keV.

(5.19)

These values are in very good agreement with the results of the TASSO collaboration?2 Their measurement has resulted in the only published value sofar:
ƒ') • Br(f' -> KK) = 0.11 ± 0.02 ± 0.04 keV.

(5.20)

Their analysis includes both the decay modes into K+K~ and into K°K°, and
consists of a detailed fit including interference of all contributing states. They
tried several parametrizations for the continuum, but found no preference for
any particular one. They did conclude, however, that the Born approximation
in this region yields too high a cross section.
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For the 0(1720) we find an upper limit (with similar caveats as for the ƒ'
regarding interference with the continuum):
T[n ->• «(1720)) • Br(0(172O) -» K+K~)

< 0.08 keV.

(5.21)

This yields a lower limit for the stickiness:
|^->20±6>14
S
f

,

(5.22)

again using a result from the Mark III collaboration:36'37-92"94
Br{ij) -> 6) • Br{il> -> K+K~) = (4.8 ± 0.6 ± 0.9) x 10~4

.

(5.23)

The small values for the radiative widths of the 0(1720) in both the 7r+7T~
and K+K~ decay modes are consistent with the conjecture that this meson could
contain a significant amount of gluonium.

5.6 Summary
In this chapter we have presented the results of the analysis of the 7r+7r~ and
K K~ final states produced in photon-photon collisions. We have obtained the
following results:
+

• The overall shape of the n+ir~ data in the mass region between 0.5 and 1.4
GeV/c2 is adequately described by a Born term, a Breit-Wigner for the ƒ
and a partial interference of the ƒ with the continuum.
• We have measured the Q2 distribution of ƒ formation in 77 collisions; at
Q2 = 0 we obtain T(TY -» ƒ) = 3.2±0.1 ±0.4 keV, compatible with earlier
results.
• We have measured the angular distribution of the decay of the ƒ up to
I cos 1?* I = 0.8. It is consistent with the helicity-2 assumption.
• From the 77 width of the ƒ we have found values for the ratio of PCAC
constants for the tensor mesons, Rp, and the mixing angle 0 .
• At masses between 0.5 and 0.7 GeV/c2 we seem to differ from a recent
result by the PLUTO collaboration in that our data follow the Born term
where their data are lower.
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• We have not found evidence for any resonances decaying into 7r+7r~ between
0.5 GeV/c2 and the ƒ mass.
• At masses above the ƒ mass we have found that our n+w~ data are consistent with a QCD prediction, although below 2 GeV/c2 there is probably a
large contribution from resonances. Similar conclusions have been obtained
for the K+K~ data.
• We have obtained an upper limit for the formation of the 0(1720) in both
its 7r+7T~ and its K+K~ decay mode. In the K+K~ data we have measured
the formation of the ƒ' meson, and given its 77 width both in the form of
a value and in the form of an upper limit. The upper limits for the 0(1720)
have been converted into lower limits for its stickiness.
The results of this thesis will be submitted for publication.
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Summary
This thesis describes an experiment performed at PEP on the production of
two charged particles in the two photon process:
e+e~

