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Introduction

The first e+e~ colliding beam machines became operational in the late sixties
and led to a wealth of important discoveries in the field of elementary particle
physics. The most noteworthy among them were the discovery of the c-quark. the
T lepton, the first observation of hadronic two jet events, the discovery of the gluon
and the determination of its spin from hadronic three jet events. From a theoretical
point, of view the e+e~ collisions are very interesting because the e± can be con-
sidered to be pointlike particles with their interaction accurately described by the
theory of Quantum Electro Dynamics (QED) or Quantum Flavor Dynamics (QFD).
the unified theory of electromagnetism and weak interactions. This in contrast to
the pp collision experiments where phenomenological information concerning the
distribution of the strongly interacting quarks and gluons inside a proton is needed
before the scattering of the elementary quarks can be investigated.

The most extensively studied reaction in e+e~ colliding beam experiments is
the annihilation of the e+e~ pair into a virtual (time-like) 7 or, whenever weak
interaction effects are significant, a virtual Z° boson, and the subsequent decay of
this 7 or Z° boson into a state A' like e.g. e+e~, n+fi~ °r a q^-quark pair:

e+e- ... 7 _» A' or e+e~ -> Z° -> A"

If higher order corrections are neglected only states X with the same J p c quantum
numbers as the photon, 1 , and with an invariant mass equal to the center-of-mass
energy of the e+e~ pair, \/s, can be produced. The cross sections of these processes
are of order az and are proportional to 1/s. Here a represents the QED coupling
constant, a fa 1/137.

In addition to the e+e~ annihilation process the so called two-photon production
mechanism is of interest. Here the incoming e+ and e~ each radiate a virtual (space-
like ) photon and subsequently these two photons interact to produce a state X like
e.g. c+e~, (i+fi~ or a (/(/-quark pair:

This two-photon process can be viewed upon as the inelastic scattering of light
by light. It is therefore of purely quantum mechanical origin since the classical
theory of electromagnetism obeys the superposition principle which prohibits any
interaction between light waves. Because of the Bremsstrahlung character of the
two-photon mechanism the photons are almost real and have generally a low energy.
The invariant mass of a two-photon produced state X, although in principle ranging
from 0 to \/s, is therefore substantially less than the invariant mass of states A"



produced via the annihilation mechanism. Its J p c quantum numbers, however, are
less restricted and essentially all states with even C-parity are accessible. The cross
section of the two-photon process is of order a4 but rises with the beam energy, Ei,,
as ln2(E),). At beam energies of approximately 1 GeV the hadronic production cross
sections of the two-photon and annihilation process are of similar magnitude. Due
to experimental limitations, however, only at beam energies of the order of 10 GeV
the observed number of hadronic two-photon events starts to be comparable to the
number of hadronic e+e~ annihilation events.

The analysis as presented in this thesis focuses on the production of "charm" in
two-photon interactions. Two different approaches are explored: first the exclusive
production of bound states of cr-quark pairs, the C-even charmonium resonances
7/c, \o and \2. are considered. Next the inclusive production of charmed mesons, in
particular charged D" mesons, is investigated.

The first analysis aims to determine the two-photon decay width, r*yy, of the
rjc, Xo and \2- These are of interest from a theoretical point of view since both the
(non-relativistic) potential model and sum rules derived from dispersion relations
yield accurate predictions for T-yy.

The measurement of the inclusive production of charged D" mesons is of interest
as a test of the validity of the Quark Parton Model (QPM) prediction for the cross
section of the two-photon production of a cc-quark pair. This in close analogy to
the charged D" meson production in e+e~ annihilation which is interesting on its
own and therefore investigated as well.

The measurements described in this thesis were performed with the TPC/o')
detector located at the e+e~ colliding beam facility PEP at the Stanford Linear
Accelerator Center, Stanford, USA. The accelerator and the various detector com-
ponents used in the analysis are described in chapter III. A general introduction
to the field of two-photon physics and a detailed motivation for the two topics ad-
dressed in this thesis is given in chapter I, together with a discussion of the related
measurements of other experiments. The theoretical formalism necessary for the
analysis of two-photon events is outlined in chapter II, while chapter IV explains the
Monte Carlo simulation of two-photon events. The analysis of the production of the
charmonium resonances rjc, \0 and \ 2 is described in chapter V. The measurement
of the inclusive production of charged D" mesons is described in chapter VI.

The results on the determination of the two-photon decay widths of the 77,-, \0

and the \2 have been published [96]. The results on the two-photon production of
charged D* mesons have been submitted for publication [97].
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I.I Introduction

The scattering of light by light is a particularly interesting phenomenon since it
is characteristic of the quantized theory of eiectrodynamics and contradicts the
classical notions of electromagnetic radiation. The classical theory, as described
by the Maxwell equations, is linear in the electromagnetic field and consequently
does not lead to any scattering processes between light waves. This was already
realized by Huijgens [1], as early as 1690. when he mentioned in his "Traite de
la Lumiere": "The rays traverse one another without hindrance". The quantized
theory, however, describes light waves by photons which can interact through the
quantum fluctuations allowing one photon to represent itself as a pair of charged
particles to which another photon can couple.

(a) (b)

Figure I.I: Scattering of light by light: (a) elastic and (b) inelastic.

Euler and Kockel [2] were the first to calculate the cross section for elastic
photon-photon scattering; from the fermion box diagram, figure I.l(a), they ob-
tained the cross section1 as a function of the photon center-of-mass energy w:

129(—)6 nb
m mc)

This corresponds for visual light, w w 2eV, to an extremely small cross section of
only 10~30 nb. For photon energies near the electron mass the cross section is approx-
imately 100nb. At these photon energies also inelastic channels like e.g. the e+e~
pair production as depicted in figure I.l(b) become accessible. The cross section1 for
the 77 —> e+e~ process was originally calculated by Breit and Wheeler [3] and later
by Karplus and Neuman [4]:

250^/1 - ( ^ ) 2 mb (W = 0 ( m

^ - l ) mb (w > me)
(1.2)

'The numerical factors in equations I.I and 1.2 correspond to 129 « T§ps V're tnb] and to
250 « *r2

e [mb], respectively [5]. Heie re = -jgj as 2.8 10~15 [m] represents the classical electron
radius.
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Thus the cross section rises slowly from a; = m, onwards, reaches a maximum of
several 100 mb and then gradually decreases again. Although these cross sections
are of similar magnitude as those of many other easily observable processes, the
requirement of intense beams of energetic photons hindered any progress in the
experimental field of photon-photon interactions for many years.

The photon-photon interaction, however, can also be investigated if one or both
of the real photons are replaced by virtual (off mass shell) photons. Replacing
e.g. two of the external photon lines in the diagram shown in figure I.l(a) by the
nuclear Coulomb potential yields a diagram describing the scattering of light by a
nucleus. This process is known as Delbriick scattering [6] and was first observed
experimentally in 1951 by Wilson [7]. In general moving charged particles can be
considered as sources of virtual photons as first noticed by Fermi. Williams and
Weizsacker [8]. In 1951 Primakoff [9] determined a lower limit on the x° lifetime
from data on ft0 photo-production using the nuclear electric field as a source of
virtual photons. Later, in 1960, Low [10] proposed to measure the n° lifetime from
the 7T° production cross section in e+e~ or e±e± colliding beam experiments via the
so called "two-photon" mechanism (depicted in figure I.2(b)):

e+e~ —> e+e~77 —*e+e~X

as opposed to the "one-photon" e+e~ annihilation mechanism, figure I.2(a). for
which the e+e~ colliding beam machines were primarily designed:

e+e~ —> 7 —> X

At the same time Calogero and Zemach [11] calculated the cross section for the two-
photon production of charged pion pairs. A remarkable feature of the two-photon
processes is the logarithmic increase of the cross section with the e* beam energy.
Ei,; the cross section of e+c~ annihilation processes, on the contrary, decreases with
the e± beam energy as

Figure 1.2: Diagrams for the producion of a final state X in e+e~ collisions: (a)
one-photon e+e~ annihilation process and (b) two-photon production process.

The first experimental results came from the early e+e~ colliding beam machines
at Frascati (Italy) [12] and Novosibirsk (Soviet Union) [13] with the observation of
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the e+e~ —* e+e~'yy —+ e+e e+e~ reaction. With the discovery in 1974 of the
charmed quark at SPEAR interest in two-photon physics diminished but by the
time the new colliding beam machines at higher energies, PETRA (Hamburg, Ger-
many) and PEP (Stanford, United States), became operational interest revived and
presently the field of two-photon physics is quite active and many interesting results
have been obtained.

The subject of this thesis is the analysis of the production of charmed particles
in the two-photon reaction. Both the exclusive production of mesons with hidden
charm, the charmonium states rjc, \o and ̂ 25 as well as the inclusive production of
mesons with open charm, in particular the D'± mesons, are investigated.

1.2 Two-photon physics at e+e~ storage rings

The two-photon process is often regarded as a two step process: first both incident
particles emit virtual (spacelike) photons with mass squares q\, q\ and energies oj\.
u>2- Next the two photons annihilate to produce the final state X. The first step, the
eey vertices, is completely specified by quantum electrodynamics (QED); the second
step, 77 —* X, is usually not rigorously calculable for hadronic final states X and
therefore worthy to be investigated. As is shown in the next chapter, section II.4. a
simple approximation for the cross section is obtained if only the essential features
of both ee7 vertices are retained: the qf-dependence from the photon propagator.
1/qf, and the w,-dependence, 1/w;, characteristic for a Bremsstrahlung process. The
cross section as a function of the mass of the two-photon produced final state. M.y,
is then:

where Eb represents the incident beam energy and the function f(z) is the "Low-
function" given explicitly in equation 11.22. The particular value of r) = qmax/qmm

depends on the experimental constraints imposed on the scattered leptons: rj %
Eb/iar for an unrestricted lepton and rj « ^max/̂ min for a lepton required to be
detected with its polar angle between 9m-m < 9 < 9max. The observation of a
scattered lepton provides a natural way of differentiating between final states -Y
produced by the two-photon process and those produced by the e+e~ annihilation
process; therefore the scattered leptons are called "tags". Depending on the number
of leptons detected (zero, one or two) events are referred to as no-tag, single-tag or
double-tag respectively. If realistic values for #„„„ « 30 mr and 0max « 100 mr are
inserted in the above expressions for r/ the cross sections are seen to drop about an
order of magnitude for each additional tag (Eb = O(10) GeV). The cross sections of
some representative two-photon processes are shown in figure 1.3 together with some
annihilation cross sections. Typical features include the slow rise of the cross section
with increasing beam energy (oc In2 Eb) and the strong final state mass dependence
of the cross section (typically ex M^3) as is e.g. evident from a comparison of the
cross sections of the e+e~ —> e+e~fi+fi~ and the e+e~ -+ e+e~cc processes.



page 5 Chapter I. Motivation of the experiment

10

40 50

—> Vs (GeV)

Figure 1.3: Examples of production cross sections at e+e storage rings as a function
of y/s = 2Eb- Solid lines are for two-photon and broken lines for annihilation
processes. For all couplings the pointlike approximation was assumed; the mass
of the c-quark was set to 1.6 GeV and 6.8 keV was used for r<y-y(?/c). For the
analysis as presented in this thesis the points at \fs = 29 GeV on the e+e~ —> cc,
e+e~ —* e+e~cc and the e+e~ —* e+e~t]c curves are relevant.

For the annihilation process, e+e —> 7 —» X, the final state X is produced at
rest in the e+e~ center-of-mass frame (identical to the Lab. frame) and M^ is fixed
by the beam energy {Mx = 2Ek). The two-photon process, e+e~ —> e+e~ff —>
e+e~.Y, has a far richer structure: the cross section can in principle be determined
both as a function of Mx and as a function of qf. In addition the quantum numbers
(JPC) of a state X produced via the two-photon mechanism are only limited to those
with even charge conjugation whereas in e+e~ annihilation only 1~~ states can be
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produced. A disadvantage, however, of a two-photon produced final state is that it
is not necessarily at rest in the Lab. frame but generally appears boosted along the
beam-axis. This, combined with the low mass of two-photon produced final states,
severely limits the detection efficiency which rarely exceeds 10%.

X

Figure 1.4: The Feynman diagrams which contribute to the e+e~ —> e+e X pro-
cess to order a4: (a) Two-photon collision (b) Virtual Bremsstrahlung with e+e~
scattering (c) Virtual Bremsstrahlung with e+e~ annihilation and (d) One-photon
cascade process.

Besides the two-photon diagram shown in figure I.2(b) three other types of
diagrams exist which contribute to the cross section of the e+e~ —* e+e~X pro-
cess to order a4. These diagrams are shown in figure 1.4 together with the actual
two-photon diagram. The diagrams in figure I.4(b,c) describe Bremsstrahlung pro-
duction processes and the diagram in figure I.4(d) represents the 7 cascade process.
All three additional processes are suppressed compared to the two-photon process
due to the presence of one or more photon propagators with large q2: diagrams (c,d)
each have a photon with q2 = s (,Js — 2Eb) and diagrams (b,c) have a photon with
q2 = M -̂. For the exclusive production of a C-even resonances R diagrams (b,c) can
be ignored since they lead to final states X with odd C-parity whereas the diagrams
(a,d) lead to final states X with even C-parity. For the analysis as described in this
thesis the diagrams (b,c,d) are neglected and only the actual two-photon diagram
is considered.



page 7 Chapter I. Motivation of the experiment

To conclude this concise overview of the characteristics of two-photon processes
the different topics as studied in present day two-photon experiments are discussed
briefly. For a complete review of the current experimental status the reader is
referred to the proceedings of the two-photon workshops [14] and the recent review
articles [15] and [16]. The theoretical aspects of two-photon physics are covered
by references [17,18,19] and in the excellent review article by Budnev et aJ. [20] of
which parts are summarized in chapter II.

- 77 —» l+l : The two-photon production of lepton pairs e+e" and
provides QED tests to order a* and at nonzero q2. All published results are
in agreement with the theoretical predictions although for some experiments
agreement only occurs if, in addition to the usual two-photon diagram of
figure I.4(a), also the Bremsstrahlung diagrams of figure I.4(b,c) are included
in the cross section calculation.

- 77 —> Hadron pair: The two-photon production of the hadron pairs n+x~, K+K~.
pp etc. is used to test perturbative Quantum Chromo Dynamics (QCD) in
particular at large momentum transfers. In the case of meson pair production
(n+w~, K+K~) the experimental results are in reasonable agreement with the
theoretical predictions [21].

- 77 —> Meson Resonance: The two-photon production of meson resonances (x°.

Figure 1.5: The mass spectrum of j-pairs (M77J produced in the two-photon re-
action e+e~ —y e+e~X, X —» 77 as measured by the Crystal Ball experiment [22].
Contributions from the TT0, TJ and 77' pseudo-scalar mesons are clearly visible.
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rj, 77', r)c, rjk ...) is the mostly investigated, topic in experimental two-photon
research. In its simplest form the cross section is proportional to the two-
photon decay width, r 7 7 (R) , of the resonance R:

- M2
R) (1.4)

Here MR and J represent the mass and the spin of the the meson resonance
R respectively. The best example to date is given in figure 1.5 which shows
the Crystal Ball result [22] on the two-photon production of the TT°, TJ and rj'.
The F77(i2) values of the neutral members of SU(3) multiplets can e.g. be
used to test SU(3) symmetry or to distinguish between fractional and integer
charged quark models or to assess the quark and/or gluon content of these

mesons.

Inclusive processes: The global features of inclusive hadron production are well
described by the Vector Meson Dominance (VMD) model which relates the
two-photon process to photon—vector-meson couplings and the vector me-
son scattering processes like e.g. pp, u>w or <f><j> as shown schematically in
figure I,6(b). Of special interest is the pointlike coupling of the photons to
the quarks, shown in figure I.6(a), which can be investigated either on the
basis of the event topology (in terms of a "jet"-search) or by a measurement
of the photon structure function. This last method provides a fairly accurate
determination of the strong coupling constant as is extensively discussed in
reference [16].

The two-photon production of heavy quark pairs (c and 6-quarks) can also be
investigated by means of the inclusive production of charmed mesons. In par-
ticular earlier studies of eTe~ annihilation indicate that events with a charged
D* yield sensitive information on the production of a cc-quark pair. In ad-
dition measurements of the various particle fractions in hadronic two-photon
events can be used as input for hadronization models.

(a) (b)

7WWI

VWW-"iA

Figure 1.6: (a) The pointlike, 7 7 -* qq -> X and (b) the hadron-like,
77 —• pp,oio>... —* X two-photon production process.
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1.3 The reaction e+e —• e+e -\- Charmonium

1.3.1 Charmonium

The discovery in 1974 of the J/J/> [23,24] and shortly afterwards of the xb' [25]
immediately led to the interpretation of these resonances as bound states of the
charmed quark and charmed antiquark. This charmed quark had been predicted
several years earlier. 1970, in a classic paper by Glashow, Iliopoulos and Maiani [26]
to explain the apparent absence of strangeness changing neutral currents.

4000 --

V>"(3770)

^'(3686)
"CD

D

t
3000 -i

Xo(3415)

J/V>(3097)

-» J p c

Figure 1.7: The energy levels of the observed charmonium states. The dotted lines
indicate the allowed radiative transitions. The ij>" lies just above the threshold,
3730 MeV, for DD production.

The large masses of the new resonances, 3 to 4 GeV, compared to their level
splittings, 100 to 700 MeV, justifies a non-relativistic potential model description
and, in analogy to the positronium bound states of the e+e~ system, the new
resonances are collectively referred to as charmonium states. Using the conventional
spectroscopic notation 2S+1Lj where S, L and J represent the spin, orbital and total
angular momentum of the cc-quark pair, respectively, leads to the identification of
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the 3/ti> as the 3Si state and the i/»' as a radially excited 3Si state. In addition to
the 3Si state many other states, in particular the 3Pj=o,i,2 states, were predicted
and subsequently found in the radiative q/>' decays [27]. These 3Pj=o.i,2 states were
labeled \0, \ i and \ 2 respectively. The first candidate for the 'So groundstate
was reported in 1977 at a mass of 2830 ± 30 MeV by an experiment at DESY in
radiative ?/>' decays [28]. This mass was much lower than the theoretical predictions
(% 3.0 GeV) and also in conflict with the QCD sum rules discussed below. Only
in 1980 the genuine 'So groundstate was discovered in radiative J/«/> and «/>' decays
at SLAC with a mass of 2981 ± 2 MeV [29]. This particle was named r)c; a radially
excited 'So state, named T]c\ had already been discovered earlier in radiative ?/•'
decays. Other charmonium states have been discovered and also particles with open
charm, e.g. £>-mesons, have been identified; they will be discussed in section 1.4.1.
The mass spectrum of the charmonium states is shown in figure 1.7.

The charmonium states have very narrow widths, e.g. the 3/ip has a width of
only 63 ± 9 keV and the ?/f and \-states have widths in the 1 — 10 MeV range. Ir.

4> -> K+K

Figure 1.8: Quark diagrams for 3/ip and <j> decays. Diagrams with unconnected
quark Hnes^.g. the 7r+7r~7r° decays, are "Zweig suppressed" while the others, e.g.
KK and DD, are "Zweig allowed". The J/«/> differs from the cf> because the <j>
is kinematically possible whereas the 3ftp —» DD is not.
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comparison the lower mass mesons (mass > 1 GeV), have widths which typically
correspond to 2 — 20% of their mass. The narrow widths are explained by the
masses of the charmonium states which are below the threshold of DD production;
therefore the charmonium states have to decay first into hard gluons which then
hadronize. This hard gluon decay mode is "Zweig suppressed" as opposed to e.g.
the "Zweig allowed" soft gluon DD decay mode which, however, is energetically
forbidden below 3730 MeV [30]. The situation is somewhat similar to the decay of
the 4> meson: in this case the "Zweig allowed" <j> —* KK mode is the dominant decay
channel even though it is phase space suppressed compared to the 0 —+ 7r+7r~7r°
mode. The aforementioned decays are shown schematically in figure 1.8. The first
charmonium state above the threshold for open charm production is the ?/'", 3Di
state, at 3770 MeV which has a 25 MeV width and indeed has DD as its dominant
decay channel.

Decay

channel

7J/0
7r+7r~7T+7T~

A'+A'-TT+TT-

KRv

u
pp

pp

Brandling fraction (%)

1.3 ±0.5

1.7 ±0.6

5.4 ±1.8

0.39 ± 0.14

0.87 ± 0.29

0.12 ±0.06

\'o

0.7 ± 0.2

3.8 ± 0.8

2.9 ± 0.8

<0.09

14.8 ±1.7

2.2 ±0.5

1.9 ±0.5

0.8 ±0.3

Table I.I: Branching fractions for the decay channels of the charmonium states.

The branching fractions of the decays of the rjc and \-states to various hadronic
final states were first measured by the Mark II and Mark III collaborations at
SPEAR [31]. These experiments selected event topologies like e.g. J/̂ > —+ 7?;r —>
77r+7r~7r+7r~ and determined from the number of events observed the number of
J/V' formed and the value of Br(J/i/> —> 77/c) the branching fraction of the r)c —>
TT+TT'TT+TT" decay. The branching fraction Br( J/*/> —> -yrjc) = 1.27 ± 0.36% has been
measured independently by the Crystal Ball collaboration [32]; its error dominates
the uncertainty in the determination of the TJC branching fractions. The analogous
Br(i'' —> 7X0,1,2) values for the \'-states are better known and consequently the
error in the measurements of the branching fractions of the ^-states is of statistical
origin. The branching fractions as measured by Mark II and Mark III were recently
confirmed by the DM-2 collaboration [33] at the DCI e+e~ storage ring at Orsay;
only in case of the r\c —* <j><j> channel there exists a two standard deviation difference
between the experiments [34]. The DM-2 collaboration also measured the branching
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fraction of the rjc —* pp decay which will be used later on together with their
algorithm to select the pp final state [33]. The values of the rjc, xo a n d X2 branching
fractions as used in this thesis are listed in table I.I; the Bi(i]c —+ <p<j>) value is a
weighted average of the Mark III and DM-2 results, the value for Br(7?,- —+ pp) is
the result of the DM-2 measurement; the other values are taken from reference [35].

1.3.2 Theoretical models

In this section the electromagnetic and hadronic annihilation widths of the char-
nionium levels will be calculated using two different models: the non-relativistic
potential model and the more general framework of dispersion sum rules.

Potential models

The analogy between positronium and charmonium goes beyond the similarity of
their mass spectra; also the formalism used to calculate the lifetimes of positronium
states can be adapted to obtain the lifetimes of the charmonium states. In the case
of positronium the lifetimes, or equivalently the decay widths, of para-positronium
(1So state) and ortho-positronium (3Sj state) are well described by the QED cal-
culations of their 77 and 777 annihilation rates [5]. The charmonium case is very
similar but in addition to the electromagnetic decay modes hadronic decay modes
are important. The hadronic decays proceed via gluons, the gauge bosons of the
theory of strong interaction (QCD), analogous to electromagnetic decays which pro-
ceed via photons, the gauge boson of the theory of electromagnetism (QED). Just
like the photon the gluons are massless and carry spin 1 but whereas the photon
is electrically neutral the gluons are members of a color octet and consequently
carry color charge. As a result the selection rules to lowest order in the respective
coupling constants, a for QED and as for QCD, are alike but not identical: C-even
states ( J ^ l ) decay into 2 photons respectively 2 gluons and the other states decay
into 1 photon or 3 gluons, the single gluon decay being forbidden because the gluons
aren't colorless.

(b)
\fAT: ac^^ce^

K/VWV 7

WVAAo

Figure 1.9: Vertex factors for the gg and the 77 decay of a cc-quark pair.
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If qc = 2/3 represents the c-quark charge and e(l) and e(2) represent the photon
polarization vectors, the amplitude for the decay of a free cc-quark pair into 2
photons calculated according to QED, is {M^ represents the common part of the
cc —+ 77 and cc —* gg transition amplitudes):

V/3?c
247raX^e^(l)ei,(2) (1.5)

The factor V3~ is a result of the (CRCR + cyCy + CBCB)IV3 color singlet combination.
Similarly the QCD amplitude for the 2 gluon decay is:

\(——-)M ue
a(l)e (2) (1-6)

—bVj ' 2 2 " " "

The sum runs over the 8 different gluons and the \a represent the Gell-Mann ma-
trices which enter at each quark-gluon vertex. The ratio of the squares of these
two amplitudes immediately gives the ratio of the 77 and gg decay widths of any
charmonium state, independent of the actual value of the matrix elements M^:

T{cc-^> 77) ~~ 9q* a f̂  2 2 9q* a T / ~ 2 ~ ~ 8 a

Completely analogous the ratio of the 777 and ggg decay widths of any charmonium
state is obtained:

T(CC -» ggg) J ^ g . .3 r / 1 t f A . h Ac .^2^135,^3 ,!»!

If the 2 gluon decay width is identified with the total hadronic width2, equa-
tion 1.7 can be used to find the values for ^ 7 of the C-even J ^ 1 charmonium
states Tjc, xo and X2- An a, value of approximately 0.25 is frequently used in calcu-
lations on the charmonium states and this a, value yields for the two-photon decay
widths:

% 8.3keV

= 8.8 ± 2.0MeV =$• T77(Xo) « 6.7keV (1.9)

» 2.1 keV

To obtain absolute predictions for both the 77 and gg decay widths of charmo-
nium states the elements of the matrix M have to be calculated and the binding
of the cc-quark pair inside a charmonium state has to be taken into account. The
binding is accounted for by folding the matrix M in equations 1.5 and 1.6 with the
relative momentum distribution of the c-quarks, $(p), determined by the Fourier

2The x-states e.g. have sizable, about 10%, branching fractions to -f3/il> which are not accounted
for by the 2 gluon decay width nor by the 2 photon decay width.
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transform of the non-relativistic wave function *&(r). In the non-relativistic ap-
proach the matrix elements of M. are expanded in powers of p / mc and the S state
or P state decay width is determined by the first non-vanishing term i.e. \&(0) or
^'(0) respectively:

( oc #(0) S - stales
(1.10)

oc *'(0) P - states

Hence the decay widths are proportional to the square of the non-relativistic wave
function and its derivative at zero separation of the two c-quarks. The complete
calculations can e.g. be found in references [5,36,37]. For the r\c 'So state the result
is:

- 7?) = ^ r I %(0) I2, T(Vc -> gg) = ^ L | Rr]c(0) |2 (L ID

Here the angular dependence of the non-relativistic wave function \&(r*) is removed
and only the relevant radial dependence, R(r),is retained. The P state calculation
is similar but slightly more involved because the contributions from the spin-0 \O

and spin-2 X2 states have to be separated. The xo result is:

- 77) = | | ^ I R'XQ(0) |2, Tlxo - gg) = f f £ l XXoW I2 d.12)

And the \-2 result:

r(Xa-77) = i i ? ' ^ » ( 0 ) |a' r(Xa -*ss) = i S 1 ' ^(0) |2 (L13)
\2 \2

If the \ 0 and \2 radial wave functions are identical, the ratio of the \ 0 and \2 decay
widths, both for the gg and the 77 decay, is T(x2)/T(xo) = 4/15.

Together with the potential model calculation of the non-relativistic wave func-
tions the above expressions can be used to estimate the hadronic and two-photon
decay widths. The results depend on the actual c — c potential assumed and are
therefore not very accurate. Another method, however, can be employed.

If spin dependent forces are neglected the J/t/> and the r/c have the same radial
wave function and therefore the leptonic, J/?/' —> e+e~, or the hadronic, J/i/' —>
ggg, decay widths of the J/V can be used to eliminate the i?r/c(Q) dependence in
equation 1.11. The calculation of the e+e~ decay width of the Jftp gives:

e+c") = ^ - I flJ/v,(0) |2 (1.14)

And the calculation of the ggg decay width:

40a3

J/V
*2 - 9) I tfjA/,(0) I2 (1.15)
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The experimental value f( J/t/> -* e+e~) — 4.7±0.3 keV gives T77(?7C) ss 6.8 keV and
the total J/t/> width, 63 ± 9 keV, together with as - 0.25 gives r77(r?c) w 1.3keV.
The equivalent approach for the ^-states can not be taken since the corresponding
2Pi state has not yet been observed.

All of the estimates, quoted abovv,, are based on first . irder perturbation theory
and on the non-relativistic potential model. Calculations including higher order cor-
rections and/or relativistic corrections etc. have been performed [38,39,40]. These
calculations lead to slightly different values but most published results are consistent
with:

r77(ife) = 2-SkeV
r7 7(xo) = 2-8keV (1.16)
r7 7(\-2) = l - 2 k e V

Dispersion relations

Dispersion relations use causality to establish the analyticity of a certain amplitude.
This analyticity is used to express the real part of the amplitude in terms of an
integral over the corresponding imaginary part. Historically Sellmeier [41] and
Kramers and Kronig [41] were the first to write down a dispersion relation: they
expressed the real part of the index of refraction as an integral of its imaginary
part. This imaginary part is essentially the absorption coefficient and hence a
simple measurement of the absorption by a medium determines the transmission
through this medium.

The muonic vacuum polarization by the photon field, II(,s), also satisfies a disper-
sion relation. With s = q2 and q the photon's 4-momentum the following expression
can be derived (see e.g. references [36,42]):

TV

2
J I I I I E I I . ^ I

(i.i7:

Explicit calculation of the lowest order muon loop diagram (figure I.10(a)) reveals
that, for \/s > 2mp, the imaginary part corresponds to the cross section of the
e+e~ —•> /J+p~ process [36]:

{ Itl (U8)

Equation 1.18 also describes the polarization of the vacuum of the charmed
quarks by the photon field, IIc(s), if m,, is replaced by mf and the coupling constant
a is multiplied by 3q* to account for the three different colors and for the charge
of the c-quark. Due to the strong interactions the lowest order one loop diagram
can not be expected to give a good approximation to the physical n^s) for \/s >
2mc. However for \/s <C 2mc the strong interactions become unimportant and
the one loop diagram is expected to give a reasonable description of IIc(s). Hence
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equation I.IS can be used to relate the physical cross section, aexp, for the process
e+e~ —• cc to its zeroth order QED calculation,^'0). For y/s <C 2mc the following
equation is derived in reference [36]:

oc a(T)_

s' — s
, = Q

Because of the large c-quark mass equation 1.19 can be used at s ~ 0 and the suc-
cessive derivatives, n = 1,2,3,.... of this equation are called "sum rules", explicitly:

7 (exp, J*_ 7 (0) £
J c+e —ccs'n J e+e -,cc s'n

^ z

Of course these sum rules can not be expected to hold for arbitrary large n since
that would imply that the physical IIc(s) coincides with the zeroth order calculation
Tl°(s) for all values of s; hence also at large positive s where the strong interactions
are known to be important. Generally the sum rules are considered for 1 < n < 6.

The right hand side of equation 1.20 constitutes a known elementary integra-
tion. The left hand side is separated into two parts: (1) the contribution from the
resonances coupling to the single photon: e.g. J/ip, ij>', ij>" and (2) the contribution
from the charm continuum e.g. the production of DD mesons. The latter will be
approximated by the zeroth order QED calculation of the e+e~ —» cc process where
the lower limit will be taken at twice the £>-meson mass instead of 4m^. The res-
onance contributions are parametrized using the e+e~ decay width, Tee. The cross
section e.g. of e+e~ —> J/ift is:

If only the continuum, and the J/V>, ip' are retained the sum rules become:

(1.22)

f am J L = /„<•*>_ J± =
J c + e ->cc$'n J e + e -~ccs'

n
4 m? 4m?

M2,n,2 n + 1 + Cont.

Because of the high powers of the J/V and the %/>' masses, 3096.9 ±0.1 MeV and
3686.0 ±0.1 MeV respectively, in the denominators of these sum rules the contri-
butions of the lowest mass mesons are most important. If the measured value for
the leptonic width of the i/>', Tee{if>') = 2.1 ± 0.2keV, is inserted in equation 1.22
the leptonic width of the J/»/> can be determined and vice versa. The results on
ree(J/i>) for n = 1,2,3,4,5 and 6, with mc = 1.25 GeV, are given in the first three
columns of table 1.2. These results are rather sensitive to the particular choice of the
c-quark mass; mc = 1.25 GeV was selected since it gives a good fit to the J/̂ > data.



page 17 Chapter I. Motivation of the experiment

As can be seen from this table the continuum contribution diminishes for the sum
rules with large n, this is a general feature and is due to the aforementioned high
mass powers in the denominators. (The results are also not very sensitive to the
exact value of Tee(4>'), again because of the high power of M^/ in the denominator.)

n

1

2

3

4

5

6

Cont (%)

ffe+e--.cc

60

34

19

11

6

6

re+e-(keV)

J/V-

3.8

4.1

4.6

5.3

6.4

7.8

Cont

<777—cS

73

43

23

12

6

6

(%)

<T77—cc

60

28

13

6

2

2

r77(keV)

6.2

5.7

5.5

5.7

6.1

6.8

Xo

3.6

3.9

4.9

5.4

6.8

9.1

X2

1.0

1.0

1.2

1.4

1.8

2.4

Table 1.2: Dispersion relation results. The Erst part of this table gives the results
from the sum ruie for Tee(3/il>) given in equation 1.22; the second part gives the
results obtained from the sum rules for r 7 7 given in equation 1.23.

To obtain predictions for the two-photon widths of the C-even charmonium
states other vacuum polarizations must be considered e.g. the elastic 77 scattering
via the c-quark box diagram shown in figure I.10(b). Using both crossing symmetry
and the optical theorem to relate the imaginary part of the forward scattering
amplitude to the total cross section, two dispersion relations for the 77 —* cc process
can be derived: one for the cc production by two photons with parallel polarizations
and one for the same process but now with perpendicular photon polarizations. The
resonance contribution can be parametrized using the two-photon decay widths,
F7-y, and the relevant cross sections are derived in chapter II, for the 77,-:

4 ™ = 0, 4

for the xo'-

4 T _ X o = 0, <7«7

and finally for the X2-

* (s - M»c

For the continuum contribution again the zeroth order calculation will be used with



page 18

the same threshold as before (twice the D-meson mass instead of 4m;!). Explicitly
the two sum rules become:

7 ^77-CCyn- J °-n-.CCs,n-
4 m:

(1.23)

"2 ̂  =2
Here only the T)C, \Q and \2 resonances are considered. To extract P-p values in
addition a relation between r-yy(\0) and T*y-y(x2) has to be assumed; the potential
model prediction T'yy(x2)/^yy(Xo) = 4/15 is used. With these assumptions the
values as listed in the last five columns of table 1.2 are obtained; again the continuum
contributions are seen to be relatively unimportant.

There are many other QCD sum rules; powerful sum rules arise e.g. from the
coupling of specific currents (like cc, C75c and C7M75c) to the cc vacuum polari-
zation [36]. In particular the triangle diagrams shown in figure I.10(c) are useful

(a) WW\/ jVWW
R

V
(b)

(c)

MAM;

VW\A/

R

Figure 1.10: Graphical representation of the dispersion relation approach leading to
QCD sum rules, (a) For e+e~ —> charm, (b) for 77 —• charm and (c) the coupling
of specific currents, scalar, pseudo-scalar etc. to charm.
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for the calculation of the two-photon decay width since they are sensitive to the
individual C-even charmonium states. The values obtained in the literature for the
charmonium states considered in this thesis are generally in between [36,43,44,45]:

= 4.0-6.0keV
r7 7(\ 'O) = 3.5-5.5keV (1.24)
r 7 7 ( X 2 ) = 1.5-2.5keV

1.3.3 Related measurements from other experiments

Using the r\c as an example three different types of experimental determinations of
the two-photon widths of the C-even charmonium states can be distinguished:

- Genuine two-photon experiment: The cross section of the e+e~ —> e+e~rjc process
is measured and from equations 1.3 and 1.4 the two-photon width of the rjc is
uetermined. Two different approaches exist: either the r)c is identified directly,
irrespective of the scattered leptons, as a bump in the mass spectrum of its
decay products, or the scattered leptons are used to determine the mass of
the produced hadronic system, the so called "missing mass" technique.

- Radiative decay experiment: The reaction </>' —> ~fqc —> 777 is used to determine
the product branching fraction Br(i/'' —+ 7r;c).Br(?/c —» 77). The two-photon
width of the t]c is determined from the known branching fraction of the it1' —*
JT)C decay and the total width of the rjc.

- Proton-antiproton annihilation experiment: The reaction pp —• TJC —* 77 is used
to determine the product branching fraction Bi{r)c —> pp).Br(77c —» 77). The
two-photon width of the rjc is determined from the known branching fraction
of the 77 c —* pp decay and the total width of the r\c.

Below the results obtained to date along the three different approaches are discussed
and the measurements3 are summarized in table 1.3.

Genuine two-photon experiments

Many two-photon experiments have published upper limits on F 7 7 of the charmo-
nium states; for the r)c the upper limits are generally in the 10 — 100 keV range.
First positive evidence for T?C production in two-photon reactions came from the
PLUTO [46] experiment at DESY.

The PLUTO analysis identified the r)c through its KK%TT decay mode. The data
sample amounted to C = 45 pb"1 collected at an average beam energy of 17GeV.

3The 90% C.L. upper limits published by some experiments were increased with 10% in order to
compare them to the 95% C.L. upper limits as published by most of the experiments.
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Experiment

PLUTO [46]

TASSO [48]

TASSO [49]

TASSO [50]

TASSO [51]

JADE [51]

JADE [52]

Mark II [53]

MD-1 [55]

TPC/77 [54]

TPC/77 [56]

TPC/77 [56]

TPC/77 [56]

Crystal Ball [57]

R704 [58]

Mode

e+e~ —*• e+e~KKn

e+e~ —* e+e~KKir

e+e~ -> e+e-tfKw

e+e~ —* e+e~pp

e+e~ —> e+e~Tr+n~Tr+n~

e+e~ —» e+e~r)Tnr

e+e~ —» e+e~KKir

e+e~ —> e+e~KKx

e+e~ —> e+e~X

e+e~ —>• e+e~KKir

e+e~ —> e+e~K+K~n+n~

e+e~ —v e+e~7r+7r~7T+7r~

e + e ~ —• e+e~</?4>

ip' —> 7 7 7

T77(keV)

28 ±11

< 8 1

67 ±40

<270

< 5 4

< 4 9

< 11

8±6

< 12

< 75

<49

< 6 9

<87

< 121

4.3 ± 4.3

Xo

—

-

-

-

-

-

-

-

-

-

-

-

-

4.0 ± 2.8

-

X2

—

-

-

-

-

-

-

-

-

-

-

-

-

2.8 ±2.0

2.9 ±2.1

Table 1.3: Measurements and 95% C.L. upper limits for T-y-y of the charmonium
states r)c, \0 and \2- The branching fractions as given in table I.I and reference [35]
are used wherever needed (the uncertainties on the various branching fractions,
however, are not included).

The KKgir hadronic final state was isolated by selecting events with exactly four
charged tracks, zero total charge, and less than 250 MeV missing transverse momen-
tum. The analysis used the finite lifetime of the Kg (cr = 2.7 cm) to obtain a clean
sample of Kg —* ir+ir~ decays. Since the A'§ provided a clear strangeness signature
no additional cuts to identify the other 2 tracks were necessary and the invari-
ant mass of both possible hypotheses, K+K%ic~ and K~K%n+, was histogrammed.
The result, with two entries per event, is shown in figure I.ll(a). Two clusterings
of events, one around 1.8 GeV and one around 3.0 GeV are observed. The excess
around 1.8 GeV is attributed to the process 77 -» /'(1525) -* KpCg, with the
mass shift due to the incorrect assignment of the kaon mass to one of the pions4.

4In a recent analysis [47] this reaction is analyzed in more detail; the results are in agreement
with an earlier TASSO [48] measurement of this same process.
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(a) (b)

t t

Figure 1.11: r77(??c) results from genuine two-photon experiments, (a) PLUTO's
KK%n mass spectrum with clear evidence for r/c production (T77(?7C) = 28±11 keVJ.
(b) The missing mass spectrum as measured by the MD-1 collaboration with no
indication of r}c production (T77(^c) < 12keV, 95% C.L.).

The excess around 3.0 GeV is interpreted as evidence for r)c production and leads
to 1^7(77,) = 28 ± 11 keV.

Soon after PLUTO's publication other experiments investigated the same r]c

decay channel: TASSO [49] reported a very large preliminary value at the two-
photon conference in Paris, 1986, r77(?7c) = 67 ± 40keV, but never published
this result. The other experiments, JADE [52] (r77(»7c) < llkeV), Mark II [53]
(r77(r?c) = 8±6keV) and TPC/77 [54] (r77{»?c) < 75keV) all reported only upper
limits or values significantly below PLUTO's original result.

An interesting upper limit on r77(/?c) was recently reported by the MD-1 [55]
experiment at VEPP-4, Novosibirsk. The main characteristic of the MD-1 setup
is its magnetic field transverse to the orbit plane which makes it possible to de-
tect scattered leptons essentially down to 0° scattering angles. Their data sample
corresponds to C = 23.5pb"1 collected at beam energies near 4.5 GeV. To isolate
hadronic two-photon events, double tag events with in addition > 2 particles in
the central detector were selected. The mass of the hadronic system, X, in the
process e+e~ —> e+e~X was calculated from the observed scattered leptons. The
resulting "missing mass" distribution is shown in figure I.ll(b). At 3GeV the
"missing mass" resolution is approximately 90 MeV and the lack of events in this
region leads to a 95% C.L. upper limit on r77(7?c) of 12keV; the expected signal
if F77(r?c) would be 12keV is also indicated in figure I.ll(b). To check the proce-



page 22

dure the extensively studied 77' was analyzed using the same event sample and the
measured value, Tyy{r)') = 6.5 ± 3.0keV is consistent with the value of the current
world-average of Tjy(rj') = 4.3±0.3keV. It should be emphasized that, as opposed
to the other experiments, this double tag "missing mass" measurement does not rely
on a detailed knowledge of individual r\c branching fractions, but instead depends
only weakly on the multiplicity distribution of all different r]c decay modes.

Radiative decay experiments

t20 -

t

Figure 1.12: The Crystal Ball [57] result from radiative */>' decays: The solid his-
togram represents the lowest track energy spectrum in neutral three track events
and the shaded histogram gives the same quantity but now for 777 events. The
r.77 values as mentioned in the text are determined from the shaded histogram.

The results on the two-photon decay widths as measured through the radiative
decay mechanism stem exclusively from the Crystal Ball [57] experiment at SPEAR.
The Crystal Ball's main design goal was to provide a high resolution measurement
of both the energy and direction of an electromagnetic shower over a large solid
angle. This has been achieved mainly through the installation of a highly segmented
shell of 672 Nal crystals covering 93% of 4TT. The resulting energy resolution is
approximately 2.5/ \/E% and the angular resolution approximately 50 mr. These
specifications make clear why the Crystal Ball detector is ideally suited for the
study of all-photon final states and in particular for reactions like if>' —> 7x2 —> 777.

The data sample, collected at consists of an integrated luminosity
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of 1.8 pb"1 corresponding to 1.6 million produced if)'. To isolate the exclusive all
neutral final states, events with an invariant mass close to the $' mass without any
indication of charged particles were selected. The energy, Ey, of the lowest energy
photon in the event was histogrammed and the different radiative transitions showed
up as monochromatic lines at certain values of E-,: il>' -* 71c at E^ = 634 MeV, t/>' —»
7Xo at E^ = 260 MeV and ip' —> 7x2 at £ , = 128 MeV. The resulting spectrum is
shown in figure 1.12. The solid histogram corresponds to any neutral final state, 777,
77r°7r° etc., and the shaded histogram to the 777 final state only. Only the shaded
histogram is needed to determine the F-y-y values of the charmonium states. Whereas
the \2 —+ 77 transition is clearly observed and perhaps the \o —* 77 transition there
is no indication for the r\c —• 77 transition. The resulting two-photon widths in case
of the \2 and \o are: T77(x2) = 2.8 ± 2.0keV, T7y(x0) = 4.0 ± 2.8keV and the
95% C.L. upper limit for the rjc is: T77(»7C) < 121 keV.

Proton-antiproton annihilation experiments

The only experiment in this category is the R704 [58] experiment, the last experi-
ment operational at the CERN ISR before its final shutdown. The pp annihilations
are produced by intersecting a coasting cooled p beam with a molecular hydrogen
jet. The detector consists of two identical spectrometer aims positioned symmet-
rically around the beam-axis. The essential component of the apparatus is a lead
glass array used for the electromagnetic energy determination.