Here, the state X consists of two charged pions or kaons. In the 7r+7r~ channel
the formation of the ƒ (1270) and the presence of a continuum had been observed
already. At low masses this continuum is calculable from QED in the Born
approximation, whereas QCD predictions exist for higher masses. Recently the
tensor meson 0(1720) has been observed in the decay tp —» 77r+7r~; this meson
may therefore be formed in "n reactions. In the past, the presence of a very large
QED background consisting of e + e~ and fi+y~ final states has made it difficult
to make a good measurement of the TT+TT~ cross section.
In the K+K~ data the formation of the ƒ' is expected. The 0(1720) has a
large branching ratio in this decay mode, as is observed in radiative ip decays.
The shape of the K+K~ continuum is predicted by QCD.
In chapter 1 it is shown that there is considerable interest in the determination of the 77 width of the tensor mesons, firstly because a test of SU(3)
symmetry can be made and secondly because of possible gluonium admixture.
The results can be combined with those from radiative ifr decays to measure a
quantity called stickiness. With this quantity it is possible to obtain evidence for
the glueball nature of resonances like the i(1430) and the 0(1720).
The Q2 dependence of the formation cross section is of importance, to gain
insight into the mechanism that leads to resonance formation by two photons
and to provide information about the connection between inelastic scattering of
two virtual photons and that of two real photons.
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In chapter 2 the theoretical formalism is given that is needed to describe
photon-photon interactions. Explicit expressions for the relation between e+e~
and 77 luminosities and several 77 cross sections are given. Some notes on Monte
Carlo procedures follow.
In chapter 3 the PEP storage ring and the central and forward spectrometers
are described. Special attention is given to the central detector and in particular
to the Time Projection Chamber (TPC), that provides particle identification by
dE/dx measurement for charged tracks. The trigger system is explained.
In chapter 4 the data analysis is discussed. The dE/dx measurement by the
TPC is used to separate the /z+//~/7r+7r~ambiguous data from the e+e~ data.
Two methods are described to subtract the fi+fi~ final state. In the first of these,
a statistical argument involving a dimensionless quantity \2 derived from the
dE/dx information of the TPC is used to obtain an estimate for the e+e~fi+n~
background. The second procedure uses the central and end-cap muon detection
systems to measure this background. Special attention is given to the problem of
differing behaviour of muons and pions in the detector material. This particular
problem is solved largely by Monte Carlo methods. The 7r+7r~ cross section is
then determined relative to the fi+n~ cross section, calculated from QED. The
K~*~K~ cross section is obtained by a separate analysis, involving a Monte Carlo
calculation of the acceptance.
In chapter 5 the results are presented and discussed. In the jr+5r~ data,
the formation of the tensor meson /(1270) is investigated. The 77 width is
determined and compared to other available measurements. The dependence of
the cross section on Q2 of one of the virtual photons is studied. The result is
compatible with expectations from vector-dominance models. The decay angular
distribution is measured and it is verified that the assumption that the ƒ is formed
in a pure helicity-2 state is justified. The contribution of the ir+n~ continuum is
analyzed in terms of Born amplitudes at 77 center-of-mass energies below the ƒ
mass. A comparison is made with a recent analysis by the PLUTO collaboration.
A discrepancy with this experiment is found at very low mass.
Then the reaction 77—>/£"+/f~ is studied. A comparison of the 5r+7r~ and
K K~ continuum is made at high masses. A prediction of QCD is tested. In
the K+K~ data the /'(1525) is possibly observed. Its 77 width is given, in the
form of a value and as an upper limit. In both the ir+n~ and the K+K~ data
upper limits are set for the 77 width of the 0(1720).
+
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Samenvatting
Dit proefschrift beschrijft een meting, uitgevoerd bij PEP, aan de productie
van twee geladen deeltjes in het twee foton process:
e+e~ —> e+e~7*7* —» e+e~X

.