The data sample consists of a scan through the charmonium mass region; the
y/s value is fixed by a precise measurement of the p beam momentum. The normal-
ization at the different y/s values is determined from the beam current and the gas
jet density. The event selection isolated events with exactly one electromagnetic
shower in each spectrometer and no indication of charged particles anywhere in the
apparatus. In total 12 pp —t 77 events were observed in the T)c mass region and 6 in
the \2 mass region. No events where observed in the \i mass region in accordance
with the vector nature of the xi- (A vector particle can not decay into two real pho-
tons [59]). The \o mass region was not considered in the energy scan. The observed
event numbers in the r)c and X2 mass regions were used together with the Mark III
measurement of the branching fraction Bi(r)c —> pp) and their own measurement of
the Br(x2 —* PP) to obtain the following values for the two-photon decay widths of
the two states: F y y ^ ) = 4.3±i:2 ± 2.4keV and TJ7(x2) = 2.9±};g ± 1.7keV; the
first error represents the statistic and the second the systematic error.
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1.4 The reaction e+e~ -> e+e~ + D*±X

1.4.1 Charmed mesons

The D-mesons, charged and neutral, were discovered [60] in 1976 through their
production in e+e~ collisions at SPEAR and subsequent decays into e.g. K^-K^,
K^tr^ir^, K^TT^TT0 and K^ir^ir^-it^. These D-mesons are spin 0 particles and their
masses are: MD+ - 1869.3 ± 0.6 MeV and M^o = 1864.6 ± 0J3 MeV. The D+ and
the D° meson constitute an iso-doublet with quark content cd and cu respectively.
The corresponding anti-particle doublet consists of the D~ and the D° meson5.
The aforementioned decay modes are weak decays and as such are described by the
standard model of electro-weak interactions as a c —> s quark transition via W±

emission or absorption6. Hence e.g. the D°(cu) decays predominantly to K~(su)
and the £>°(c«) to K+{~su)\ this correlation will play an important role in the analysis
presented in chapter VI.

The D*-mesons were also discovered [61] at SPEAR shortly after the discovery of
the £>-mesons. These D*-mesons are spin 1 particles and their masses are: MD«+ =
2010.1 ± 0.7 MeV and MD.« = 2007.2 ± 2.1 MeV. Also the D*+ and the D*° meson
form an iso-doublet and the corresponding anti-particles are the D"~ and the D"°
meson. The D*-mesons decay exclusively to D-mesons either strongly through pion
emission or electromagnetically through photon emission. Since the mass difference
between e.g. the D*+ and D° mesons, MD.+ - MDo = 145.45 ± 0.07 MeV, is only
slightly larger than the pion mass, m +̂ = 139.57 MeV, the Z>*+ is almost always
observed as a clean peak in the D°TT+ — D° mass difference spectrum [61].

The branching fractions of the D-mesons (and as a result of the D*-mesons) have
been rather uncertain. They were first determined by the Mark II [63] and the Lead
Glass Wall (LGW) [64] experiments both located at SPEAR. These experiments
measured the rate of a specific decay mode of the D-meson, e.g. D° —* A'~7r+, in
e+e~ annihilation data collected at the tl>". To extract from the observed rate the
branching fraction of the particular £>-meson decay channel the total number of
D-mesons formed is required, i.e. Br(t/>" -> DD) is needed. Although it is known
that DD is the dominant decay channel of the V"» which justifies why the ip" is
often referred to as the "D-meson factory", its value is still uncertain. Therefore
both experiments assumed Br(</>" -* DD) = 100% which leads to the D-meson
decay branching fractions listed in table 1.4.

The Mark III experiment [65] also analyzed e+e~ annihilation data at the i/>"
but they employed a different technique independent of the actual value cf the

5To avoid unwieldy notation, reference to a state will imply the sum of that state and its charge-
conjugate state.

6In reality c -* s' where the weak eigenstate s' is a mixture of the mass eigenstates d, s and b
The mixing is described by the Kobayashi-Maskawa mixing matrix [62] and from the present values
of these matrix elements (as e.g. given on pages 74-75 of reference [35]) the c-quarks are most likely
to decay to s-quarks.
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Experiment

Mark II [63]

LGW [64]

Mark III [65]

Mark III [66]

D° -> K-TT+

3.0 ± 0.6

2.2 ±0.6

5.6 ± 0.5

4.2 ± 0.6

D°-+

8.5

17.5

13.3

K

±
-
±
±

3.2

1.8

1.8

D°-> A

8.5

3.2

11.8

9.1

±
±
±
±

2.1

1.1

1.4

1.2

Table 1.4: Branching fractions(%) of D°-meson decays.

Br(t/>" —> DD). They determined the relative magnitude of the branching fractions
from the number of events with a single reconstructed £>-meson decay; the abso-
lute branching fractions are determined from a comparison between the number of
events with one and two reconstructed D-meson decays. Their branching fractions
are considerably higher than the previous measurements of the Mark II and the
LGW experiments, although the D-meson production cross sections found by the
different experiments are in reasonable agreement. Recently Mark III [66] discov-
ered a sizable background in their event sample with two reconstructed Z?-meson
decays; a subsequent reanalysis did not change the relative size of the branching
fractions but reduced the absolute branching fractions by approximately 20%. The
Mark II, LGW and the Mark III measurements together can be used to determine
in an indirect way the $" —» DD branching fraction and yields (from table 1.4)
Bv(ip" -» DD) « 65%, significantly below the 100% value used by the Mark II and
the LGW experiments earlier.

There have been various attempts to determine directly the fraction, / , of non
DD decays of the z/>" in order to be able to correct the Mark II and LGW mea-
surements (see e.g. reference [67] for a complete overview). One method assumes
that at the ip" all leptons originate from leptonic D-meson decays and extracts from
the number of single-lepton and di-lepton events a value / = 0.40 ± 0.20. Another
method finds / = —0.09 ± 0.23 from the charged particle momentum distribution
from ij)" decays, which should not extend beyond p = E), if the «/>" first decays into
DD. Clearly the results of these attempts are inconclusive, neverthe^ss the au-
thors of reference [67] quote as a "best" value for the non DD fraction oi i/>" decays:
/ = 0.22 ±0.11 and correct the Mark II and LGW measurements accordingly. This
thesis prefers to use the recent Mark III measurements because these do not involve
any unwarranted assumptions and besides they differ only slightly from the "best"
values as found in reference [67].

The branching fraction Br(D"+ -> D°K+) was measured by both the Mark I [68]
and the Mark II [69] collaboration. From isospin conservation follows that:

Br(£>*+ -> D°7r+)
BT(D*+ -+ D+7r°)

2 2 > 2

Br(I>-+ -* D+7r°) < i i | | i l O > VP;0 / ~

Here p* stands for the pion momentum in the D*+ rest frame and the factor
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(p*+/p*o)3 accounts for the small phase space difference (P-wave decay) between
the two decay modes. Mark I used this isospin constraint and found T5r(D"+ —•
D°7T+) = 60 ± 15%, Mark II did not use the constraint and found Br(D"+ ->
D°ir+) = 44 ± 10%. The Mark II value is easily adjusted so that it also satisfies the
isospin constraint and gives Br(£>*+ —» D°iv+) = 50 ± 8%. The average of the two
measurements then is: Br(D*+ —> D°n+) = 52 ±8%, which is the value used in this
thesis.

1.4,2 Theoretical models

Not only the two-photon process but also the annihilation process contributes to the
inclusive production of D"+ mesons. The latter process has already been measured
by numerous experiments [70] and since it constitutes a potential background to
the two-photon process its production mechanism will be discussed prior to the
discussion of the two-photon production mechanism.

Annihilation production of Dm± mesons

The annihilation process e+e~ —* Dm±X can be considered as a two stage process:
(1) the e+e~ pair annihilation into a cc-quark pair and (2) the transition from the
cc-quark pair to the observable hadrons7. The second stage, referred to as the "ha-
dronization" stage, is assumed to occur with unit probability and consequently the
cross section is completely determined by the first stage. The cross section of the
e+e~ —•> cc process is very similar to the QED cross section for the e+e~ —* fx+^i~
process; the only difference, apart from trivial mass and charge changes, is a mul-
tiplicative factor 3 due to the color degree of freedom of the c-quarks. To lowest
order in the coupling constant the cross section is:

The radiative corrections to the cross section are especially important as a po-
tential background to the two-photon process. Let Ey represent the energy of the
radiated photon. Events with "hard" initial state radiation, i.e. large Ey, are
particularly noteworthy because the kinematics of the produced hadronic particles
resemble in many aspects that of a two-photon produced hadronic final state:

• The hadronic system has a small invariant mass relative to 2Eh.

'Contributions arising from annihilation into uu, dd and ss-quark pairs are neglected since they
require cc-quark pair productionjn the hadronization stage which is suppressed by the large c-quark
mass. The annihilation into a t6-quark pair contributes an additional 25%, (qb/qc)

2, which will be
taken into account whenever theory and experiment are compared.
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• The hadronic system recoils against the radiated photon and hence appears
boosted in the laboratory.

The calculation of the cross section including the effects of initial state radiation
has been described in detail by Berends and Kleiss [71]. They calculated the cross-
section as a function of the radiated photon's energy:

( L 2 6 )

here \/7' represents the invariant mass of the cc-quark pair:

s' = 4Eb(Eb -Ey) = M2
Cc

This differential cross section is shown in figure 1.13 as a broken line. As expected
the cross section peaks at twice the beam energy, \/s = 2E\, = 29 GeV, and decreases
sharply as a result of the \/E~, behavior of the Bremsstrahlung process. Surprisingly,
however, the cross section rises again for small \ZP = Mc^ (corresponding to large
values of E^). This rise is explained by the 1/s behavior of the e+e~ annihilation
process which, due to the initial state radiation, effectively takes place at a lower
value of s. Both the lowest order total cross section (solid line) and the total cross
section including the effects from initial state radiation (dotted line), are shown in
figure 1.14 as a function of \/s = 2Eb.

The hadronization stage is not calculable and several phenomenological models
have been developed to describe the transition from the parton level (i.e. the quarks
and the gluons) to the hadronic level (i.e. pions, kaons etc.). For the analysis
presented in this thesis the LUND [72] hadronization scheme is used. In this model
additional quark pairs are created in the color field between the two primary quarks.
The model is governed by a set of parameters which describe e.g. the relative
production of uu, dd and s^-quark pairs and the individual quark masses. The
results of the LUND liadronization scheme are generally in good agreement with
available experimental data.

In the case of inclusive Dm± production the results of the LUND program are in
agreement with the expectations from two particularly simple assumptions which
follow from the spins of the D (spin 0) and D* (spin 1) mesons and from isospin
invariance:

• each c-quark materializes as either a D" or a D meson in the ratio 3 : 1

• charged and neutral D and D* meson production are equally probable.

These assumptions yield 3/8 for the probability of the c —> D*+ transition. Conse-
quently the explicit relation between &D'±X and <TC-Q is:

55 35 ^ 3 3 \ 3
8 8 + 28 8 + 28 s) ** = T* ( L 2 7 )
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The same relation holds if the cc hadronization process is saturated by D*D* and
DD production again in the ratio 3 : 1 and equal probabilities for charged and
neutral pair production8.

Figure 1.13: Differential cross section (pb/GeVJ at \/s = 29 GeV as a function of
the mass of the produced hadronic system, MHAD, for the following processes: (a)

cc-y, (b) e+e —* e+e~cc and (c) e+e"
Mo.± = 2.01 GeV were used.

e+e-D'+D*'. mc = 1.6 GeV and

Two-photon production of Dm± mesons

There are several possible explanations for the production of Dm± mesons by the
two-photon mechanism. Below two different mechanisms will be discussed in some
detail. Other mechanisms are imaginable and in particular predictions concerning
D*+D"~ production at threshold have been published [73]. These and other thresh-
old calculations are irrelevant for the analysis as presented in this thesis since the
experimental acceptance vanishes in this kinematic region.

The simplest mechanism, in analogy to the annihilation process, is again to
separate the e+e~ —> e+e~D"±X into two stages: (1) two-photon production of a

sThe correction due to double counting of events with two charged D* mesons is negligible: If e,
typically of order 1%, denotes the Z?** reconstruction efficiency (including the branching fraction
to a particular decay channel), the correction amounts to only (9/64)e in the case of independent
fragmentation and (3/8)f in the case of fragmentation into a pair of charmed mesons.
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cc-quark pair and (2) hadronization of this cc-quark pair. The cross section is
again determined by the first, e+e~ —> e+e~cc, stage only and coincides with the
cross section for the QED process e+e~ —> e+e~fi+fi,~, apart from trivial mass and
charge changes and the color factor. In the introduction (equation 1.2) the low
and high energy limits of the 77 —» e+e~ cross section were already given; the
complete 77 —> cc cross section is then (Bc represents the c-quark velocity in the 77

?nter-of-mass frame and M77 is the invariant mass of the two-photon system):

" '0C+(3"0t) ln £ £ ] (L28)

The differential cross section of the e+e~ —» e+e~cc process (using equation 1.3
for the incident photon fluxes) is shown in figure 1.13 (curve b). The required
modifications in case of off-shell photons are given in the appendix of reference [20]
and will be discussed in more detail in chapter II. It is important to remark that the
total cross section of the e+e~ —* e+e~cc process depends strongly on the cutoff on
the cc-quark pair mass. The exact cross section, based on the two-photon diagram
shown in figure I.4(a) only, at e.g. y/s — 29 GeV is 74 pb or 54 pb for a cutoff on
the cc-quark pair mass at 2mf = 3.2 GeV or at 2M£>»± = 4.02 GeV respectively.
(If also the two Bremsstrahlung diagrams, shown in figures I.4(b,c), are taken into
account the cross section increases by only 2%.) In addition there is a moderate
dependence on the used value of mc; if e.g. the c-quark mass is changed from
1.4 GeV to 1.7 GeV the cross section decreases approximately 15%.

A second possible mechanism for D4± production is the Born approximation used
before [17] to describe the 77 —> 7r+7r~ and 77 —> K+K~ processes and to apply it
to the 77 —+ D*+D*~ process. The calculation can be found in reference [74] and
for real photons the cross section is:

The resulting differential cross section for the e+e~ —> e+e~D*+D*~, again using
equation 1.3 for the incident photon fluxes, is also shown in figure 1.13 (curve c) and
differs significantly from the previous model.

1.4.3 Related measurements from other experiments

Annihilation experiments

Many different experiments [70] published results on the inclusive D** production
cross sections in e+e~ annihilation and instead of discussing all these individual mea-
surements only the general features and the characteristics relevant for the analysis
of the two-photon process will be discussed. Only continuum I)** production with
v/s > 5 GeV will be discussed; apart from the i/>" —> DD reaction no significant
resonance production of charmed meson pairs has been observed to date.
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All groups exploit the low Q-value of the D"+ -* D°-K+ decay and isolate a
signal in the D°ir+ — D° mass difference distribution. The main D° decay channels
used are the ones listed in table 1.4. In order to reduce the large combinatorial
background in high multiplicity annihilation events it is often necessary to require
the fractional energy, ZD- = Ec/Et, of the Dti: to be at least 0.3-0.5.

Monte Carlo methods are used to extrapolate to the full Dm± production cross
sections. The results obtained are summarized in figure 1.14. In this figure the
inclusive D*± cross section is compared to the cross section of the e+e~ —* cc pro-
cess. Within the experimental error bars the results are in agreement with the
simple prediction stated in equation 1.27 which is shown as the dash-dotted line in
figure 1.14 (including the contribution from 66-quark pair production).

10
10 15 20 25 30 35 40

Vs (GeV)

Figure 1.14: Comparison between experimental data on the total cross section for
inclusive I?"* production and the quark parton model (QPM) calculation for the
e+e~ —> cc process. The solid line gives the lowest order result, equation 1.25, and
the dotted line includes the initial state corrections, equation 1.26. The dash-dotted
line represents the inclusive D*± cross section if equation 1.27 is used to relate it to
the e+e~ —* cc cross section and if in addition the b-quark contribution is included.

Besides for the determination of the inclusive Dm± production cross section the
data is also used to compare the angular distribution of the Z?** mesons with the
prediction for e+e~ —* cc, to measure the zjy distribution which in turn is used as
input for the hadronization programs, to extract the forward-backward asymmetry
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arising from the interference of Z° and 7 annihilation diagrams, (the typical forward-
backward asymmetry at y/s as 29GeV is about —10%). Finally the absence of a
signal in the "wrong-sign" mass difference spectrum is used to set upper limits on
the D° — D° mixing, similar to the well known K° — K° mixing. Upper limits around
10% are obtained, much better upper limits come from leptonic decay measurements
(0.5%). All of the results found are in agreement with the predictions from the
mechanism presented in section 1.4.2.

Two-photon experiments

To date only the Jade experiment at PETRA reported on the observation of inclu-
sive Dm± production in two-photon interactions [75,76]. The measurement is based
on data (C = 90pb-1) collected at an averaged beam energy of 19GeV. To elimi-
nate any possible background from the annihilation process the analysis is limited
to the single tag mode and because of its large branching fraction, given in table 1.4.
the D*+ -* D°n+, D° -> R-TV+IT0 decay channel is used to identify the £>*+.

The analysis follows the standard D°ir+ — D° mass difference technique: first
the possible TT° candidates are searched for by pairing all photons detected in the
lead-glass calorimeters and selecting those pairs which pass a TT° mass fit with > 1%
probability. These TT0 candidates are combined with any 2 oppositely charged tracks,
assumed to be a K~n+ pair, with the only additional requirement that the K~
kaon probability, as calculated from the dE/dx measurement, must exceed 1%. If
the invariant mass of the A'~7r+x° system is within 500 MeV of the D° mass the
combination is kept as a D° candidate. Finally these D° candidates are combined
with any positively charged track, assumed to be a 7r+, and the D°n+ — D° mass
difference is plotted. The spectrum is shown in figure 1.15 as the full histogram
and a clear peak is visible around the nominal 145.45 MeV mass difference. The
data points in the same figure are the result of a "wrong-sign" analysis9 and do
not indicate any signal. After a background subtraction 19 ± 7 ± 3 signal events
are left which corresponds to an inclusive D'± production cross section (0.4 ± 0.1%
acceptance, statistic and systematic errors are added in quadrature) of 760±360pb.
The QPM prediction for the total cross section of the e+e~ —> e+e~cc process at.
y/s = 38GeV is 120 pb for a cutoff on the cc-quark pair mass of 2mc = 3.0 GeV
(JADE used mc = 1.5 GeV) and 85 pb for a cutoff of 2MD.± = 4.02GeV. Both
these cross sections are, even apart from the reduction due to the hadronization
process of the cc-quark pair (expressed e.g. in relation 1.27), already substantially
smaller than the cross section observed by the Jade experiment. (The efficiency
calculation of JADE is based on the 2mc = 3.0 GeV cutoff, which however makes
the use of relation 1.27 rather dubious.)

9Jade uses as "wrong-sign" combinations v^K*^*0 instead of the conventional ir±A"±jr*jr°
combinations. The advantage of the conventional choice is that both the "right" sign and the "wrong-
sign" combinations are single charged; this opposed to Jade's "wrong-sign" combinations which are
triple charged. In particular for the low multiplicity two-photon events this might underestimate
the background.
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Figure 1.15: The DOTT+ — D° mass difference spectrum as measured by the Jade
experiment, solid histogram for the "right" sign combinations and the data points
for the "wrong-sign" combinations.

Jade also investigated other Dm± decay channels but no significant evidence for
two-photon initialized Z)** production could be found (e.g. only 5 ± 3 events in
the D° —> K~ir+ decay channel [76]). These findings do not contradict the result
summarized above because the branching fractions of these other decay channels
are smaller (probably at least partially compensated by an increased acceptance
since the analysis of these other decay channels does not require the reconstruction
of a TT°).

1.5 Summary

In the previous sections it has been shown that the two-photon production of a cc-
quark pair is of interest both as a test of the Quark Parton Model and as a test of the
dispersion relation approach. Experimentally exclusive production of charmonium
states has been observed and whereas the results for Tff(xo) and F-y-y^) agree
with the theoretical predictions the measurements of F^-y^,.) range from values in
agreement with the theoretical predictions to values several times above them. The
inclusive production of charmed particles, D'±-mesons in particular, has only been
observed by the Jade experiment at a rate far higher than the Quark Parton Model
prediction, though with a large uncertainty.

In view of the above this thesis presents another measurement of the two-photon
coupling to charmed particles. The exclusive two-photon production of charmonium
states is searched for in the following decay channels: 77 —> K^Kgir^Kg -* 7r+7r~),
77 -» K+K'n+n', 77 -* 7r+7r-jr+n- and 77 -+ K+K'K+R'-. These decay chan-
nels were selected since the sums of their branching fractions are in excess of 4.5%,
6.7% and 4.1% for T?C, XO and \'2 respectively and because the detection/identification
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of charged particles is much better than that of the neutral particles. Also the
analysis of inclusive D** production is restricted to all charged decay modes i.e.
D'+ —v D°ir+ with the D° decaying into K~ir+ or K~ir+7r+w~. The results on the
charmonium states have been published whereas the results on the inclusive Dm±

production have been submitted for publication.

In chapter II the theoretical formalism describing two-photon interactions at
e+e~ storage rings is described. Some approximate expressions for the cross sections,
some already used in the preceding sections, are derived.

Chapter III introduces the Monte Carlo method and explains how it is used
to generate events which simulate the real events. From these simulated events
the efficiency for a particular process is determined; in turn this efficiency makes
it possible to unfold any detector effects from the measured quantities of interest
(production cross section etc.).

Chapter IV describes the experimental setup, the PEP e+e~ storage ring and the
TPC/77 apparatus. In particular the detector components relevant for the analysis
as presented in this thesis, i.e. the Time Projection Chamber and the forward
tagging devices, are described in detail. Appendix A summarizes the performance
of a special small angle BGO calorimeter which was not used in the present analysis
but was in part build and operated by the author.

Chapters V and VI present the data analysis of and discuss the results obtained
on the two-photon production of the charmonium resonances, r)c, \O and \2, and
on the inclusive two-photon production of I?'*-mesons.



Chapter II

Theory of two-photon collisions
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II. 1 Introduction

This chapter presents the theoretical framework needed for the analysis of the two-
photon reaction:

e + e - _> e + e - 7 7 -y e+t~X (II.l)

As already anticipated in equation II.1 the two-photon reaction can be described
as a two-step process: first the incoming e* each radiate a photon and then these
photons interact and produce the final state X.

The first stage is completely specified by QED and has been discussed by many
different authors; the main results as can be found in e.g. references [17,18,20] will
be summarized and the various approximations to the cross section formula will be
discussed.

A discussion of the second stage will be given for those final states X relevant for
the analysis described in this thesis: the two-photon production of the charmonium
resonances rjc, xo an<i X2 and the two-photon production of a ec-quark pair.

II.2 Kinematics of the two-photon process

A schematic diagram of the two-photon process e+e~ — • e+e~X is shown in fig-
ure II. 1; the following four-vectors play an important role in the cross section cal-
culation (the explicit expressions for p\ and pi are valid in the Lab. frame only):

Pi = (Ei,p[) 4-momentum of the incoming electron, Ei = Ei, and p[ RS (0,0, Ei,),

Pi = (E2,p~2) 4-momentum of the incoming positron, E2 = Ef, and p"2 ss (0,0, —Ei),

Pj = (E[,p\) 4-momentum of the outgoing electron,

p'2 = (E'2,p'2) 4-momentum of the outgoing positron.

In addition to these four-vectors the electron and positron scattering angle with
respect to the beam-axis, 6X and 62, the angle between the scattered electron and
positron, #12, and the angle between the two scattering planes, A >̂, are frequently
used.

The four-vectors of the two interacting photons and hence the four-vector of the
two-photon produced final state X are determined by the above quantities:

qi = p\ — p\ = (u>i,5l) 4-momentum of the photon radiated by the electron,

92 = P2 — p'2 = (W2) 92) 4-momentum of the photon radiated by the positron,

k = qi + q2 4-momentum of the produced system X.
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P\ = (E\,p\)

Pi =

Figure II. 1: Kinematics of the two-photon reaction e+e —> e+e X.

For given photon helicity states the matrix element describing the 77 —» A' process
depends only on the possible scalar combinations of the photon 4-momenta i.e.
q\, q\ and 91̂ 2- Instead of qxq2 the invariant mass of the final state X is often
used: M\ = A:2 = q\ + q\ + 2q\q2. Since these scalars play a prominent role in the
calculation of the cross section they will be worked out in more detail. For qf:

qf = (Pi ~ P',? = Pi + P? ~
= 2vnl-2EbE'i + 2yjEl-:

« -2EbE'i{\ - cosOi) = -4

/E? - m2 cos &i

ysm^n-E.E'tf

(II.2)

The first approximation holds for me <C E\ < Eb and the second for small #,- which
is a good approximation for most of the events as a result of the Bremsstrahlung
nature of the photons. The transverse momentum of the scattered lepton equals
Pj_i = E^s\n2Bi and therefore Pj_ti as \qf\ as long as E[ as Eb. For later reference
the (awkward) q2 limits will be given here:

0 2
aina (II.3)

In the same approximations, the result for A:2 is ("12 as TT if both

A:2 = (91
-!\2

, ~.2 -J2

' - (P i +Pa + 2 Pi Pi (H.4)

COS

- AE[E'2 cos2 - ^
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Both the validity of the 0; « 0, £, « JBJ and k2 RS 4wju;2 approximations are e.g.
clearly shown in figures IV.3(a) and IV.2(a,b) for the e+e~ -* e+e~i}c process.

II.3 Cross section of the two-photon process

The basic two-photon diagram, figure II.l, contains three vertices of which two,
the cc7 vertices, are completely specified by QED whereas the 77X vertex remains
unknown in case of a hadronic final state X. The transition matrix element of the
reaction e+e~ —• e+e~X follows from the standard QED Feynman rules:

e2

where u(p,s) and v(p, s) are the Dirac spinors for free electrons and positrons with
4-momentum p and spin s respectively. The hadronic tensor M*1" describes the
actual two-photon reaction (A,- represents the helicity of the ilh photon):

If the matrix element as given in equation II.5 is divided by the incident e+e~ flux,
JXe+e-\ Xe+e- = (P1P2)2 — p\p\ ̂  4£j, and multiplied by the final state phase
space factor the differential cross section of the two-photon process is:

where the J2 symbol includes both a sum over the outgoing e+,e~ spins and an
average over the incoming e+,e~ spins. The symbol dT represents the phase space
element for the final state .Y while (e,-, k{) is the 4-momentum of the ith particle in
the hadronic final state X:

spins i ( 2 T ) 2e,

The final state e+,e~ spin sum and initial state e+,e" spin average are easily per-
formed; the result is the product of two leptonic tensors L"u, one for the electron
and one for the positron, e.g. for the electron:

= iTr{(/*+me)7*(/+me)7''} (II.9)
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If ixibtead of the leptonic tensor the unnormalized density matrix /?"" = L^/i—q2)
is introduced the differential cross section is then:

The remaining unknown quantities in equation 11.10 axe the elements of the
4 th rank hadronic tensor M^M*,,,,. Not all of the 256 elements are independent;
photons only couple to conserved electromagnetic currents and consequently only
three of the four possible values of the Lorentz indices are independent, this can
be made explicit via a transformation to the photon helicity basis e* and e°. The
details of this tedious transformation can be found in reference [20]; in this new he-
licity basis the hadronic tensor will be denoted by Amnmin> and the density matrices
although quite different still by pmn, the indices mnm'n' take on the values ± and
0 representing helicities ±1 and 0 respectively. The remaining 81 elements of the
hadronic tensor are still dependent; conservation of angular momentum requires
m — n = m' — n' and leaves 19 independent elements, parity invariance requires
Amnm>n> = A_m_n_m/_n< and leaves only 10 independent elements and finally time
reversal invariance requires Amnm'n' — Am>n'mn and reduces the number of inde-
pendent elements to 8. Of these remaining 8 elements 2 combinations can only be
measured with polarized e* beams and will therefore be neglected.

Integration of the quantities Anmn<mi over the final state phase space dY gives:

WmBmrB» = | J Amnm,n,6
4(q, +q2- k)dT (11.11)

These Wmnmini are related to the cross sections, CTTT, &TS< &ST and ass, for the
process 77 —> X by photons with given helicities and to the squares of the spin-flip
amplitudes TTT and TTS all of which are real scalar functions of fc2, q2 and q\. Here
5 represents a scalar, helicity 0, photon and T a transverse, helicity ±1, photon.
Explicitly:

TTT — 2 yy"lW++— fa Tf^^x — \O" ~ <7"J

OTS =

0ST =
(11.12)

"77

Here \jX-yy represents the 77 flux factor:

Xjy~{qiq2) -?i?2 = 71«; - 2 K (gj + g2J + (?i - ?24 I \ / \
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The given approximation for Xyy is valid in the real photon limit, both qf -* 0.
and in this same limit all of the cross sections in equation 11.12 go to zero except for
CTTT and TTT'I their relation to the cross section for the scattering of photons with
given linear polarizations, er" and <TX, is indicated.

With these definitions the complete differential cross section decomposition for
the two-photon process is:

?pio- 8\p?pi

Symmetry between the two photons still requires cs
and hence only 5 real functions of k2, q\ and q\ are needed to determine the cross
section of an arbitrary two-photon process. The expressions for the elements of pmn

can be found in reference [20] and for later use the explicit expression for p++ will
be given:

q\

II.4 Approximations for the cross section formula

The complex helicity structure of the cross section as given in equation 11.14 can
be simplified in many cases. The spin-flip terms TTT and TTS appear multiplied
by cos2A<£ and cosA<£, respectively, and therefore average to zero1 unless A<£ is
explicitly determined as e.g. in a "double-tag" experiment. Since in this thesis only
the "no-tag" and "single-tag" modes are considered the TTT and TTS terms will be
dropped henceforth as well as the ass term which according to equation 11.14 is
proportional to q\q\. Therefore only the <?TT and <rTS terms remain in the cross
section as given in equation 11.14.

As a result of the 1/q2 photon propagators the radiated photons are predom-
inantly real and hence, unless <jTT = 0 (e.g. in case of the production of a spin-
1 resonance as a result of the "Landau-Yang" theorem [59]), the cross section is
dominated by the <JTT term. This approximation, called the "transverse photon
approximation", will be simplified further in the next two sections. The resulting
cross section formulae are convenient for theoretical work or quick rate estimates
but hardly ever used in experimental analyses since computer programs based on
the full cross section are available (see chapter IV).

'Assuming the apparatus is azimuthally symmetric.
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II.4.1 Equivalent photon approximation

The functions pf+ and p$+ in equation 11.15 depend on the variables of both pho-
tons. In the q2 —> 0 limit these variables can be decoupled and hence each photon
flux is determined by the kinematics at one eej vertex only. Explicitly:

{( + ) 2 ? ! } k2 « 2 w j w 2

(11.16)

Together with the expression for X'yy as given in equation 11.13 and the
value given in equation II.3 p++ is:

^ V with « (IU7)
q2 J Eb

In this same approximation the phase space element of the scattered leptons is:

The integrals over dq2 and d<f>' can be carried out analytically and the cross section
is then:

do + — p+p~ Y = N(x\)]VIx2)(7*yy—Xdx^dx2 (11.19)

Here N(x) determines the photon density originating from the incoming e±:

(H.20)

— In J; [ 1 — x + ^ - J, with 77 =

The factorization in equation 11.19 is referred to as the "equivalent photon" or
"Weizsacker-Williams" [8] approximation. The particular value of rj depends on the
experimental situation: without any restrictions on the scattered leptons r\ = E\,j mf

is most often used; if the scattered leptons are to be observed in the angular range
#min < 0 < 9max equation II.3 leads to 77 = 0max/0min' In case of the TPC/7->
experiment the values of #„,„, and #„„„( are respectively 25 mr and 180 mr and hence
the relative rates of "no-tag", "single-tag" and "double-tag" events is approximately
100 : 20 : 4 (any additional q2 dependence of the 77 —».Y process has been neglected
throughout).
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II.4.2 Low approximation

Integration of equation 11.19 with the constraint z = y/xix2 « ^\Jk2/E2 = Mx/2Eh
gives, apart from the mass dependence in ayy^Xi the mass dependence of the cross
section of the e+e~ —> c+e~X process:

rp-'-n-xdz (II.21)

where:
f(z) = - (2 + z2)2Inz - (1 - z2)(3 + z2) (11.22)

The function / is the so-called "Low function", as it was first derived by Low [10] in
his proposal to measure the TT° lifetime at e+e~ storage rings. It is a slowly varying
function of z and therefore the z dependence of the cross section is given by the
\jz2 in equation 11.21.

The accuracy of the "Low approximation" can be illustrated using the two-
photon t]c production as an example: this approximation, together with equa-
tion 11.24 for the 77 —+ i)c cross section, gives for the e+e~ —> e+e~r/c cross section2

8.2pb/keV to be compared with the exact result of 7.2pb/keV or 6.7pb/keV if an
additional J/V> form-factor is inserted in equation 11.24.

II.5 Cross sections for 77 —> X

Below, the 77 —+ X cross sections for the two processes analyzed in this thesis will
be discussed:

77 -> R

y, -> cc

R stands for any of the charmonium states r/c, xo or \2- The cross section oi the
77 —• cc process will be used for the inclusive D'+ production. Only the "no-tag"
mode will be used in the analysis of the charmonium resonances production whereas
the inclusive £>*+ production will be analyzed in both the "no-tag" and "single-tag"
modes.

II.5.1 The process 77 —*• R

In the real photon limit, q2 -* 0, the two-photon production of a resonance /?,
with spin J ^ l , can be related to its inverse process: the two-photon decay of the

2Two-photon resonance production cross sections are usually calculated as if Tyy(R) = 1 keV in
equation 11.24 which explains the [pb/keV] dimension of the quoted cross spctions.
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resonance R. Expressed in terms of the helicity amplitudes M\x\2 the two-photon
decay width of the resonance R is given by:

32*MR fa1 A1Aal

where pi, and <ffi-, represent the momentum and solid angle of one of the photons in
the decay frame of the resonance R. JMAJA2

 w a s assumed to be independent of <ffî
and the solid angle integration yields only lit due to the symmetry of the 77 state.
Similarly the cross section for the 77 —> R process can be calculated and
can be used to eliminate the helicity amplitudes3:

(11.24)

where p~R and M R represent the momentum and the mass of the resonance R.

To determine which particular helicity amplitudes contribute to the 77 cross
section for the different charmonium resonances i]c, \o and \ 2 the 77 states with
well denned J^ c values are listed in table II.1.

From table II. 1 follows that the \Q couples only to the | + + > + | > state
which corresponds to 77 states with parallel linear polarizations,- the r)c couples only
to the | + + > — I > state which corresponds to 77 states with perpendicular
linear polarizations. These rlc and ^0 results can also easily be obtained from the
construction of the appropriate product of the photon polarization vectors £[, f2

and the relative momentum vector <f between the two photons in the i]c or \ 0 decay
frame: for the pseudo-scalar rjc the matrix element is proportional to [i\-x.€2) -(fand
for the scalar ,\o it is proportional to t[ • e .̂

The \2 situation is more complicated since this state couples to both the helicity
0 and 2 two-photon states. The existence of two independent couplings does not
affect the total cross section for \2 production but does impact on the angular
distribution of its decay products and hence on the acceptance calculation, e.g.

3Equation 11.24 gives the cross section for the 77 ^ R process neglecting the finite width, FR,
of the resonance R. For the actual event generation the -̂function in equation 11.24 is replaced by
a Breit-Wigner mass distribution determined by MR and F/f.1
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for the \ 2 decay to 2-particle final states the angular distribution of the helicity 0
state is, in the \2 decay frame, |122I2 oc sin4 9 and of the helicity 2 state \Y20Y (yi

(3cos20 — I)2. In the case of the decays to ^-particles as considered in this thesis
the effect is much less severe and simple 4-particle phase space has been used to
describe the \2 decay.

77 helicity state

| + +> + | >
| ++> - 1— >

l + ->

P

-f-

-

+
+

C

+

+
+

+

h

0

0

+2

_2

Resonances

Yo, Y2

ric

\2

X2

Table II. 1: The j £ c values of two-photon helicity states.

Hitherto the q2 dependence of the cross section of the 77 —> r}c, ̂ o, X2 process
has been disregarded. It will be accounted for by multiplying the cross section given
in equation 11.24 by an arbitrary function, F2, of q\ and q2 which only has to satisfy
F2(0,0) = 1. The function F{q\,q2) is referred to as the form-factor and the VMD
model predicts:

1
V = (11.25)

The different possibilities affect the total cross section significantly but if the ex-
perimental acceptance is taken into account the ur certainty in the determination
of TJJ is less than 5%; in the analysis the J/J/) form-factor will be used which is in
accord with a numerical calculation for the TJC by Kirschner and Schiller [44]. The
various form-factors are shown in figure II.2(b).

II.5.2 The process 77 —» cc

The theoretical predictions of the process e+e~ —* e+e~cc as used for the inclusive
D"+ analysis are obtained from a Monte Carlo integration program written by Ver-
maseren [77]. This program is based on the exact QED calculation of the two-photon
diagram, figure I.4(a), for the process e+e~ —* e+e~fi+n~ and could be trivially ex-
tended to describe the e+e~ —> e+e~cc process as well. Optionally the contributions
from the Bremsstrahlung diagrams, figures I.4(b,c), can be added but this hardly
affects the total cross section (an increase of approximately 2% it y/s = 29GeV)
and therefore will be neglected. The cross section not only depends in the familiar
way on q\, q\ and k2 but also critically on the 77 center-of-mass scattering angle,
6, of one of the c-quarks. Both the q2 and 6 dependence of the cross section will be
considered in more detail.



page 45 Chapter II. Theory of two-photon collisions

3

©
inoo

t

(a) (b)

10

I I I I J I
-0.75 0. 0.75

—> COS0

t
10 —

lq2l (GeV2)

Figure II.2: (a) The solid curves represent the cos 6 dependence of the 77 —> cc
cross section for 6 different values of the two-photon invariant mass between 4 and
10 GeV. The dotted curve gives the angular dependence, 1 + cos2 0, of the annihila-
tion e+e~ —* cc cross section, (b) The solid curves represent the q2 dependence of the
77 —» cc process for the same values of the two-photon invariant mass. The dotted
curve gives the 3/4>-pole form-factor and the dashed curve the p-pole form-factor.

The q2 dependence of the 77 —* cc cross section can e.g. be found in refer-
ence [20]; 0 represents the c-quark velocity in the 77 center-of-mass frame and only
the crTT and <TST = &TS will be given {\q\\ » \q%\ and q\ w 0 is assumed):

aTr =

asr = (11.26)

The q2 dependence is shown in figure II.2(b) for 77 invariant masses between 4 and
10 GeV; this mass range corresponds to the region of interest for the inclusive Z?*+

analysis as presented in chapter VI.

The lowest order calculation of the 77 —> cc cross section as a function of the
c-quark center-of-mass scattering angle is straightforward and is:

^-yy-.cc _ 16 a2 2/72 sin2 0- /9" sin4 fl+l-ff4

~ 27 k*P (11.27)
dQ 27 P M ( l- /?2cos20)2

At 77 invariant masses near threshold (2 mc) the angular distribution is flat but at
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larger 77 invariant masses it is strongly peaked in the forward direction, | cos ff\ = 1.
This is shown in figure II.2(a); also the less pronounced angular dependence (1 +
cos2 0) of the annihilation process e+e~ —» cc is shown as a comparison. Integration
of the 77 —> cc cross section over the solid angle dSI gives the total cross section as
given by equation 1.28.
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Figure III. 1: Aerial view of the Stanford Linear Accelerator Center. Clearly visible,
from the top left comer towards the center, is the two mile linear accelerator itself.
The building housing the TPC/77 experiment is located in the lower right corner
along the road which follows the PEP storage ring.
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III.l Introduction

This chapter deals with the technical aspects of the experiment. First a brief
overview of the existing facilities at the Stanford Linear Accelerator Center is given
followed by a description of the TPC/77 detector. Special attention is paid to those
components of the apparatus relevant for the analysis presented in this thesis and
to the triggering process. In the last section the data acquisition is summarized.

III.2 Stanford Linear Accelerator Center

Stanford Linear Accelerator C_enter (SLAC) is one of the U.S. laboratories devoted
solely to elementary particle research and well known for its leading role in the
field of electron acceleration techniques. The center is located on property of the
Leland Stanford jr. university at Stanford (California) about 30 miles south of San
Francisco; an aerial view of the center is shown in figure III. 1.

The oldest facility still operational is the two mile linear accelerator, initially
used for fixed target experiments, nowadays an injector for other accelerators and
storage rings. In 1972 one of the first electron positron colliding beam machines,
SPEAR, came into operation. The most prominent among its many exciting ex-
perimental results were the discovery of the charmed quark (1974, shared with
Brookhaven) and the tau lepton (1975). Following these successes a larger electron
positron colliding beam machine, the Positron Electron Proton colliding beam ma-
chine (PEP), was proposed. Colliding e+e~ beams were first achieved in 1980. The
TPC/77 experiment is located in interaction region 2 of the PEP ring.

Currently the SJac Linear C_ollider (SLC), an innovative approach towards higher
energies, is nearing completion. The SLC uses the linear accelerator as a continuous
source of high energy, about 40-50 GeV, positrons and electrons. Two bending arcs
transport the particle bunches emerging from the linear accelerator towards the
final focus where the bunches collide once. If the SLC performs as designed, SLAC
has the opportunity to study the Z°, the mediator of weak interactions.

III.2.1 The Linear Accelerator

The main components of the linear accelerator (LINAC) are the 240 klystrons lo-
cated at equidistant positions along the beam line. Each klystron generates a pow-
erful £adio-frequency (RF) wave which is used to accelerate the particles (electrons
or positrons) up to 53 GeV. The electrons are produced by an electron gun at one
end of the LIN AC and accelerated while they move to the other end. The positrons
are collected from electrons dumped on a target about 2/3 of the way down the
LINAC; transported to a damping ring located near the beginning of the klystron
gallery and then injected in the LINAC where they are accelerated like the elec-
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trons. For the operation of the e+e~ colliding beam machines SPEAR and PEP the
LINAC is used as an injector of the electron and positron beams.

III.2.2 The PEP storage ring

PEP [78] is an e+e~ storage ring designed to operate at center-of-mass energies
ranging from 8 to 36 GeV. The particles to be stored are produced and accelerated
to the required energy in the LINAC and injected into PEP through one of the two
beam transport lines. Typically beam currents, positron as well as electron, are
between 10 and 20 mA.

PEP's main component is the single beam pipe in which a magnetic guidance
field, maintained by over 600 magnets, forces the electrons and positrons to cir-
culate in opposite directions. The energy loss of the particles due to synchroton
radiation (27MeV per revolution for a 14.5 GeV electron) is compensated by an
RF acceleration field. Each beam is concentrated in 3 short bunches and therefore
e+e~ interactions occur only at 6 equidistant locations around the ring. Interaction
legions (IR's) are centered at long straight sections which are inter-connected by
bending arcs. This gives the ring a rounded hexagonal shape with an overall cir-
cumference of 2200 meters and leads to bunch-bunch collisions every 2.44 ̂ s.

In addition to the available center-of-mass energy the luminosity, L [cm'2s"'], is
an important parameter of colliding beam machines. The luminosity is a function of
the bunch densities (N~ and N+, 0(10")), the bunch lateral dimensions (horizontal
ax K. 0.07 cm and vertical cry fa 0.003 cm) and the bunch-bunch collision frequency
(fcK 400000 Hz):

fcN
+N~

L = -2— , Aerf & 4naxay (III. 1)

Given the luminosity the event rate of a certain physical process with cross section a
is determined by the product of th-2 luminosity and the cross section. The interesting
quantity, however, is not the instantaneous rate but the total number of events
produced i.e. the rate integrated over the lifetime of an experiment. Therefore the
integrated luminosity, £, is defined:

• / Ldt =*• Total number of Events = Co (HI.2)

The integrated luminosity is usually not calculated from the definition of L (equa-
tion III.l) but rather equation III.2 is inverted for a process with well know cross
section, e.g. elastic e+e~ (Bhabha) scattering, to determine C. Typical peak lumi-
nosities during the operation of PEP were L = 1031 cm~2s~1 and between 1982—1986
PEP delivered on average about 100 pb"1 a year.

Currently, 1987 — 1988, the magnet configuration of PEP is modified by moving
the focusing quadrupoles closer to the interaction point which leads to reduced
beam sizes and therefore (equation III.l) higher luminosities. After its completion
an upgraded PEP should be able to deliver about 1000pb"1 a year.
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Figure III.2: Schematic layout of the TPC/77 detector. Only one of the two forward
spectrometers is shown.
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III.3 The TPC/77 Detector

III. 3.1 Overview

The TPC/77 detector was designed as a general purpose e+e~ colliding beam exper-
iment with emphasis on charged particle identification and the possibility to study
two-photon reactions. Organizationally the detector is divided into two parts: the
central detector, operated by the TPC collaboration and the forward spectrometers
operated by the Two-Gamma collaboration.