De toestand X bestaat hier uit twee geladen pionen of kaonen. In het 7r+ir~
kanaal was de formatie van het tensor meson /(1270) en de aanwezigheid van
een continuum reeds gevonden. Bij lage massa's is dit continuum berekenbaar
in QED in de Born benadering, terwijl QCD voorspellingen bestaan voor hoge
massa's. Niet zo lang geleden is de productie van het tensor meson 0(1720) gezien
in het verval •$ —> 77r+7r-; dit meson wordt derhalve mogelijkerwijze ook gevormd
in 77 reacties. In het verleden heeft de aanwezigheid van een aanzienlijke QED
achtergrond, bestaande uit c + e~ en M+M~ eindtoestanden, een goede meting van
de 7r+7T~ werkzame doorsnede bemoeilijkt.
In de K+K~ data wordt de formatie van het tensor meson ƒ' verwacht.
De 0(1720) heeft een grote vertakkingsverhouding in deze vervalswijze, zoals
gevonden is in het verval ip —* "iX. De vorm van het K+K~ continuum wordt
voorspeld door QCD.
In hoofdstuk 1 wordt uiteengezet dat de bepaling van de 77 breedte van
de tensormesonen van aanzienlijk belang is, ten eerste omdat SU(3) symmetrie getest kan worden en ten tweede vanwege mogelijke menging met gluonium
toestanden. De resultaten kunnen worden gecombineerd met die voor het verval if) —> 7.X" om een grootheid genaamd 'stickiness' te meten. Het is mogelijk
om bewijsmateriaal te verkrijgen voor de gluoniumnatuur van resonanties als de
i(l430) en de 0(1720).
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De <5 afhankelijkheid van de formatie werkzame doorsnede is van belang
om inzicht te verwerven betreffende het mechanisme dat tot resonantie formatie
door twee fotonen leidt en om informatie te verkrijgen over het verband tussen
inelastische verstrooiing van twee virtuele fotonen en die van twee reële fotonen.
In hoofdstuk 2 wordt het theoretische frrmalisme weergegeven dat fotonfoton wisselwerkingen beschrijft. Expliciete uitdrukkingen voor de relatie tussen
e+e~ en 77 helderheden en voor verscheidene 77 werkzame doorsneden worden
gegeven. Enige opmerkingen volgen over Monte Carlo procedures.
In hoofdstuk 3 worden de PEP opslagring en de centrale en voorwaartse
spectrometers beschreven. Er wordt speciale nadruk gelegd op de centrale detector en in het bijzonder op de tijdprojectiekamer (TPC), die voor geladen sporen
deeltjesidentificatie bemogelijkt door de meting van het energieverlies dE/dx.
Het triggersysteem wordt uitgelegd.
In hoofdstuk 4 wordt de analyse van de data besproken. De dE/dx meting
met de TPC wordt gebruikt om de M + M~/T + T~ data (die moeilijk van elkaar te
onderscheiden zijn) te scheiden van de e+e~ data. Er worden vervolgens twee
methodes beschreven om de n+n~ eindtoestand te elimineren. In de eerste methode wordt door middel van een statistische procedure met behulp van een
dimensieloze grootheid \2i afgeleid van de dE/dx informatie van de TPC, een
schatting verkregen voor de (i+n~ achtergrond. De tweede procedure maakt gebruik van de muonkamers om deze achtergrond te meten. Er is speciale aandacht
geschonken aan het feit, dat muonen en pionen zich verschillend gedragen in het
materiaal van de detector. Dit specifieke probleem wordt voor een groot deel met
behulp van Monte Carlo technieken opgelost. De ir+n~ werkzame doorsnede
wordt dan gerelateerd aan de fi+n~ werkzame doorsnede, die berekend is in
QED. De K+K~ werkzame doorsnede wordt verkregen in een aparte analyse
met behulp van een Monte Carlo berekening van de acceptantie.
In hoofdstuk 5 worden de resultaten weergegeven en besproken. In de 7r+7r~
data wordt de formatie van de /(127O) onderzocht. De 77 breedte wordt bepaald
en vergeleken met andere beschikbare metingen. Bestudeerd wordt, hoe de
werkzame doorsnede afhangt van de Q2 van één van de virtuele fotonen. Het
resultaat is in overeenstemming met de verwachtingen van vectordominantiemodellen. De hoekverdeling van het verval wordt gemeten en er wordt geverifieerd dat
de aanname dat de ƒ wordt gevormd in een pure heliciteit-2 toestand, gerechtvaardigd is. De bijdrage afkomstig van het 7r+7r~ continuum bij energieën lager
dan de massa van de ƒ wordt geanalyseerd in termen van Born amplitudes. Het
resultaat wordt vergeleken met dat van een recente analyse door de PLUTO collaboratie. Er wordt geconstateerd dat er een verschil bestaat met deze meting
bij heel lage massa's.
Tenslotte wordt de reactie 77 —> K+K~ bestudeerd. De 7T+JT~- en K+K~
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continua worden met elkaar vergeleken bij hoge massa's en een voorspelling uit
QCD wordt getest. De /'(1525) is mogelijkerwijze aanwezig in de K+K~ data.
De 77 breedte wordt gepresenteerd zowel in de vorm van een waarde als in de
vorm van een bovengrens. Bovengrenzen worden ook gegeven voor de formatie
van de 0(1720) in zowel de n+n~- als de K+K~ data.