The different components of the central detector are best understood from figure
III.2. The major component is the time projecting chamber (TPC) which measures
simultaneously momentum (p) and energy loss (dE/dx) of charged particles and is
discussed in more detail in the next section. Between the TPC and the beam pipe
a 4-layer drift chamber (IDC) is located. Directly outside the TPC are the magnet
coil and a 3-layer drift chamber (ODC). Further out are the hexagonal calorimeter
(HEX) and the pole-tip calorimeter (PTC) and three more layers of drift chambers,
interspersed with iron, used for muon identification.

The forward spectrometers are specially designed to study the two-photon pro-
cess through the detection of the scattered leptons. For this purpose several high
resolution electromagnetic calorimeters are used: a lead-scintillator shower counter
(SHW) covering the angular range between 100—200 mr, a NAI calorimeter covering
the 22 — 100 mr range and a BGO calorimeter covering the 5 — 9mr range.

III.3.2 The Time Projection Chamber

The time projection chamber is the first representative of a new generation of central
detectors based on an original idea of Nygren [79]. The TPC, shown schematically
in figure III. 3, resembles a large cylindrical drift chamber two meters long and
two meters in diameter, filled with a gas mixture of 80% Argon and 20% Methane
operated at 8.5 atm. pressure. As opposed to the inner volume of an ordinary
drift chamber, which is packed with sense and field wires, the inner volume of
the TPC is virtually empty! The read-out electronics of the TPC is located on
the two end-planes of the TPC. The TPC volume is divided into two symmetric
halves by a conductive membrane (perpendicular to the beam line) held at — 75 kV
w.r.t. the end-planes which are grounded. Together with a set of conductive rings
etched on the inner and outer radii of the TPC, connected by resistors to yield a
continuous transition between the — 75 kV on the central membrane and the ground
of the end-planes, a highly uniform electric field (E), parallel to the beam axis,
is maintained inside the TPC. The uniformity of the electric field guarantees a
constant drift velocity for the ionization electrons released along the trajectory of a
charged particle traversing the TPC. Because of this constant drift velocity the time
it takes ionization electrons to drift to the end-planes can be projected back to the
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position of original ionization; which explains the nomenclature "time projection
chamber". Under standard TPC operation conditions, the electrons drift through
the TPC gas at approximately 5cm//xs and consequently an event requires at most
100/5 = 20 fis to drift through the entire TPC volume.

Endcop sense
wires

• \

\

Endcap sense
wires

"Beam pipe

Negative high
voltage electrode

183 dE/dx wires per TPC sector
15 pad rows per TPC sector

Figure III.3: A schematic view of the TPC.

In addition to the electric field a (super-conducting) solenoidal coil, just outside
the TPC, generates a uniform magnetic field (B = 13.25 kG) parallel to the electric
field. The trajectories of charged particles are bent in this magnetic field and from
the curvature of these trajectories the momenta of the particles are determined. A
very important advantage of a setup with parallel electric and magnetic fields is the
substantial reduction of the lateral distortions in the drift pattern achieved because
the Lorentz force (qvxB) forces the ionization electrons to spiral around the electric
field lines.

As aforementioned the TPC electronics is located on the two end-planes. In
figure III.4 a detailed view of one of the end-planes is given. Each end-plane is split
into six identical multiwire proportional chambers called TPC sectors. Each sector
reads out information from a wedge of space formed by its boundaries in r (radial), (j>
(azimuthal) and the central membrane; a detection volume of approximately 0.5 m3.
The incoming drift electrons are detected by a set of 183 gold plated tungsten sense
wires (20 fxm diameter) held at about 3500 V which alternate with field shaping
wires (75/mi diameter) held at 400 V. Four millimeters underneath the sense wires
the copper clad end-plane is etched to form fifteen 8 mm wide rows, approximately
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(a)

Figure III.4: (a) A view of a TPC end plane; in one of the six sectors the location
of the 183 dE/dx wires is indicated, (b) Layout of the 15 cathode pad rows on a
TPC sector; the 3 lines indicate the wire positions which can be irradiated by a
FeS;> source to determine the gain constants of the dE/dx wires.

below each 12th sense wire. Each of these rows is segmented in 8mm squares called
pads; in total there are 1152 pads per sector. These pads measure an induced signal
from the nearest (typically five) sense wires. The wire and pad geometry of a TPC
sector is shown in figure III.5.

Each pad (and wire) forms an individual electronics channel which consists of
a preamplifier, mounted directly on the sector, a shaping amplifier and finally a
charge coupled device (CCD). A CCD acts as an analog shift register and stores
the output of the shaping amplifiers in discrete time intervals (buckets) of 100ns.
In total a CCD has 455 buckets of which a complete event (20 fis ionization drift
time) typically occupies only 200. If a trigger (to be discussed in section III.3.4)
occurs the CCD's are read-out sequentially and digitized which takes about 50 /is
per bucket; consequently read-out of a full event requires about 10ms. For each
bucket with a signal above a preset threshold the wire coordinate, its pulseheight,
and the time information are stored on tape; a typical event contains approximately
6000 words.

Particle identification with the TPC

The information from the 12x183 = 2196 wires and 12x1152 = 13824 pads are used
to determine true three-dimensional space points of the coordinates of primary
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ionization in the TPC and to determine the averaged dE/dx along each particle
trajectory.

The space points are determined from (I) the location of the wire. (2) the
time of arrival of the ionization and (3) the coordinate along the wire (determined
from the induced signal on the pad row underneath the wire). The hit pattern
defined by these points is used in subsequent analysis programs to find the var-
ious particle trajectories (an example is shown in figure VI.9). These yield, in
addition to the aforementioned momentum measurement, also a measurement of
the particle's entry point into the TPC. At large angles the momentum resolu-
tion is ap/p = ^(1.5%)2 + (0.65% p)2, with p in GeV. The position resolution of
the TPC proper is of the order of a millimeter in both the radial and longitudi-
nal directions. The resolution at the interaction point, however, receives a sizable
contribution (in particular for low momentum particles), from multiple scattering
effects in the beam pipe and the TPC pressure vessel (0.16-Yo) and is approximately

03 + 0.02/p2cm, with p in GeV.

PARTICLE TRAJECTORY

TRAJECTORY

PROJECTED ONTO

PAD PLANE

PAD ROW

Figure III.5: Detail of the wire and pad geometry of a TPC sector. The positioning
of the pads and of the central wires directly above the pad rows is shown. Also
indicated is the TPC response to the traversal of a charged particle.

The ionization energy loss is determined from the pulse heights (directly pro-
portional to dE/dx) of those wires (and/or pads) which are associated with the
trajectory of a certain particle. The individual dE/dx measurements obey the Lan-
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dau distribution [80], which occasionally has very large fluctuations. Therefore the
dE/dx as used for the particle identification is defined as the average of the lowest
65% of the dE/dx samples [81]. The dE/dx resolution for tracks with at least 100
wire samples is about 3.5%.

The mean dE/dx is a well defined function of a particle's velocity (0) and is
given by the Bethe-Bloch relation [35]:

—
dx > = V P ) L V C 1 -

2/?2mec2

(III.3)

here NA = 6.022xl023/mole (Avogadro's constant), re = e2/mec
2 = 2.82fm. The

constants Zmed, '4med and pmf.& represent the charge (in units of the electron charge),
the atomic mass number and the mass density of the medium, respectively. Zlnc

represents the charge of the incident particle and I characterizes the binding of the
electrons in the medium, to a good approximation given by I — 16 Z^d eV.

Mornen t. um
10

( G e V / c )
Figure III.6: Energy loss (dE/dx) versus momentum (p) as measured with the TPC.
Clearly visible are the bands corresponding to different particle species: e, ft, n, K,
and p. The solid lines represent the empirically determined curves for electrons,
muons, pions, kaons and protons.
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Equation III.3 depends on the velocity of a particle and not on its mass and
therefore the TPC momentum and dEfdx measurements can be used to determine
a chisquare ( 1 degree of freedom) for the various particle (i.e. mass) hypotheses:
\e> XM> x£> *K an<^ *P- ^ e distribution of dE/dx versus momentum is shown in
figure III.6. Clearly the different particle species are wel.1 separated except for some
cross-over regions.

111.3.3 The Forward Spectrometers

The prime purpose of the forward calorimeters is the detection and energy deter-
mination of the scattered leptons (tags) from the two-photon reaction. This is
mainly achieved by three different electromagnetic calorimeters. To discriminate
against any possible background from photons, e.g. those from radiative annihila-
tion events, each forward spectrometer is equipped with its own magnetic field and
five drift chambers, DC1-5 in figure ITI.2, to measure the momentum associated
with an electromagnetic shower.

The NAI electromagnetic calorimeter consists of 60 hexagonal NAI crystals
(15 cm from apex to apex) and covers the angular region between 22 — 100 mr. The
long-term energy calibration is obtained from elastic e+e~ Bhabha events and the
short-term variations are tracked by a light flasher system. The energy resolution
for 14.5 GeV electrons is 1.5% and the angular resolution 1 mr. A lead-scintillator
shower counter (SHW) covers the region between 100 — 200 mr and has an energy
resolution of 5% for 14.5 GeV electrons. The angular resolution of the SHW counter
is 2mr. The region between 5 — 9mr is covered by a BGO calorimeter which has
an energy resolution of 3% for 14.5 GeV electrons and is discussed in more detail in
appendix A.

111.3.4 The Trigger

The logic circuitry which combines the signals from the different detector compo-
nents and determines whether read-out and storage of the data is worthwhile forms
the trigger system. On one hand the conditions which define a valid trigger must
be stringent since read-out of the TPC alone requires already 10 ms, which is much
longer than the time, 2.44/us, between two successive bunch-bunch crossings. On
the other hand the trigger requirements must be loose enough in order to collect as
much interesting physics as possible.

The TPC/77 experiment employs many different triggers e.g. Bhabha, cosmic-
ray, double-tag and muon triggers. The analysis in this thesis depends on only
two triggers, both of which rely on the TPC "ripple effect" explained below [82].
The "2-ripple" trigger requires two verticizing tracks in the TPC and is used in
the analysis of the no-tag data; the "single-tag -ripple" trigger requires only one
verticizing track in the TPC in coincidence with a minimum energy deposit in one
of the forward calorimeters and is used in the analysis of the single-tag data.



page 58

X,
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Beam — axis

Figure III.7: Visual representation (side view) of the ripple process. The pulses
indicate the tiring of successive majority units for two TPC tracks (time increases
from the left to the right).

The purpose of the ripple trigger is to scan the TPC for a continuous track
extending from the TPC outer radius to the TPC inner radius. For this purpose
only the TPC dE/dx wires are used. To allow for curved tracks the wires of adjacent
TPC sectors are OR-ed together thus defining six overlapping TPC supersectors.
The wires of a supersector are grouped in 23 so called "majority units" of 8 wires
each. If within a 2 /is time interval at least 5 of the 8 possible wires of a majority
unit have a signal above a preset threshold the majority unit is said to "fire".

The ripple process is started whenever a majority unit fires. The majority unit
which fired enables the next three majority units inwards and if at least one of these
three units fires within the next 2 fxs time interval the ripple process is continued.
The ripple process ends at one of the two inner most majority units where, for a
valid ripple trigger, a coincidence with a timing signal is required to select only
tracks emerging from the beam crossing point. The ripple process is illustrated in
figure III.7.

Completion of the ripple process requires full TPC information which takes
about 20 fis corresponding to about 8 bunch-bunch crossings. Therefore the ripple
process is only enabled if first so called pre-trigger conditions are satisfied. The pre-
trigger is based on prompt detector information and in case of a negative decision
it must be possible to reset the electronics before the next bunch-bunch crossing
occurs. This leaves effectively only 2fis for the pre-trigger decision. In such a short
time period only the signals from small drift-volumes are available: i.e. signals from
the IDC, ODC drift chambers and the first 10 cm (measured from a TPC end-plane)
of the TPC volume. A pre-trigger requires a coincidence between overlapping cells
in two different IDC layers. In addition, for large-angle tracks, a similar coincidence
between ODC layers is required; for tracks which pass through a TPC end-plane
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one of the TPC majority units must fire.

For the 2-ripple trigger two pre-triggers and two separate lines of wire hits, in
non-adjacent supersectors, are required. The typical rate of this trigger was about
0.5 Hz. For annihilation events the 2-ripple trigger efficiency is close to 100%: for
two-photon events, however, the 2-ripple trigger efficiency varies between 30'/? and
90%. The overall lifetime of the experiment was about 70%.

III.4 Data Acquisition

The analysis as presented in this thesis is based on data collected during the 1984-85
and 1985-86 running cycles of PEP which usually extend from Oc tober to March.
Data collection usually was a 24-hour-a-day operation; routinely beams were refilled
every 2-3 hours to about 15 mA and a luminosity of 1031 cm"2s"'. As soon as
the background conditions settled the data acquisition system was started. The
triggers involving only central detector information were written to tape by the
TPC collaboration ("no-tag data sample" )x while the triggers which in addition
used information from the forward spectrometers were written to tape by the Two-
Gamma collaboration ("single-tag data sample'')1. The TPC and the Two-Gamma
collaboration each wrote about 2000 data tapes over the 1984-86 running period.

The raw data tapes pass several analysis stages. Initial passes verify the event
triggers and reject the background events due to primarily beam-gas or cosmic-ray
interactions which typically comprise about 30% of the events. In addition various
calibration constants, needed for the analysis programs for the individual detec-
tor components, are determined from e.g. Bhabha-triggers (electromagnetic energy
calibration), random-triggers (pedestal values of electronics channels), laser-triggers
(energy calibration) and minimum ionizing particles (gain constants of electronics
channels). Subsequent passes achieve e.g. the TPC track fitting. dE/d.r determi-
nation and calorimetric energy determination. The final result, of these passes is a
set of fully analyzed d.ata summary tapes (DST) which can be used for the various
analysis projects.

In total PEP delivered about 150 pb"1 over the 1984-86 running period of which
about 50% was recorded by the TPC/77 experiment. The integrated luminosity,
determined from the number of Bhabha events, equals 69 ± 7pb~' for the no-tag
data sample and 67 ± 7pb~' for the single-tag data sample; the error represents the
systematic uncertainty in this quantity.

'Both data sets contain the information from the central detector as well as (lie forward spec-
trometers. The data written by the TPC collaboration is referred to as the "no-tag data sample"
even though this sample is primarily intended for the s'.udy of the e+e~ annihilation process.
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IV.1 Introduction

In an ideal experiment the measured distributions can directly be compared with
the theoretical predictions. Real experiments, however, have many imperfections
and considerable effort is required to separate the detector effects from the physics
to be studied.

Because of the complexity of the events, the detector equipment and the software
used for event reconstruction and event analysis, it is rarely possible to describe
the detector effects analytically. Therefore most experiments rely on a detailed
simulation of the process of interest to unfold the detector effects from the observed
distributions. These simulations are generally referred to as "Monte Carlo's'". In
short the following steps are distinguished in a Monte Carlo simulation:

• Generation of the events according to an a priori specified distribution: usually
a differential cross section.

• Simulation of the particle trajectories through the different detector compo-
nents. Depending on the level of sophistication particles are e.g. allowed to
decay or to interact with the detector material.

• Simulation of the detector response to the traversal of the different particles.
This includes not only a determination of e.g. the energy deposited in the
calorimeters or the curvature in the magnetic field but also a simulation of
the triggering process.

• Analysis of simulated data, analogous to the analysis of real data.

In its simplest form the above procedure determines the fraction of the events
produced in reality found by the experiment. However it might e.g. also give the
distortions to an angular decay distribution which in turn either can be compared
to the observed distribution or can be used to unfold the detector effects from
the observed distribution. As an important by-product the Monte Carlo event
generation procedure gives a value for the integral of the underlying distribution i.e.
the total cross section of the simulated process. Because of the complex structure
of the differential cross section, viz. equation 11.14, it is usually not possible to
calculate the total cross section analytically.

In the following sections of this chapter first the Monte Carlo method is explained
and then the integration of the two-photon differential cross section, equation 11.14.
is discussed. The detector simulation, including the simulation of the triggering
process, is outlined in section IV.4. Finally, in section IV.5, the acceptance cal-
culation using the e+e~ —• e+e~rjc, 7}c —> K+K~K+K~ process as an example is
outlined and the results are summarized in figures IV.4 and IV.5 and table IV.1.
The results for the other channels to be analyzed in chapter V are included in the
same figures and table. Also the Dm+ meson reconstruction efficiency is discussed
briefly and the results are shown in figure IV.6 and table IV.2.
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IV.2 The Monte Carlo method

The Monte Carlo approach [83] is a method to solve problems in probability theory
where the necessary integrals are too difficult to perform analytically. The method
is best illustrated in the 1-dimensional case; consider the evaluation of the integral
of f(x) on the interval [a, b]:

1 = / / ( * ) * * ^ E / < * . - > (IV.l)

Instead of the usual set {a;,}, N equidistant - . : . = a + (b — a)(i — \)fN, the
Monte Carlo method uses N random points: — '. + (6 — a)7£j. The set {Hi} is
a collection of random numbers1 distributed acu -Hi- g to the uniform probability
density on the interval [0,1]. The error on the Monte Carlo estimate of X is propor-
tional to 0f/\fN, where aj represents the standard deviation of / on the interval
[a, b]. This seems to be rather poor compared to other algorithms which typically
have errors proportional to 1/N2. However the convergence of these other algo-
rithms quickly degrade if used to evaluate d-dimensional (d > 1) integrals, typically
like l/iV2/d, as opposed to the error in the Monte Carlo method which remains pro-
portional to af/vN. Another distinct advantage of the Monte Carlo technique is
the ease with which the complicated boundaries, often present in higher dimensional
integrals, are incorporated.

The "hit/miss" method

As mentioned in the introduction the Monte Carlo method not only gives the value
of the integral but also a set of points, "events", distributed like the integrand.
This is obvious from equation IV.l but here each point, #;, still has its own weight,
namely fix,). To obtain points of unit weight the following trick is used: add an
extra dimension to the integration domain and keep or reject a point x,- depending
whether a random number exceeds the value of /(x;)/ /m a x or not (explaining the
nomenclature "hit/miss"). Here /max represents the maximum of f(x) on the in-
tegration domain, which must be determined in advance. A too large estimate of
/max does not affect the value of the integral but only reduces the efficiency; a too
small estimate of fmax, however, gives an incorrect result and must be avoided. The
value of the integral itself is determined from the used number of random points
(N), the number of random points which pass the "hit/miss" test (iVacc) and the
volume of the original integration domain (b — a in the 1-dimensional example)
as 2 = (b — aJfmaxNacc/N. In the 1-dimensional case this procedure is easily vi-
sualized and corresponds to the determination of the area under the curve. It is
this "hit/miss" technique, which makes the Monte Carlo method extremely use-
ful as a procedure for the generation of unweighted events for high energy physics
experiments.

random number generator for the uniform distribution exists on most computers.
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The "importance sampling" method

Since the error (and hence the rate of convergence) of the Monte Carlo procedure
is proportional to the standard deviation of the function / . various methods have
been developed which aim to reduce this a}. The method most often used is called
"importance sampling"; it is basically a change of variables:

g'(x) V -

The essence is that the standard deviation of f/g' can be made smaller than the
standard deviation of / alone and therefore the accuracy of the integration can be
increased without increasing the number of points used. If g' coincides with / the
Monte Carlo calculation of the integral is exact. Of course for this particular case
the integration of / can be done analytically as well; the Monte Carlo method,
however, can still be used to give ((/-values distributed according to / as follows:

jdg(t) ]dt
£ 1

b = = H => y = g
fdg(t) fdt
a 0

As an example consider the Breit-Wigner resonance shape frequently used to
describe particles having a finite width (e.g. the p meson):

here M and F represent the mass and the width of the resonance, respectively. This
function is integrable and its primitive is:

and hence m-values distributed according to this function are obtained as in equa-
tion IV.3; the procedure is illustrated schematically in figure IV. 1:

The event generation usually makes use of the "importance sampling" to ac-
count for the approximate behavior of the differential cross section; the integration
of the remaining function is done using the "hit/miss" technique which then simul-
taneously yields the total cross section and a sample of unweighted events.
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M -3T m

Figure IV.1: Graphical representation of the "importance sampling" method and of
the "hit/miss" method. The bottom curve represents the Breit-Wigner distribution
and the top curve represents its primitive.

IV.3 The event generation

The generation of the two-photon events as well as the generation of the annihilation
e+e-.Xevents is separated into two parts: first the kinematics of the e+e~

or e+e~ —> •yX reaction is simulated and then the decay or the hadronization of
the produced state X is simulated. X represents either one of the charmonium
resonances rjci \o and \2 or a cc-quark pair. This separation is possible provided
the decay of the charmouium resonance (or the hadronization of the cc-quark pair)
does not affect the cross section.

The Monte Carlo generation of the two-photon events, apart from the cc ha-
dronization process, is described in the next section. The hadronization of the
cc-quark pair, both for the two-photon and the annihilation events, is based on
the LUND [72] Monte Carlo program and is not discussed. The generation of the
e+e~ —+ fee annihilation events follows the procedure as proposed by Berends and
Kleiss and the details can be found in reference [71].

IV.3.1 The generation of two-photon events

In chapter II, equation 11.14, the following expression for the differential cross section
of the two-photon process was derived:

a (IV.7)

2 pt~p2~\r-rrcos2A<f> - 8 | rTS cos
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The explicit formulae for a-n^ <?TS etc. depend on the particular process under con-
sideration and the relevant expressions were already given in chapter II, section II.5:
equation 11.24 for the charmonium resonance production process ((T̂ -y ~ /TTT)
and equation 11.26 for the cc-quark pair production process. A straightforward
"hit/miss" Monte Carlo integration of equation IV.8 over the variables of the scat-
tered leptons, for which costf •,, and x,- are used, is very inefficient because of the
singularities at small 0, and .. Therefore instead of throwing B% and x, uniformly
between their respective limits these variables are thrown to resemble the singular
behavior of the differential cross section as determined in chapter II section II.4:

dcos0idcosff2dx1dx2 sin#id#i sin02d82 dxj dx2 TTr „,
da + - + „ - . , oc 1 5 oc —5-3 =-5 (IV.8)

e+e ~e+e x q2 g2 Xj Xa sin2 & + £ sm2 &, + ( ^ ^
The singularity at x = 0 is unimportant because all processes considered have a
natural lower limit on the two-photon mass, e.g. k2 > 4 m' or k2 « m77,.< which
corresponds to a lower limit on the possible values of x (given explicitly in equa-
tion IV.10 below). The used value for e must be less than —g£linifl_0/(4.E5.E') (given
explicitly in equation II.3), and keeps the cross section finite for 0 —> 0. In this
thesis the following expression for e was used (the given value of e corresponds to
the mass of the ^c):

1 fmeFl mk me\EbEf g ^ = 0

64 I E3
b j -G4EtE"- 4E^ ~ 4EbE' ' U }

Integration of the cos# and x dependence in equation IV.8 is elementary, the prim-
itives become In a: and 21n(sin2| + e), respectively. From the discussion on the
"importance sampling" technique, equation IV.3, it follows that the variables .T,-, 0,
should be thrown like {It represents again a random number uniformly distributed
on [0,1]):

{ T "1 n

X m a * \

^min >

The actual values of 0min and QmM are determined by the restrictions imposed on
the scattered leptons; in the analysis as presented in this thesis 0 < 8 < IT is used
unless stated differently. For completeness the isotropic generation of the azimuthal
angles (j>i and <j>2 is included.