165

Curriculum vitse
De schrijver van dit proefschrift werd op 10 februari 1955 geboren te Enschede. Na het behalen van zijn eindexamen gymnasium-/? aan het Jacobus
college te Enschede begon hij in 197?. zijn studie aan de Rijksuniversiteit te
Utrecht. In 1975 werd het candidaatsexamen in de natuur- en wiskunde afgelegd,
met als bijvak sterrekunde. Gedurende zijn nacandidaatsstudie verbleef hij bijna
een jaar aan het CERN te Geneve. In 1978 volgde het doctoraal examen experimentele natuurkunde met bijvakken theoretische natuurkunde en capita selecta der wiskunde. Gedurende de werkzaamheden aan het in dit proefschrift
beschreven experiment was hij als wetenschappelijk medewerker verbonden aan
de sectie H van het Nationaal Instituut voor Kern- en Hoge Energie Fysica,
NIKHEF-H. Hij is nu werkzaam als wetenschappelijk medewerker bij de Universiteit van Californië te Riverside.

Stellingen behorende bij het proefschrift:
Pion and Kaon pair-production in photon-photon collisions
door W.G.J. Langeveld

De aanname van Bonneau, Martin en Gourdin} dat T/XCTTT onafhankelijk is van de momentumoverdracht Q2 is niet over het algemeen gerechtvaardigd en leidt tot het feit dat hun formule voor de geïntegreerde 77
helderheidsfunctie alleen bruikbaar is voor metingen van de reactie ee —>
ee7*7* —> eeX waarbij de electronen in de eindtoestand een zeer kleine
hoek maken met de bundelas?
1) G. Bonneau, M. Gourdin en F. Martin, "Luminosity functions
for two-photon processes in e+e~ collisions", Nucl. Phys. 54
(1973), 573.
2) Dit proefschrift, pagina 48.

2. Aangezien de perturbatieve QCD berekeningen van Brodsky en Lepage
(referentie 1) voor de processen 77 —» ir+ir~ en 77 -* K+K~ in goede benadering de werkelijkheid beschrijven? gebruikmakend van een parametrisatie
van gemeten waarden3 voor de pion vormfactor, kunnen, met behulp van
de in dezelfde publicatie (referentie 1) gegeven perturbatieve QCD berekening van deze vormfactor, zekere klassen van pj.iton distributie amplitudes
worden uitgesloten op grond van het feit dat zij tot waarden van as > 1
zouden leiden?
1) S.J. Brodsky en G.P. Lepage, "Large-angle two-photon exclusive channels in quantum chromodynamics", Phys. Rev.
D24 (1981), 1808.
2) S.J. Brodsky, aangehaald in "Polarized scattering data challenge quantum chromodynamics", Physics Today 38, # 8
(1985) 17.
3) Zie b.v. M.F. Heyn en C.B. Lang, "Analysis of the pion form
factor in the space-like and time-like region" Z. Physik C7
(1981), 169.
4) Zie ook dit proefschrift, pagina's 57 en 147.

3. Bij e+e reacties bij hoge-energie versnellers zoals LEP en SLC kan de reactie e+e~ —* e+e~n+n~ worden gebruikt om de e+e~ helderheid te meten?
1) W.G.J. Langeveld, "Mu-pairs from e+e~ —• e+e~ti+ij,~ at
the Z° peak", Proceedings of the SLC Workshop, SLACReport-247 (1982), 603.
4. Gezien het belang van reacties if) —> "jX voor de studie van gluonia, verdient
het aanbeveling1 om een bovenlimiet te meten voor de vertakkingsverhouding van rf>
1) H.J. Lipkin en H.R. Rubinstein, "Some implications of the
observed decay t/> -» ƒ + 7", Phys. Lett. 76B (1978), 324.
5. Het verdient aanbeveling om de opslagring PEP in bedrijf te houden en te
verbeteren?
1) "Proceedings of the workshop on e+e~ physics at high luminosities", SLAC report 283 (3985). Editor H.P. Paar.
6. De experimentele waarden voor ae vertakkingsverhouding voor het verval
/'(1525) -+ 77 en de 77 breedte van de /'(1525) zoals weergegeven in
referentie 1 op respectievelijk pagina's S19 en S166, verschillen met een
factor 7 van de werkelijk genieten waarde?
1) Particle Data Group, "Review of particle properties", üev.
Mod. Phys. 56 number 2, part II (1984) SI.
2) M. Althoff et al., "Production of KK pairs in photon-photon
collisions and the excitation of the tensor meson /'(1515)",
Phys. Lett. 121B (1984), 216.