The functional form of o-yr, 0-7-5, etc. of most processes has a pronounced k2

dependence (e.g. the ^-function, or the more general Breit-Wigner shape, given in
equation 11.24 in case of two-photon resonance production). Therefore in practice
one of the a;,-, say x2, integrations is replaced by an integration over k2. This change
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of variables is possible because equation II.4 gives an explicit relation between k2,
J-J, x2, #i , Bi, 4>! and 4>2.

The complete event generation procedure is then: first generate a value fc: k2,
either isotropic or e.g. according to a Breit-Wigner in case of two-photon reso-
nance production, then generate values for 8\ and 62 as given in equation IV. 10.
subsequently generate the uniformly distributed d>\ and <t>2 and finally generate Xj
and calculate X2 from the relation between k2, 0\, O2, <t>\. 4>2 and x\ given in equa-
tion II.4. The last step consists of a "hit/miss" Monte Carlo integration of the full
differential cross section (equation IV.7) after the already incorporated behavior,
equation IV.8 together with the distribution, if any, used to generate A:2, has been
divided out. For the processes considered in this thesis the efficiency of the final
"hit/miss" Monte Carlo integration typically ranges from 10 to 30%. The explicit
values of the cross sections of the e+e~ —> e+e~rjc process, mentioned already in
chapter II section II.4.2, were determined as just described.

For the e+e~ —> e+e~i]c process the efficiency gain is clearly demonstrated in
figures IV.2 and IV.3. In figure IV.2(a) the x-distribution of the generated events
is shown and it is evident that a straightforward "hit/miss" Monte Carlo integra-
tion on this variable is very inefficient as opposed to a "hit/miss" Monte Carlo
integration on lnx, shown in figure IV.2(b), which has a rather flat distribution.
Similar results follow from a comparison of the 6 and ln(sin21 + e) distributions
shown in figures IV.3(a,b), respectively. Incidentally the accumulation of events
around the line lnx-i +lnx2 — —4.54 in the correlation plot given in figure IV.2(b)
indicates the validity of the k2 as 4WIW2 =H 4EfaiX2 approximation (k2 w ir.2, and
Et, = 14.5 GeV). Also the goodness of the other approximations, 6 Rs 0 and E' ~ Et,,
can be assessed from figures IV.2(a) and IV.3(a), respectively.

IV.3.2 The simulation of the final state decay

The decay via the various channels studied in the analysis of the exclusive produc-
tion of the charmonium resonances r)c, \o and X2 is discussed briefly. All channels
except i]c —* <j>4> —* K+K~K+K~ and 7j<- —» pp —* ir+ir~7r+n~ use the well known
n-particle phase space distributions to describe the decay process. The phase space
for n particles is related to the phase space for n. — 1 particles if particles 1 and 2
are treated as a single system of momentum p^ and mass squared m2

2 = p\2. The
explicit recurrence relation is:

d$n(Pl,Pi,-.,Pn) = (27T)3(i$2(p1,l>2)rfm
2
2rf*n_1(pi2,P3, Pn) (IV.ll)

With this recursive relation the 4-particle phase space distribution needed for the
7r+7r~7T+7r~, K+K~K+TT- and K*K~K+K~ final states and the 3-particle phase
space distribution required for the Ar± Ji'iyTr* and the <f>K+K~ final states are easily
expressed as a product of 2-particle phase space distributions. With p\ and dQ,\
representing, respectively, the momentum and the solid angle element of particle 1
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Figure IV.2: Distributions of x (a.) and lnar (b) obtained from the Monte Carlo
generation ofe+e~ e+e i]c events.
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Figure IV.3: Distributions of 6 (a) and ln(sin21 + e) fb) obtained from the Monte
Carlo generation ofe+e~ —> e+e~77,; events.
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in the nii2 decay frame the relevant expressions become:

<»a(Pi,P2) = (27rr6r^-dn'14m)2

With these equations the decay distributions are generated using the Monte Carlo
"hit/miss" method to generate the relevant pair-masses m^ and by throwing each
solid angle element isotropically in its corresponding 2-particle decay frame and
finally boosting all 4-vectors to the Lab. frame.

Because of the important role of the rjc —» <f>4> —> K+K~K+K~ decay channel
its angular distribution is exactly calculated. The rjc —* 00 angular distribution is
isotropic in the rjc decay frame because the rjc has spin 0. From the J quantum
numbers of the r\c and the <p meson, 0~ and 1~ respectively, it follows that the 00
system has orbital angular momentum L = 1 and hence spin angular momentum
S = 1. If the r)c —• <j>cj> decay axis is used as the ;r-axis, only the 00 spin state
|S = 1, Sj = 0 > contributes and the angular distribution of the two 0 —> K+K~
decays is (0" and <f>* are the decay angles in the ilh <j> decay frame):

sin2^sin2^sin2((^i - <t>"2) (IV. 13)

The i]c —+ pp —> 7r+7T~7r+7r~ decay obeys the same angular distribution.

IV.4 The detector simulation

In the detector simulation software three stages are distinguished: the first stage.
the simulation of detector geometry, tracks the particles through a model of the
apparatus; the second stage, the simulation of detector response, determines the
response of the various sub-systems to the traversing particles; the third stage,
the simulation of the trigger, decides whether or not the event triggers the data
acquisition system to read out the electronics and subsequently to store the data
on tape.

The simulation of detector geometry is a very CPU intensive process, based on
a magnetic field map and a detailed table of the materials comprising the appara-
tus. Each particle, of a generated event, is transported through the apparatus in
a succession of many small steps. After each step the probabilities for various pro-
cesses, e.g. Coulomb scattering, particle decay, photon conversion, are determined
using realistic data on e.g. a particle's lifetime, inelastic and elastic cross sections,
ionization loss in the various media. These probabilities govern the evolution of a
particle's trajectory and e.g. in the case of a decay the program continues to track
the decay products in a similar fashion as the parent particle or in the case of ion-
ization energy loss the particle's momentum 4-vector is changed accordingly. The
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output of this program consists of a list of momentum 4-vectors at various positions
throughout the apparatus, for each particle (and its off-spring) in the generated
event separately. Usually these positions correspond to a particle's decay point or
a detector boundary e.g. TPC entry/exit radius or the front face of a calorimeter.

The simulation of detector response reproduces the combined effects of each
sub-system's measurements on the traversing particle and of the software analysis
of these measurements resulting in e.g. an energy or momentum estimate of the
particle. As such this part of the program is different for each of the sub-systems.
Common features are the efficiency and the resolution of each sub-system. Ideally
these parameters are determined from real data (e.g. analysis of Bhabha events to
determine the efficiency and the energy resolution of the NAI calorimeters or the
scanning of multi-hadron annihilation events to determine the TPC track recon-
struction efficiency). Hovvever this is not always possible and extrapolations based
on realistic model calculation as e.g. obtained from the EGS [84], electron and
gamma shower simulation, program have to be used to estimate the response of
certain sub-systems. The output of the detector response simulation programs is
identical to the result of the software analysis of real data and therefore any subse-
quent event selection and/or analysis can be performed in parallel on the real data
and on the Monte Carlo data.

The trigger simulation resorts in principle under the simulation of the detector
response but is done in a separate pass because of its complex hardware defini-
tion. Only the simulatior of the TPC ripple trigger, discussed in section III.3.4. is
summarized here since it is the only central trigger for which a reliable simulation
exists and therefore the only central trigger used in the analysis as presented in this
thesis. The simulation is performed in close analogy to the real trigger operation.
To simulate the pretrigger a detailed hit pattern of both the ODC and IDC wires is
generated. The ODC simulation is particularly important since the momenta of the
particles in two-photon events are in general rather low (p ~ 1 GeV) which gives
rise to a sizable absorption probability in the magnet-coil just in front of the ODC
(especially for kaons and protons2). The simulation of the ripple process proper is
based on a simulation of the hit pattern of the dEjdx wires. The resulting trigger
efficiencies for the channels as analyzed in this thesis are rather high compared to
other analyses (in particular compared to 2-prong analyses like 7/'(95S) —» 77r+7r~.
a2(1320) -> TT+TT-TT0 and /2(1270) -» TT+TT"), but still depend critically on the num-
ber of kaons in the event. At 3 GeV invariant mass the trigger efficiency is 82%,
80%, 78% and 67% for 7r+jr-jr+*-. A^Tr+Ti-Tr*, A'+A'-TT+TT- and A'+A'-A'+A""
final states, respectively. The trigger efficiency used in the analysis of inclusive D'+

meson production equals 87% (100%) for the D*+ -> £>°/r+. D° -* K~TT+ decay
mode and 89% (100%) for the D'+ -» Z?°7r+, D° -V A'-7r+7r-7r+ decay mode for the
two-photon (annihilation) events.

2The minimum momentum (for perpendicular incident particles) required to traverse the magnet-
coil (0.86X0 « 21g/cm2 Al) equals approximately 150 MeV, 350 MeV and 560 MeV for jr. A' and p.
respectively.
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IV.5 The acceptance calculation

Although the detailed event selection procedure is only given in chapters V and
VI the acceptance calculation for the two analyses, exclusive production of the rjc,
\o and \2 charmonium resonances and the inclusive production of £>*+ mesons is
presented here, together with a discussion of the systematic errors involved.

IV.5.1 Acceptance for charmonium resonance production

The acceptance calculation is illustrated using the e+e~ —> e+e~T]c process with the
T)c —* K+K~K+K~ decay as a representative example of the two-photon production
of charmonium resonances.

The first step consists of the actual generation of the events and as such requires
the specification of CT7T(A;2 ,5J,3|); the other terms in the cross section formula
(equation 11.14) either vanish or average to zero as has been discussed in chapter
II. In equation 11.24 it was shown that <?TT at q\ = q\ = 0 is simply related to
the r/c two-photon decay width, Tff(T)c). Only the form-factor behavior at qi ^ 0
remains arbitrary and in table IV.1 the cross section of the e+e~ —» e+e~rjc process
is given for the various assumptions for the q2 behavior commonly encountered in
two-photon physics. The resulting model dependence is largely reduced by the event
selection procedure which is strongly biased towards events with small transverse
momentum of the r)c decay products, | ^ p j . | , and consequently small \q2\ (see the
discussion following equation II.2). This is shown explicitly in table IV.1 by the
values in parenthesis which give the cross section if #tag < 20 mr is required (this
corresponds approximately to the imposed |]CP.LI < 200 MeV cut). The remaining
uncertainty, about 2%, is negligible compared to the overall systematic uncertainty
in the acceptance to be discussed below.

Besides <JTT{k2
%q2,ql) the rjc decay mechanism hap to be specified; two possi-

bilities are considered here: the resonant i]c —> <j><p —> K+K~K+K~ decay with
the angular distribution given in equation IV.13 and the rjc —> K+K~K+K~ phase
space decay discussed in section IV.3.2.

Given the cross section and the resonance decay channel and decay mechanism
typically 10k events are generated for each process to be analyzed. To save CPU
time only those events which have a chance to give rise to 4 reconstructed tracks
in the central detector, i.e. polar angles of the i]c (or \;0, \'2) decay products in
excess of 300 mr, are submitted to the time consuming detector simulation pro-
gram. For the two different r\c -» K'I'K~K+K~ decays this fraction is giver in
figures IV.4(a, a'); the slow rise with increasing mass is due to the diminishing im-
portance of the Lorentz boost of the two-photon system when the two-photon mass
increases. The different behavior of the two decays is of course due to the different
angular distributions of the K+K~K+K~ system. No systematic error is attributed
to this reduction since it is fully correlated with the event selection.
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Form-factor

p-pole

3/ip-pole

Constant

Low-approximation

Decay Channel

TT+Tr-Tr+TT-

pp - > 7r + 7r~7r + 7r"

A'+A'-JT+JT-

A-iA-gjrT -> A-iff+jr-jr^ (SV)

A'+A'-A'+A'"

^A'+A- - A'+A'-A'+A-

^ -> A'+A'-A'+A-

a e + e

5.4 (4.4)

6.7 (4.5)

7.4 (4.5)

8.2

e+e~ —»

6.1

3.6

5.1

3.5

3.4

3.1

3.4

5.8

-~e+e~R ( P b /

X'o

3.3 (2.6)

4.1 (2.6)

4.5 (2.6)

5.0

keV)

\ 2

13.8 (11.0)

17.2 (11.3)

1S.9 (11.3)

21.5

e+e~R acceptance (%)

\ o

6.1

3.6

5.1

3.5

3.6

4.4

4.6

6.8

\ 2

6.1

3.6

5.1

3.5

3.8

4.6

4.8

6.9

Table IV. 1: In the first part of the table the total cross section of the e+e~ —> e+e~R
process for the various assumptions for the q2 behavior of <?rr(A-2,<7j,<jr|) is given.
The values in parentheses follow if the scattering angle of both the electron and the
positron is restricted to be less than 20 mr. As a comparison the total cross section
as calculated in the Low-approximation is included. The second part of the table
gives the acceptances, assuming a 3/tp-pole form-factor, for the various channels
analyzed in this thesis.

After the events pass the detector simulation program several requirements have
to be satisfied before an event can be accepted. These criteria are discussed in detail
in chapter V and here only their influence on the acceptance is discussed.

First the 4 tracks must be reconstructed in the TPC with a rather precise mo-
mentum measurement [dp/p < 30%) and sufficient dE/dx information (number of
wires > 3C). This effectively means that each of the 4 tracks must have a polar
angle 9 > 350 mr and a momentum p ~ 100 MeV or p ~ 300 MeV for pions and
kaons respectively. The first requirement follows from the TPC wire geometry and
the second guarantees a reasonable probability for the particle's trajectory to reach
the TPC sensitive volume both w.r.t. curl-up in the magnetic field and absorption
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in the material in front of the TPC. The event fraction with 4 tracks reconstructed
in the TPC is shown in figures IV.4(b,b'); the 0 and p requirements just mentioned
explain approximately 50% of the inefficiency. Additional event losses are e.g. due
to the effects of nuclear absorption in the TPC inner wall, the TPC inefficiency neai
sector boundaries, particle decays (particularly important for the low momentum
A"*) and the reconstruction efficiency of the TPC software. The systematic uncer-
tainty attributed to the TPC simulation and reconstruction has been estimated to
be 5%.

Next the dE/dx information is used to establish the K+K~K+K~ nature of the
event. The'used algorithm requires that the confidence level of the K+K~K+K~
hypothesis, calculated from the four \jc values, exceeds 10% and therefore is at most
90% efficient. In addition events with a large confidence level for any other particle
assignment are rejected. From the event fraction passing the dE/dx selection, shown
in figures IV.4(c, c'), the actual event loss is seen to be about 25%. The efficiency
decreases with the mass because the dE/dx discrimination between the various
particle types deteriorates as the .nomentum of the particles increases (as shown in
figure III.6). A 10% systematic uncertainty is attributed to this event identification
algorithm.

Subsequently the | 5Zp±l c u t is imposed to remove non-exclusive 4-prong events.
In general these events do not have small | Z)Pxl because one or more particles are
missing. Since the | YlP±\ ls calculated from the r/c decay products alone this same
cut also removes events with large angle tags3 (0tag ~ 20 mr) hence reducing the
model uncertainty as mentioned. The percentage of the events which satisfy this

cut is given in figures IV.4(d, d'); for its systematic uncertainty 5% is used.

Finally the events which pass all of the above cuts are subjected to a detailed
simulation of the triggering process and the resulting trigger efficiency is shown
in figures IV.4(e, e')- The rise of the efficiency as a function of the mass is easily
understood as a consequence of the increased averaged momentum of the particles.
The trigger efficiency was also determined using an independent sample of single-
tag events collected with a single-tag.ripple trigger which is slightly looser than the
TPC 2-ripple trigger. Because of the limited statistics this was only possible for the
7r+7r~7r+7T~ channel. The resulting trigger efficiency was within 10% of the Montr
Carlo calculation and this difference was taken as the systematic error.

The complete acceptance for the two channels discussed is the product of the
individual efficiencies and is shown in figures IV.5(f, h) together with the efficiencies
for the other exclusive channels. All acceptances are in the 3 — 7% range at the
masses of the rjc, \ 0 and \2 charmonium resonances. The large difference between
the resonant pp -+ 7r+7r~7r+7r~ and 7r+7r~7r+7r~ phase space decay is not entirely
due to the different angular distributions but also to the TT+-K~ mass cut used to
identify the broad p resonance. The branching fractions of the A'° —> n+n~ (69%),

^to; some channels the analysis is also done including the tags, if any, in the | £ p j . | definition.
This leads to a '.ligher acceptance (about 25% in case of the J/V-pole form-factor) but also introduces
a larger model dependence due to the uncertainty in the q1 dependence of orr{k2, '/f,g?).
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0 —> K+K~ (50%) and p —> ft+ir (100%) decays were ignored and have to be
accounted for by the branching fraction of the particular charmonium decay. The
total systematic uncertainty in the acceptance is given by the quadratic sum of the
aforementioned individual systematic uncertainties and is: \ /5 2 + 102 + 52 + 102 «
15%.

IV.5.2 Acceptance for charged D* meson production

The D'+ reconstruction efficiency depends critically on the momentum of the D"+

or, equivalently, on zo-, the fractional energy of the D"+. This is due to the low
(J-value of the D"+ -+ ir+D° decay which implies that the ir+ obtains most of
its momentum from the Lorentz boost of the D*+. This x + momentum must ex-
ceed 100 MeV in order to be observable in the TPC and therefore the momentum
of the D"+ must be larger than 813MeV. The D*+ (D° -> K~TT+) reconstruc-
tion efficiency is shown in figure IV.6 as a function of z^- both for the annihi-
lation e+e~ -+ cc(7) —• D"+X process (figure IV.6(a)) and for the two-photon
e+e~ —• e+e~cc —> e+e~D*+X process (figure IV.6(b)). Both efficiencies are based
on the LUND description of the hadronization of the ccf-quark pair; the cross sections
for cc-quark pair production are given in equations 1.25 and 1.26 for the annihilation
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process and in section II.5.2 for the two-photon events4. As expected both efficien-
cies vanish below zp* % 0.15 and become independent of zp- for Z£>. ~ 0.40. The
difference between the acceptance for the two-photon and annihilation process at
large zp- is entirely due to the angular distributions of the c-quarks. For the two-
photon process this distribution peaks strongly in the forward region whereas the
same distribution for the annihilation process is much more uniform (these angular
distributions are shown in figure II.2(a)).

Evidently the acceptance for the inclusive D'+ production process as a whole
depends on the ZD> distribution used to describe the hadronization process of the cc-
quark pair. In table IV.2 the acceptance is given for various hadronization schemes.
First the acceptance determined from the standard LUND model, whose zD. dis-
tributions are shown as the solid histograms in figures VI.6 and VI.7. Then the
acceptance determined from an extreme model which simply replaced a ec-quark

4Only Monte Carlo events with the £)"+ decay mode under investigation are used for the cal-
culation of the efficiency; the branching fraction and the relation between the cc and D"+X cross
sections are accounted for later on (chapter VI).

Hadronization scheme

LUND model

cc -+ D*+D'~

cc-+ D'+D~,0

cc-*D'+D~,f33

LUND model

cc -» D'+D-

cc-+D"+D'-,f3

cc-» D'+D-, (3*

D° decay mode

D° -> X-v+

D° -» A'-;r+

£>° -* K~ir+

D° -* A-7T+

n o r'"——+—--.+
i - / —• J \ 7T 7T 7T

£>°-.A-7r+^-7r+
T-kO I"— 4- — 4-

X / —> JV 7T 7T 7T

C + f — D*+X

Annihilation

Full

2 9 .

30.

—

32.

20.

21 .

22.

—

0.61

0.51

—

0.40

0.36

acceptance (%)

Two-photon

Full

9.3

11.5

13.6

—

6.3

7.8

e.i

—

ST

2.8

3.3

3.8

_ . .

1.8

2.2

2.6

Table IV.2: The acceptance for the inclusive e' .' —> D"+X process for differ-
ent assumptions of th • cc hadroniztition scheme In both the annihilation and the
two-photon w.echanism two experiment ' situations are distinguished: the column
labeled "FuJJ" gives the acceptance irrespective of the radiated photon yannihila-
tion) or the "tags" (two-photon) and the column labeled "7" or "ST" gives the
acceptance if in addition to the D"+ rAbv he radiated photon (annihilation) or a
"tag" (two-photon) is reconstructed. The boJdCace numbers are used in the analysis
as presented in chapter VI.
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pair by a D*+D* meson pair maintaining the directions and the invariant mass
of the cc-quark pair. Finally two extensions of this simple model which try to in-
corporate the behavior near threshold. The C-even two-photon process requires
S-wave D*+D*~ pair production whereas the C-odd annihilation process requires
P-wave D"+D"~ pair production. This leads to a threshold factor li or d3 in the
cross section for the two-photon and the annihilation process respectively.

From the differences between the acceptances the model dependence is estimated
to be only 5% for the annihilation process and a sizable 20% for the two-photon
process. The large model dependence of the two-photon process finds its origin in
the mass distribution of the cc-quark pairs which peaks at low masses (2mD». see
figure 1.13) where the efficiency changes rapidly. The corresponding distribution
for the annihilation process, on the contrary, peaks at 2J5j = 29GeV where the
efficiency is constant. In addition to the model uncertainty the systematic errors
arising from the trigger efficiency (10%. two-photon process only), the D'+ recon-
struction (5%) and the integrated luminosity (10%) have to be taken into account.
The total systematic uncertainty of the inclusive D"+ production cross sections is
v/202 + 102 + 52 + 102 = 25% for the two-photon process and >/52 + 52 + 102 = 12CX
for the annihilation process.
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V.I Introduction

In this chapter the analysis of the two-photon decay widths of the charmonium
resonances ijc, \o and \2 is described. The decay channels employed are the 4-
particle states 7r+7i-7r+7r-, A'+A'~jr+Ji—, A'+A"~A'+A'~ and K±K^, A'g -» TT+TT"
and therefore first the 4-prong selection will be outlined followed by a discussion of
the final state identification which mainly depends on the TPC dE/dx information.

The mass spectra will be used primarily for the determination of F-y-y of the
charmonium resonances; however also the two-photon cross sections of the contin-
uum production of the various final states will be evaluated and compared to an
earlier measurement of these processes [56] to verify the normalization. In the last
section of this chapter the results on F-y-y are compared with the measurements of
other experiments and with the theoretical predictions both already discussed in
chapter I.

V.2 Event selection

The event selection is separated in two stages: first exclusive events with exactly 4
"well-measured" tracks are selected. Then the TPC dE/dx information is used to
identify the 4-particle final states of interest. In the next sections both steps are
discussed in more detail.

V.2.1 Track selection

Before a track is counted as a "well-measured" track several criteria have to be
satisfied. From the distributions of the reconstructed point of closest approach
to the beam-axis, shown in figure V.I, cuts on the longitudinal distance, z, of
\z\ < 10cm and on the radial distance, i?, of R < 5cm are determined. The
discontinuity near \z\ = 10 cm is a remnant of a cut in an early analysis stage.
These vertex cuts reject both beam-gas interactions, which do not necessarily occur
at the beam crossing point, and events with badly reconstructed tracks as a result
of e.g. nuclear interactions in the beam pipe material.

The error on a particle's momentum determination should be less than 30%
to guarantee a reasonably accurate calculation of the invariant mass; compare the
momentum resolution mentioned in chapter III: dp/p =a 1.5%. Because of the
magnetic field the momentum of each particle has to exceed 100 MeV to reach the
TPC inner radius; no additional cuts are needed on particle momenta since the
4-particle decays of charmonium resonances do not give rise to particles with low
momenta.

Each track must have at least 30 wire clusters associated with it to allow a precise
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Figure V.I: Point of closest approach to the beam-axis of TPC tracks: (a) distribu-
tion of the coordinate along the beam-axis, -, and (b) distribution of the coordinate
perpendicular to the beam-axis, R. The arrows indicate the position of the cuts
used in the event selection.
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Figure V.2: (a) The distribution of the polar angle, 9, and (b) the distribution
of the azimuthal angle, <j>, of 4-prong events (solid histogram) and 2-prong events
(dotted histogram).
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dE/dx measurement needed for the final state identification. Because of the TPC
geometry this effectively requires a minimum polar angle, 9, of 350 mr for each track.
No additional cuts are imposed on the angular variables and their distributions are
shown in figure V.2. The forward peaked nature of the polar angle distribution is a
distinct feature of two-photon (but also of beam-gas) events which in general appear
boosted in the laboratory. The distribution of the azimuthal angle, <£, is uniform .
as expected, although there is still some hint of the inefficiency near the TPC sector
boundaries. As a comparison the corresponding distributions for 2-prong events are
indicated in the same figure; the inefficiencies are more prominent, mainly because
of the trigger which requires two clean TPC tracks.

Evidently each event must have exactly 4 tracks reconstructed in the TPC. The
charges of these 4 tracks should add to zero; events with a total charge which differs
from zero are used for background estimates.

If in addition to the 4 TPC tracks an energy shower in the forward calorimeters
is observed it is accepted as a tag if its energy exceeds 7.5 GeV; the NAI energy
distribution is given in figure V.3 and as expected for a tag energy distribution it
peaks close to the beam energy of 14.5 GeV.

Figure V.3: The energy distribution of tags in the NAI. The data points are from
the 4-prong data sample and the histogram is from a Monte Carlo simulation of a
typical two-photon reaction.
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V.2.2 7 rejection

Many of the 4-prong events which pass the above described track selection criteria
are either accompanied by additional 7's or a pair of oppositely charged tracks origi-
nating from &*/ —* e+e~ conversion in the material in front of the TPC (probability
Rs 15%). The second kind is easily recognized via explicit reconstruction of the
conversion point. This point should be well separated (> 7.5 cm) from the beam-
axis and the e+e~ pair mass, calculated at the conversion point, must be less than
75 MeV. In addition for both tracks the dE/dx chisquare of the electron hypothesis
has to be less than 10. For the rejection of events with unconverted 7's the energy
depositions in the calorimeters surrounding the TPC are used; if such an energy
deposition exceeds 300 MeV and if it can not be matched within 400 mr with any
of the 4 charged tracks it is accepted as a genuine 7 and the event is rejected.

The main justification of the 7 rejection criteria follows from an inspection of
the |XIPx|2 distribution of the rejected events; near (53Px12 = 0 this distribution
is flat as opposed to the same distribution of real events which has a pronounced
peak near | I2PJ. |2 = 0 (see figure V.4 and the discussion in the next section).

The 7 rejection removes about 20% of the events in the final data sample and is
up to ~ 90%' in agreement with the results from a visual scan which rejected both
events with unreconstructed small angle tracks and events with energy clusters not
associated with the extrapolations from charged tracks.

V.2.3 Kinematic cuts

To suppress the remaining contamination from non-exclusive 4-prong events the
I £px | 2 distribution is used'. For exclusive events this distribution is expected to
peak near | YlP±\2 — 0- In figure V.4(a) this distribution is shown for several cases,
from top to bottom:

" The I YlP±.\2 distribution of all 4-prong events irrespective of their total charge
and 7 content.

- The I 5ZPJ_|2 distribution of events with total charge equal zero. The distribu-
tion of events with a net total charge is shown in figure V.4(b) and does not
peak near I Y.P±\2 — 0-

- The I J3pi|2 distribution of events without additional 7's and with zero total
charge. The distribution of events rejected because of additional 7's is shown
in figure V.4(c) and does not peak near | J2Px\2 = 0 either.

'For tagged events |£]px(2 represents the square of the momentum component perpendicular
to (he plane defined by the tag and thi beam-axis or the plane defined by the two tags for double
tagged events
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The dotted histogram in figure V.4(a) is an estimate of the remaining background;
it is obtained from the |I3Px|2 distribution of the rejected events normalized to the
I SP_L|2 distribution of the accepted events in the region 500 < | J2p±\ < 600 MeV.
Subtraction hereof gives the ) f2Pi |2 distribution as shown by the data points in
figure V.4(d). The histogram in figure V.4(d) is the result of a Monte Carlo simula-
tion of a typical two-photon process. The histogram in figure V.4(e) is the 2

distribution of the K+K~K+K~ events; it will be discussed in section V.3.4.
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Figure V.4: The | YLPL\2 distribution at various stages of the event selection. The
details are given in the text, section V.2.3.
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Event Classification

Total # of events on raw data tapes
# of events on DST tapes
# of events with exactly 4 TPC tracks ("4-prongs")
# of 4-proug events with charge balance
# of events with | ̂ 2p±\ < 200 MeV, before 7 rejection
# of events after 7 rejection, before | $Ip±| cut

# of rejected events because of 7 in the HEX
# of events because of 7 in the PTC

— # of events because of 7 conversions
# of events after 7 rejection with | YlP±\ < 200 MeV
# of events with TPC 2-ripple trigger
Total # of events identified

Event Statistics

w 4000000
827671

89759
50222
7134

14742

6237
5945
4844

22261
4013
9206

Identified as TT+TT 7r+7r

PP
K°Ks
K%K%, with reconstructed K% decay vertices (SV)

Identified as K+K~w+n~
Identified as ppir+n~
Identified as K±K°ir:f:

K^Kgir*, based on dE/dx chisquares only
K^Kgir*, with reconstructed K° decay vertex (SV)

Identified as K+K'K+K-
4>K+K-

4460

224
22

131

7

2929
139

15

122
45

4 or 5
1

Table V.I: Summary of the 4-prong data selection. The top part of the this table
presents the effects of the kinematic and photon rejection cuts. The bottom part
gives the number of events found in the various channels of interest.

As is clear from these distributions a cut of |2Tpxl < 200 MeV, indicated by
the arrows in figures V.4(b-d), removes a large number of background events and
hardly any real two-photon events. From the | £ p± \ distribution of the rejected
events, either events with a nonzero total charge or events with additional 7's, the
contamination from non-exclusive events in the selected sample is estimated to be
«3 10%. For studies of the background in the individual channels the events between
500 < I E P J . | < 600 MeV will be used.
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Figure V.5: (a) The dE/dx versus \p\ distribution of all selected 4-prong events and
(b) the TCTririr confidence level distribution of these events.

V.2.4 Final state identification

The identification of the different final states is based almost exclusively on the
TPC dE/dx information. For the events which pass the above described 4-prong
selection criteria the dE/dx distribution is given in figure V.5(a). Since the momenta
of particles which originate from the decay of charmonium resonances are often in
the ambiguous dE/dx region above 500 MeV no attempt is made to identify the
individual particles separately but instead the complete event is classified as follows.
The dE/dx chisquares for each of the different particle hypothesis, e, n, K and />,
of the four tracks are added together and a confidence level, CL, is defined as:

(V.I)
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where \-2 represents the sum of the four individual dE/dx chisquares and
the chisquare distribution for 4 degrees of freedom:

For the correct particle assignment the confidence level distribution should be uni-
form in case of a background free sample of events. From figure V.5(a), a large
fraction of the 4-prong events are expected to be Tr+ir~n+n~ events; this in accord
with the irrrir-K confidence level distribution shown in figure V.5(b) which inJeed
appears quite fiat except near CL = 0 where of course events with particle contents
different from mrmr accumulate.

Equation V.I is used to calculate the confidence level not only for the final
states of interest but also for the ppn+n~ final state and the background channels
e+e~e+e~. w+ir~e+e~ and K+K~e+e~, where the e+e~ pair originates from an
unreconstructed 7 conversion. In principle an event is accepted for each, final state
of which the confidence level exceeds 10%; however for some channels, notably
K*K%'KTf and K+K~n+n~, additional requirements are necessary to suppress the
contamination of n+n~ft+n~ events. The details will be given in the sections below
on the individual channels.

The event selection is summarized in table V.I which gives the effects of the
various cuts and the final number of events in each of the channels analyzed. Only
the limitation to TPC 2-ripple triggers has not been mentioned explicitly yet; it is
necessary for a proper Monte Carlo simulation as has been discussed in chapters III
and IV.

V.3 Final state mass spectra

In the next sections the identification of the various final states will be discussed in
more detail. In addition to the TPC dE/dx information the particle pair masses will
be investigated not only to facilitate the identification of the JI^A'^TT^ final state
but also to determine e.g. the fraction of pp —> 7r+7r~7r+7r~ and <j><j> —> K+K~K+K~
events in the selected tr+ir~i:+K~ and K+ K~K+K~ data samples respectively.

The analysis will be restricted to the two-photon invariant mass region between
2.5 < M-yy < 4 GeV, the region of interest for the charmonium resonances2. Ta-
ble V.2 summarizes some numerical information concerning the different final states
in this mass region. The first column in this table gives the total number of events
found in the various channels irrespective of any tags; the next column gives the
number of untagged events. The four columns labeled "Monte Carlo breakdown"
represent an estimate of the contamination between the four final states; determined

2The excluded region below Myy < 2.5 GeV is of interest too but has been discussed in refer-
ence [56] already.
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Channel

ir+ Tt~ 7T+ ir~

PP

K±Ka
sirr

I^Kl** SV

K+K-jr+ir-

K+K-K+K-

<t>K+K~

# Events

All

300

72

22

7

97

7

5

1

NT

258

64

15

7

78

4

3

1

Monte Carlo

iririnr

100

100

40

15

60

<

<

KKrnt

<

<

15

<

40

<

Breakdown (%)

<

<

45

85

<

<

KKKK

<

<

<

<

100

100

100

Background {%)

IEPXI

10 ±2

7±3
18 ±9

29 ±20

16 ±4

4±2

0

0

"wrong
sign"

26 ±6

38 ±18

14 ±14

66 ±12
—

0

0

Table V.2: Numerical information for the various channels in the two-photon mass
region between 2.5 < My«y < 4 GeV. The first two columns give the number of
events found in the complete data sample and the untagged data sample respec-
tively. The next four columns give the contamination of a channel, according to a
Monte Carlo estimate. The last two columns represent different background esti-
mates as explained in the text.

from both the Monte Carlo generated probabilities to identify a generated state JY
as a state X' and the actual number of events observed in each channel. A "<C"
symbol represents a negligible contamination between two channels and a value of
100% indicates that the particular channel, say X, is very clean, either because it
dominates the 4-prong sample (e.g. ir+ir~ir+7T~ or pp) or because it is very un-
likely, using the dE/dx information, that any other final state is misidentified as
X (as is the case for A'+A'~A'+A'~). The last two columns, labeled "Background",
give an estimate of the background using the experimental data only: first the
background from "fake" 4-prong events as determined from events selected between
500 < | E Pi I < 600 MeV. Here "fake" 4-prongs stands for events with additional
unseen photons or charged tracks. Next the background from real 4-prong events
which are misidentified by dE/dx, predominantly n+Tr~n+n~. This last background
is estimated from the events which satisfy a "wrong-sign" selection where "wrong-
sign" means e.g. K±K±ir*ir:f instead of K+K~7r+ir~ or Kg 7r±n± instead of

V.3.1 7r+7r 7r+7r channe l

As shown in figure V.5(b) the majority of the selected 4-prong events is consistent
with the 5r+ir~7r+7r~ hypothesis; therefore the TT+TT'TT+TT" selection »s kept sim-
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ple and all events with a nirmr confidence level greater than 10% are accepted as
7r+7T~7r+7r~ candidates. In total 4460 events pass this 7r+7r~jr+7r~ selection; only 300
events fall in the 2.5 < M-yy < 4 GeV mass range of which 258 are untagged. The
mass distribution of the untagged events is given in figure V.8(a); inclusion of the
tagged events does not change this distribution significantly.

The pion pair mass has been investigated because previous investigations of the
7r+7r~7r+7r~ final state revealed a large pp —» 7r+7r~7r+7r~ content [85,56] and because
recently a measurement of JJC —+ pp branching fraction has been reported [33].
Figure V.6(a) gives, for the full data sample, the mass distribution of opposite sign
pion pairs, the solid histogram, and oi like sign pion pairs, the dotted histogram.
In the mass histogram of the opposite sign pion pairs a clear p signal is visible
(m,, = 770MeV and Fp = 153 MeV). To use the rfc -> pp branching fraction of
reference [33] their algorithm to identify the pp events will be used:

n (M&-m»)»'+ mjr; > TE (V"3)

Here the product is taken over the two mutually exclusive opposite sign pion com-
binations. The mass distribution, again in the 2.5 < M-yj < 4 GeV mass range,
of the selected (untagged) pp events is given in figure V.8(b). In total 72 events
(of which 64 are untagged) are found in this mass region. The background, as de-
termined from the like sign pion combinations using the same algorithm, amounts
to 26 ± 6%; this is indicated by the dashed curve in the same figure and will be
subtracted before the cross section evaluation.

content of the TT+TT'TT+TT" sample has been determined
either using a secondary vertex algorithm, to be discussed below, or using straight-
forward mass cuts on the two oppositely charged pion pairs (\MKW—M^ | < 40 MeV).
Neither method yields any events in the 2.5 < M-y-y < 4.0 GeV mass region and
therefore this final state will not be discussed any further. Besides as far as
the charmonium resonances are concerned this channel is of limited use since the
i}c -+ KK decay is forbidden by parity conservation and the branching fractions of
the XQ£ —* KK decays appear to be small [35]. The interested reader is referred
to reference [S6] for a discussion of the lower mass region where in particular the
/'(1525) —» K%K% -+ 7r+7r~7r+7r~ process has been investigated.

The background from "fake" 4-prong events for both the 7T+7r~7r+fl-~ and pp
channels is determined from the events with 500 < | £ p x | < 600 MeV and amounts
to 10 ± 2% and 7 ± 3% respectively, and is indicated by the dotted curves on the
mass spectra in figures V.8(a,b). This background level is in agreement with the
I £ P J . | 2 distribution shown in figure V.4 and will be subtracted before the two-
photon continuum production cross sections are calculated3.

3 For the cross section calculations the statistically most accurate "fake" 4-prong background level
in the ir+ir~ir+K~ channel, 10%, will subtracted instead of the individually determined background
levels. As can be seen from table V.2 all "fake" 4-prong background levels are compatible with the
T+w-Tt+7T- 10% level.
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Figure V.6: (a) The distribution of the 7r+7r~ pair mass (solid histogram) and of
the •K±Tt± pair mass (dotted histogram) in the full 4-prong data sample, (b) The
same distributions but now after the dE/dx selection ofK^K^ir* events ("Method
I"), (c) The same distributions for pion pairs which satisfy the secondary vertex
criteria outlined in the text. The shaded histogram is obtained if in addition the
dE/dx selection ofK±K^ events is imposed ("Method II").

The calculation of e.g. the tj-/^ —> 7r+7r~7r+7r continuum production cross
section is straightforward. From the mass dependent detection efficiency as given in
figure IV.5 and the integrated luminosity, £ = 69 pb"1, the production cross section
of the e+e~ -+ e+e~7r+7T~7r+7r~ two-photon process is determined. This production
cross section is divided by the cross section calculated from equation 11.14, keeping
only the <?TT = lnb term, which according to equation 11.12 in the real photon
limit becomes a^j, to give the cross section of the 77 -+ •K+TT~'K+-K~ process. The
results, again only in the high mass region, are shown by the shaded bands in
figures V.8(a',b'). Both the 77 —> irl"7r~7r+7T~ and the 77 —> pp cross sections are
in good agreement with already published measurements [56].

Clearly neither the •K+T[~I:+K~ nor the pp mass spectra show evidence for the pro-
duction of the charmonium resonances and their subsequent decay into Tr+iK~ir+ir~
or pp. This lack of a signal will be used in section V.4 to set upper limits on the
two-photon decay widths of these states.
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V.3.2 K^K^TC*, A"§ -> TT+TT- channel

Method I

At the two-photon invariant masses of interest the Kirirn confidence level, which
characterizes the K±K%x:f final state, is very similar to the irirKit confidence level,
which characterizes the abundantly produced 7T+7r~7r+?r~ final state. Therefore the
7r+7r~7T+7T~ dE/dx selection is slightly altered and the K±K%ir:f events must have
a KTVTTTV confidence level which exceeds the confidence level of any other possible
particle assignments, except KKirn, by at least 10%.

The pair mass of opposite sign pion candidates in the thus selected K±K°irzf

events is shown in figure V.6(b) as the solid histogram (2 entries per events); the
dotted histogram gives the pair mass for like sign pion pairs multiplied by 2 to yield
the same number of entries. The events with a TT+TT~ pair mass vvithin 40 MeV of the
nominal Kg mass, mA-o = 498 MeV, are accepted as A"° —» 7r+7r~ candidates. In the
mass region of interest only 22 A'±A'§7rT events are found, of which 15 are untagged;
their mass distributions is shown in figure V.9(a). The background determined from
the like sign pion combinations with Mww in the Kg mass window is indicated by the
dashed curve and equals 38 ± 18%; in reasonable agreement with the Monte Carlo
predicted 7r+7r~7r+7r~ and K+K~TT+TT~ contamination (see table V.2). The dotted
curve in the same histogram gives the background determined from the events with
500 < | EPxl < 600 MeV and corresponds to 18 ± 9%.

The two-photon !.eduction cross section of the K±K°Tr:f: continuum, after sub-
traction of the backgrounds, is given in figure V.9(a'); the single entry in the ijc

mass region will be used to set an upper limit on V^j(r]c) (event # 17/433/2641;
see table V.3 for its main characteristics).

Method II

As an alternative selection procedure the same A'±A"§7rT channel is analyzed ex-
ploiting, instead of the charged kaon's dE/dx chisquare, the finite lifetime of the
K° (CT = 2.675 cm) by explicit reconstruction of its decay vertex. The decay vertex
is defined as the point of closest approach of two opposite sign particle trajectories
(helices in the TPC 2?-field). This decay vertex has to be separated from the beam-
axis by at least 1.5 cm and the direction of motion calculated from the decay vertex
and the interaction point must be within 25° of the direction determined by the sum
of the momenta of the two tracks. In addition both tracks must have pion dE/dx
chisquares below 10. The two pion invariant mass distribution of all the pairs which
satisfy these secondary vertex selection criteria is shown in figure V.6(c) as the solid
histogram; the dotted histogram gives the same distribution for like sign pion pairs.
A clear K° -* ir+x~ signal is visible at the expected mass, m/co = 498 MeV, and
with a resolution, 15 MeV, in good agreement with the Monte Carlo prediction.
The excess of events near threshold originates from a remaining contamination of
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7 —> p+e~ conversion pairs with reconstructed decay vertices within 7.5 cm from the
beam-axis and/or a bad electron dE/dx chisquare for one or both tracks.

The opposite sign pairs with an invariant mass within 40 MeV of the nominal
K% mass are used as A'° —> TT+TT" candidates. The confidence level of the K^K^n^
hypothesis is still required to be at least 10% but no additional requirements are
needed to suppress the ir+7r~ir+ff~ contamination. The mass distribution of the
so selected K±K%ft:* events, 7 events all untagged. is shown in figure V.9(b). The
background analysis, using like sign pion pairs to find K% candidates, did not give
any events which is consistent with the Monte Carlo estimated 7r+7r~7r+?r~ contam-
ination in this channel (see table V.2). The background from the events with large

\ is indicated by the dotted curve in the same figure and amounts to 29±20%.

The 77 production cross sections, after subtraction of the "fake" 4-prong back-
ground, is given in figure V.9(b') and is in agreement with reference [56]. The two
events in the rjc mass region, event # 17/173/264 and # 17/433/2641; see table V.3,
will be used to set both upper and lower limits and a value on the two-photon decay
width of the rjc.

V.3.3 A'+A'-TT+TT- channel

The dE/dx selection of the K+K~ir+ir~ final state is very similar to the dE/dx
selection of the K^Kg-K* final state: again the KKTVK confidence level has to be
at least 10% larger than the confidence level of any other particle assignment apart
from the Kirim particle assignment.