7. Aangezien de belangrijkste ontwikkeling in de geschiedenis van de steel
guitar niet zozeer heeft bestaan uit de invoering van pedalen en kniehevels,
maar uit het gebruik hiervan als integraal onderdeel van de muziek, moet
d
revolutie worden toegeschreven aan Bud Issacs met zijn steel guitar

spel in het nummer "Slowly", dat hij omstreeks 1952 uitbracht met Webb
Pierce?
1) W. Winston en B. Keith, "Pedal Steel Guitar", Oak Publications, New York (1975).

8. De grote populariteit van de IBM PC persoonlijke rekenmachine heeft een
stagnatie teweeg gebracht in de ontwikkeling van snellere en krachtigere
persoonlijke rekenmachines.
9. De opmerking: "The argument should initially be set to a large, odd value"
in de beschrijving1 van de FORTRAN random getal generator van VAX
computers is ongefundeerd.
1) Digital Equipment Corporation, "Programming in VAX FORTRAN", software version V4.0, pagina D-42.

10. Rugopschriften van met name Duitse en Franse boeken hebben, in tegenstelling tot die van b.v. Nederlandse en Engelse boeken, doorgaans de
verkeerde oriëntatie.

English translation
1. The assumption by Bonneau, Martin and Gourdin1 that •JXOTT is independent of the momentum transier Q2 is not in general valid and leads to
the conclusion that their formula for the integrated 77 luminosity function
can only be used for measurements of the reaction ee —• ee7*7* —> eeX
where the final-state electrons have an angle with the beam axis that is
very small?
2. Since the perturbative-QCD calculations by Brodsky and Lepage (reference
1) for the processes 77 —* JT+JT~ and 77 -+ K+K~ describe reality in good
approximation2 using a parametrization of measured values for the pion
form factor? it is possible, with the aid of the perturbative- QCD calculation
of this form factor given in the same publication (reference 1), to exclude
certain classes of parton distribution amplitudes based on the fact that
they would lead to values of at > 1 (see also reference 4).
3. For e+e~ reactions at high-energy accelerators such as LEP and SLC, the
reaction e+e~ —• e+e~n+/J.~ can be used to measure the e+e~ luminosity?
4. Because of the importance of the reactions xp —* "jX for the study of glueballs, it should be recommended1 to measure an upper limit for the branching ratio of the process V> —* 7^2.
5. It should be recommended to keep the storage ring PEP in operation and
to upgrade it?
6. The experimental values for the branching ratio of the decay ƒ'(1525) —> 77
a.-'d the 77 width of the /'(1525) as given by reference 1 on pages S19 and
SK6 respectively, differ from the really measured value2 by a factor of 7.
7. Since the most importart development in the history of the steel guitar did
not consist so much of tl.. introduction of pedals and knee levers as of their
use as an integral part of the music, this revolution has to be ascribed to
Bud Issacs for his pedal-steel work in the piece "Slowly", which he recorded
around 1952 with Webb Pierce?
8. The great popularity of the IBM PC personal computer has caused a stagnation in the development of faster, more powerful personal computers.
9. The remark: "The argument should initially be set to a large, odd value"
in the description1 of the FORTRAN random nuiüber generator of VAX
computers, is unfounded.
10. Titles on the backs of specifically German and French books have, in contrast to e.g. Dutch and English books, usually the wrong orientation.