The mass distribution of the 78 selected untagged K+K~ir+K~ events in the
2.5 < M77 < 4.0 GeV region. 97 events if tags are included, is shown in fig-

• ure V.8(c). The dashed curve gives the result of the selection of "wrong sign"
K±K±ir^ir^ events, multiplied by 2 to account for the different number of like sign
(2) and opposite sign (4) kaon pairs in a 4-prong event. This K±K±nz?xz? selec-
tion corresponds to 66 ± 12% of the selected K+K~Tr+n~ events which agrees with
the Monte Carlo predicted contamination from 7r+7r~7r+7r~ events. The background
from "fake" 4-prong events is represented by the dotted curve and corresponds to
16±4%. The two-photon cross section of continuum K+K~TT+-K~ production, again
after subtraction of the backgrounds, is given in figure V.8(c') and is well below the
earlier measurement [56] indicated by the data points. This discrepancy is largely
explained by the subtraction of the "wrong sign" background, which was neglected
in reference [56], and only slightly by the minor differences in the dE/dx selection
algorithm4.

There is hardly any indication of charmonium resonance production in the
K+K~TT+TT~ mass spectrum and this will be used later on to set upper limits on
the Fff values of the r]c, \O and \2-

4The dE/dx selection of K+K~7r+ir~ final states as used in reference [56] requires at least one
"unambiguous" kaon and pion. For kaon/pion "ambiguous" particles the species is determined by
the charge such that the overall charge is zero for kaons and pions separately.
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V.3.4 K+K-K+K- channel

The dE/dx selection of the K+K~K+K~ events also requires its confidence level
to be at least 10% larger than that of any other possible final state. The mass
distribution of the seven selected K+K~K+K~ events (four of which are untagged)
is shown in figure V.8(d). The dE/dx versus \p\ plot of one of the K+K~K+K~
events is shown in figure V.7(a) and for this particular event the K+K~K+K~
assignment is evident.

The K+K~ pair mass distribution of the seven K+K~K+K~ events is given in
figure V.7(b); both as a scatter plot with 2 entries per event and as a histogram with
4 entries per event. Both plots contain clear evidence for <p —* K+K~ production
which further supports the K+K~K+K~ hypothesis of the events. The K+K~ pair
mass resolution equals m lOMeV and the K+K~K+K~ events can be classified
according to their 4> contents as: one unambiguous 4>4> event, four or five <t>K+K~
events and the remaining events as K+K~K+K~ events with no <p contents.

Because of the significance of the K+K~K+K~ channel the background analysis
of this final state has been performed over the full | £ p±.\2 range. The result is shown
in figure V.4(e) and the background is estimated to contribute approximately 0.25
event to the K+K~K+K~ sample. The "wrong-sign" analysis, using like sign kaon
candidates to identify the "<£", did not yield any events.

Of the seven events in the K+K~K+K~ mass plot six, including the single <pc>
event, have a mass near the r]c mass. In table V.3 the important variables of these
events are listed and for completeness also the only r}c candidate K+K~K+K~
event ( # 12/1091/1194) found in the analysis of the low magnetic field data sam-
ple, B = 3.9 kG compared to the present value of B = 13.25 kG, is included5.
The mass average of all T]c candidates, including the 2 K^Kgir* events, equals
2964 ± 3 MeV with a x 7 D F of 2.8; this rather large *2/DF is completely due to
event # 15/331/1030 which will therefore be ascribed to continuum A'+A'-Ji+A'-
production. The mass average of the remaining TJC candidates becomes 2979 ±4 MeV
with a x2/DF = 0.8 in good agreement with the nominal r)c mass of 2981 MeV (the
systematic error in the mass determination is of the order of 1 MeV). From the
two K+K~K+K~ events outside the r)c mass peak the continuum is estimated to
contribute only 0.15 event to the r\c -* K+K~K+K~ signal.

Since the single (]><t> event will play a prominent role in the determination of
T-yy(ric) other possible origins of this event will be considered briefly. The most
likely explanation for the 4><j> event, besides 4><j> itself of course, is a <j>K+K~ event
with a K~K+ pair mass accidently near the <f> mass. The probability for this to hap-
pen is given by the broken line in figure V.7(b) and equals approximately 0.75%.
The dotted curve represents the same probability for a K+K~K+K~ event; the

5Besides the 7}c candidate 2 other K+K~K+K~ events, Mj-y = 4019 ± 182 MeV and M-yy =
5063 ± 250 MeV, were found in this low field data sample (£ = 70 pb"1). The K+K~K+K~
mass resolution is about a factor 3 worse than the current mass resolution and the K+K~K+ K~
acceptance is approximately twice as low as the current one.
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Event

12/1091/1194

15/331/1030

15/439/1341

15/593/749

16/11/1401

17/306/1147

17/593/557

17/173/264

17/433/2641

Channel

KKKK

KKKK

KKKK

KKKK

KKKK

KKKK

KKKK

KK%*

KK%*

CL

(%)

98

87

28

85

45

75

97

87

61

IEPXI

(MeV)

30

110

40

10

80

30

190

120

1806

M-y-y

(MeV)

3060 ± 68

2903 ± 17

2957 ± 17

2981 ± 15

2955 ± 35

2974 ± 29

2989 ± 28

3008 ± 23

2991 ± 32

l < 7 2 |
(GeV2)

0.0

0.23

1.02

0.0

0.0

0.0

1.33

0.0

0.06

MaH-,-

(MeV)

—

—

—

—

—

492

494

MA + A -

( MeV)

1021

1045

—

1037

1019

1026, 1018

(1062)

—

Table V.3: Summary of the 77
candidates.

- and 77

probability to find both K+K pairs with masses near the <j> mass is estimated from
the scatter plot in figure V.7(b) (lAr events) to be « 0.05%. The same probabilities
have been determined for 7r+7r~7r+7r- (w 0.05%), A'+A'"7r+7r" (w 0.05%) and <l>K+ir-
{K 0.75%) events which in addition have to be multiplied by the dE/dx misidenti-
fication probabilities, all < 0.2%. Hence e.g. the number of real n+w~ir+7T~ events
misidentified as 4><t> events with an invariant mass within 100 MeV of the t]c mass is
less than 10~4; the expected number from the other channels are even lower7. In
conclusion the most likely non-<j)<j> explanation of the <f><p event seems come from a
<S>K~K+ event; the probability hereof amounts to « 2%, the product of the number
of <pK+K~ events in the r/c mass region and the 0.75% just determined.

The observation of the r}c in the K+K~K+K~ channel is of limited use for
the determination of Tyy{Tic) since only the part of the ?/c branching fraction to
K+K~K+K~ through the <b<t> intermediate state is known (see table I.I). The
clean t]c —» <t></> candidate will be used to obtain both a value of and a lower limit
on

"This is really a tagged event but the tag failed the fiducial volume cuts of the NAI; this partially
explains the relatively large IJTpxI-

'These estimates are obtained by multiplication of the actual number of, say, 7T+a— ir+ TT~ events
in a 200 MeV mass bin below the t)c mass, the dE/dx misidentification probability and the probability
to find kaon pair masses near the <t> mass.
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Figure V.7: (a) The dE/dx versus \p\ plot for one of the K+K~K+K~ events.
The closed ellipses represent the one standard deviation contour for accepted tracks
and the broken ellipse for a rejected track, (b) The invariant mass distribution of
K+K~ pairs in K+K~K+K~ events. The curves give the probability, in percent,
to find a K+K~ pair, not originating from tj> decay, in <f>K+K~ (broken line) and
K+K~K+K~ (dotted line) events with an invariant mass in a. certain mass bin.

V.4 Calculation of F^^ for the r\c, %o and xi

In this section the various mass spectra as given in figures V.8 and V.9 will be
used to investigate the two-photon decay widths of the charmonium resonances r)c,
\o and \2- First the procedure as used for the analysis of a single mass spectrum
will be discussed and then the method as used for the simultaneous analysis of all
channels with known branching fractions for a particular charmonium resonance i.e.
the 7t+7r-ir+7T~ (pp), K+K~n+Tr~, I^K^n* and <jxj> channels in case of the ^c and
only the 7r+7r~7r+7T~ and K+K~ir+iv~ channels in case of the ,Yo and the \'2.
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Figure V.8: Mass distribution and two-photon continuum production cross sec-
tion of the channels: fa, a'; TT+TT-TT+TT-, (b,b ;; ^ , fc,c'; K+K'n+TT- and fd,d'J
K+K~K+K~. The shaded bands in the cross section plots give the two-photon
contmuum cross sections and include both statistical and systematic errors (20%,).
The data points in these same plots are from reference [56] and include statistical
errors only. The gaussian peaks, shown in the mass histograms, indicate the contri-
bution from the charmonium resonancer if their F 7 7 would equal the upper limits
derived in section V.4.
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Figure V.9: Same as figure V.8 but now for the two different analysis of the A'* Jv'Sji
channel (&,&') A^A^TT* and (b,V) A^A'gir* SV.

V.4.1 Single channel analysis

To extract information on F 7 7 from a single mass spectrum a Monte Carlo method
is used as follows. The mass distribution is fitted with a smooth continuum to
describe the background. The results of these background fits are represented by
the continuous curves (apart from the bumps) super imposed on the mass spectra
given in figures V.8 and V.9. The averaged number of background events in a
125 MeV mass bin8 centered at the charmonium resonance R is calculated from this
background fit and will be called B. For any given value of F7 7-Br the averaged
number of signal events, 5, in the same mass bin is calculated from the acceptance,
e, the integrated luminosity, C, and the two-photon production cross section for

8The mass resolution of 4-prong final states in the 7]c, Xo> X2 mass region equals approximately
25 MeV this follows both from a Monte Carlo simulation as well as from a direct calculation using
the measured momenta and their errors. Moreover it is consistent with the mass spread of the five
r}c candidates in the K+K~K+K~ mass spectrum.
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F 7 7 = 1 keV of the resonance R as:

e + e _ _ e + f - f l (V.4)

The calculation of 5 is repeated ; large number of times each time smearing the
mean values of f, given in table IV.l. and C = 69 pb"1 with their respective un-
certainties i.e. 15% for the acceptance and 10% for the integrated luminosity. For
each value of 5 the probability to observe n events in the 125 MeV mass bin is cal-
culated using Poisson statistics with a mean value ft = B + S; the average of these
probabilities obtained from the many, typically 1000, different values of S gives the
conditional probability to observe n events given a certain value of F77-Br and will
be called P(n|r7 7-Br) .

From this conditional probability it is straightforward to calculate the proba-
bility to observe more events in the 125 MeV mass bin than the actual number of
events observed, JVobs:

P>(r7rBr)= £ P(rc|r77-Br) (V.5)

and similarly to observe less than JVobs events:

/v°ba - i

P<(r77-Br)= Yi P(n\TyTBv) (V.6)
n=0

Evidently the 95% C.L. upper limit is denned as the 95% point of the P>(F7 7Br)
distribution and similarly the 95% C.L. lower limit is defined as the 95% point of
the P<(r77-Br) distribution. The central value is defined by that value of F77-Br
for which P^F-y-y-Br) = P<(F77-Br) and the one standard deviation errors are
obtained from the 84% points of the P>(F77-Br) and P<(F77-Br) distributions.

The values for and the upper and lower limits on the product F 7 7 • Br of the
three charmonium resonances t)c, \o and \2 obtained using the above procedure
are summarized in table V.4. Together with the brandling fractions as listed in
table I.I these limits on F 7 7 -Br can be converted into limits on F 7 7 alone. If
the error in the branching fractions is neglected the upper limits on F-y-y (»/,.) and
r77(Xo) are in the 15 — 30keV range and the upper limits on F77(,\2) are in the
5—lOkeV range. The single <jxt> event corresponds to a value of F77(?7<.) = 39i28 keV
and a lower limit of F77(»7C) > 1.7 keV, the two K±Kg7r:f events found using the
secondary vertex algorithm correspond to r77(77c) = 8.5t78 keV and a lower limit
of Tjj(r)c) > 0.1 keV. This Ii^K^ir* SV result, although based on two events
as opposed to the single <j><j> event, is more uncertain since the precise background
in the K±K%irzf SV channel is unknown whereas the cj><j> channel is free of any
background. Needless to point out that both the 4><j> and the K^Kgn* SV values
for r77(77c) will have a considerable bias towards being too high since among all
channels investigated only these two yield a positive result. Only in the next section
the various channels will be combined to obtain unbiased results for F77(?7C).
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Decay channel

PP

K^K^TT* SV

4>K+K-9

F77-Br[keV]

•7c

<0.29

<0.20

<0.33

— n 11;+0-32— u.io_013

<0.30

<0.29

Xo

<0.71

<0.45

<0.33

< 0.44

<0.60

<0.27

<0.52

<0.62

X2

<0.11

<0.15

< 0.11

<0.06

<0.12

<0.14

Table V.4: 95% C.L. upper limits and values for F 7 7 • Br as obtained from the
analysis of a single mass spectrum.

A slightly different procedure is obtained by normalizing the conditional prob-
ability P(jVobs|F77-Br) to give a probability distribution for F7 7-Br proper:

obs

( v . 7 )

This probability distribution, in case of the v+ir~ir+Tr~ data sample, is shown in
figure V.10(a) and it can be used to define a distribution who's 95% point represents
the 95% C.L. upper limit;

(V.8)

This distribution is shown in figure V.10(b) and it is in good agreement with the
distribution given by equation V.5, as can be seen from figure V.10(c). In case of
pure Poisson statistics, i.e. no uncertainties in the acceptance and the integrated
luminosity, both procedures are identical (N stands for the observed number):

P>M-jl^f =
AT! -dv

= KM (V.9)

9The <j>K^K result is based on the three i)c —> <j>K+K~ candidates with event numbers
15/593/749, 16/11/1401 and 17/593/557 and the K+I\-K+I<- result is based on the single
»7c — K+K~K+K~ candidate with event number 15/439/1341; the relevant variables for these
events are listed in table V.3.
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Although it is not rigorous mathematically, the probability as given in equation V.8
will be used not only for the calculation of upper limits but also for the calculation
of central values, one standard deviation errors and lower limits in the combined
channel analysis, to be discussed in the next section, by taking the 50%, 16%, 84%
and 5% points respectively. In case of the single channel analysis both methods are
in excellent agreement as shown e.g. in figures V.10(b,c) where all quantities are
indicated.
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Figure V.10: The calculation of r^y(rjc) from the TT+IK~TT+TC~ mass spectrum: (a)
P(F77-Br) as defined in equation V.7, (b) P>(T77-Br) obtained from the curve in
(a) using equation V.8 and (c) P>(r7 7-Br) and P<(r7 7-Br) as defined in equa-
tions V.5 and V.6. In figures (b) and (c) the central value (-*—) and the upper/lower
limits (< I >) are indicated.

A final remark concerning the accuracy of the method: the analysis has been
repeated with different selection criteria i.e. with and without the 7 rejection and
with and without the rejection of tagged events. Keeping events with additional
7's increases the data sample by approximately 20% (compensated by an increased
background from the |£p± | 2 distribution), see table V.I, whereas the inclusion
of tagged events increases the data sample by approximately 20%, see table V.I,
and the efficiency by 10 - 30% this depending on the form-factor used to describe
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the 77 — R coupling (see chapter IV). The changes in the- quantities as listed in
table V.4 and the two-photon continuum cross sections were never larger than 10%.
Also the sensitivity of the results to the precise errors in the acceptance and the
integrated luminosity has been investigated and it was was found that, the values
for the upper limits are mainly determined by the Poisson statistics and, for the
combined channel analysis, by the large errors on the branching fractions.

V.4.2 Combined channel analysis

Whereas it is not possible to extend the first method to apply simultaneously to more
than a single channel the second procedure is easily extended through the definition
P(N°ba,N$bs | r 7 7 ) = P(JVfbs|r77) • P(i\r2

obs|r77).... which after normalization
immediately gives P ( r 7 7 ) which can be used together with equation V.8 to find the
central values and the lower and upper limits. (The branching fraction, Br, has been
omitted in the argument of these functions because the combined analysis is only
possible after explicit values for the various branching fractions are substituted.)

This procedure has been used for the combined analysis of several spectra and
the errors on the different branching fractions, typically 30%, are taken into account
in the Monte Carlo procedure by throwing, in addition to the acceptance and the
integrated luminosity, also a value for the various branching fractions10. The un-
certainties which the different channels have in common, like e.g. the error on the
integrated luminosity and in case of the rjc the uncertainty in the Br( J/i/' —» jJ]c)
branching fraction, which is used for all r\c branching fractions, are treated sepa-
rately from the individual uncertainties, on e.g. the efficiency, in the Monte Carlo
determination of P(7V,obs, N^ | r 7 7 ) .

10The values for the branching fractions are thrown using a gaussian distribution cutoff on the
low side at two standard deviations. This to keep the branching fractions positive.

Decay channels

ir+ir-ir+ir-, A'+A'-TT+TI- and A^A^r*

w+w-v+ir-, tf+ff-jr+jr- and A^A'gjr* SV

*+*-•*+*-, K+K-TT+TT-, K*K%w* and <j,<j>

TT+TT-jr+ir-, K+K-ir+TT-, K* K^ir* SV and <t>4>

r 7 7 [kev ]

3.4J1S

6-311:1

6-4+15

8.2ii.|

< 16.2

< 12.5

<16.5

<15.5

< 19.1

Xo

< 17.0

\ 2

<4.2

Table V.5: 95% C.L. upper limits and central values, if any, for F 7 7 as obtained
from the combined analysis of several mass spectra as indicated.
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The resulting upper limits and central values, if any, are shown in table V.5 for
various channel combinations. Again the sensitivity to the event selection procedure
is less than 10% and since the uncertainty in the branching fractions is much larger
than the uncertainty in the efficiency and the integrated luminosity these last two
do not affect the statements regarding T^-y as mentioned above.

The rjc results can be summarized by the values obtained from the combined
analysis of the TT+TT'TT+TT", K+K~TC+K~ , K±K%i:^ and 00 channels as (95% C.L.
upper and lower limits; the lower limit is only slightly below the lower limit of

> 1-7 keV obtained from the ^ channel alone):

keV
= 6.4115

The 95% C.L. upper limits on the two-photon decay widths of the \0 , \2 can be
summarized by the combined analysis of the 7r+7r~7r+7r~ and K+K~ir+x~ channels
as:

17.0keV and r 7 7 (x 2 ) < 4.2keV

V.5 Discussion of the experimental results

In this chapter the two-photon decay widths of the the charmonium resonances 77,.,
\o and \2 have been investigated using their 7T+7r~7r+7r~, A'+A'~7r+7r~, K^K^ir*
and K+K~K+K~ decay channels.

In the K+K~K+K~ channel five r\c candidates on a negligible background were
found: however only the part of the rjc branching fraction through the <j>0 inter-
mediate state is known. The single fyfa event among the five r\c candidates im-
plies a 95% C.L. lower limit on TJJ(IJC) of 1.7 keV. In the K±Kg^ channel two
Tjc candidates were found but the precise level of the background is uncertain in
this channel. The lack of any r\c signal in the other channels is used to establish
a 95% C.L. upper limit on Tjj(rfc) of 15.5keV. Combining the ?;c information
from the four investigated channels gives T~fj(r}c) = 6.4i|;4keV. These results
on F-yy(77c) are considerably lower than the first experimental determination of
r77(77c) = 28 ± 11 keV as reported by the PLUTO collaboration [46] using the two-
photon reaction 77 —> rjc —> K±K%ic:*. For this same channel the present analysis
yields a 95% C.L. upper limit of r77(j?c) < 19keV if the I^K^v* state is identified
on basis of the dE/dx of the charged /C±. If the K'^K'gir? state is identified on basis
of the finite lifetime of the neutral Kg —+ TT+W~ decay (analogous to the PLUTO
analysis) a central value of ̂ 7(77,;) = 8.5ly8 keV and a 95% C.L. upper limit of
30keV are obtained. The results on ^7(7/,.) are in agreement with the measurement
of the R704 experiment [58] of 1^7 (?7C) = 4.3i|;4 keV and consistent with the upper
limits published by the other experiments. All of these other experiments have been
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discussed in detail in chapter I. If the ryy(i)c) values of the different experiments
are combined the current world average becomes: Tjy{rjc) = 6.6 ± 2.6 keV.

Concerning the \0 and the \2 no signal was found in any of the channels in-
vestigated. From the two channels with known branching fractions, 7r+7r~7r+7r~
and K+K'n+Tv-. 95% C.L. upper limits of T77(xo) < 17.0keV and T77(x2) <
4.2 keV were derived. These upper limits are compatible with the value found
by the R704 experiment [58], F77(x2) = 2.9t2iokeV, and also with the unpub-
lished results from the Crystalball experiment [57], r 7 7 (x 0 ) = 4.0 ± 2.8keV and
r 7 7 (xz) = 2.8 ± 2.0keV; both these experiments were also already discussed in
chapter I.

The findings on all three charmonium states are in good agreement with the
theoretical predictions both from the potential model and the dispersion relation
approach; in particular the initial apparent conflict between theory and the PLUTO
measurement seems unjustified.

Clearly more data are required for a more accurate determination of the two-
photon widths of the charmonium resonances. As far as the TPC/77 experiment
is concerned the K^Kgtr* decay mode appears promising since the apparatus has
recently been upgraded with a high precision vertex chamber [87] which will improve
the identification of the K% —• TT+W~ decay significantly and thus increase the
acceptance while simultaneously rendering a unique dE/dx selection unnecessary.
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VI. 1 Introduction

This chapter describes the analysis of the inclusive production of charmed mesons
in e+e~ interactions. The emphasis lies on the production via the two-photon
mechanism but since the isolation of the two-photon events requires a detailed un-
derstanding of the annihilation events the annihilation mechanism is investigated
as well. Earlier studies [70] of the production of charmed mesons via e+e~ annihila-
tion indicated that the D*+ meson is the most likely candidate for a charmed meson
search. Theoretically this D'+ meson is expected to saturate a large fraction of the
r-quark hadronization process; even more important is the D*+ cascade decay chan-
nel. D*+ —> D°TT+, and subsequent D° decay, which allows a unique event selection
based on the D"+ — D° mass difference distribution [61]. In this mass difference dis-
tribution the D*+ is observed as a narrow peak centered at 145.45 ± 0.07 MeV [35],
close to the kinematic threshold determined by the pion mass, m^+ = 139.57 MeV.
Without this signature the enormous combinatorial background would virtually
preclude the observation of charmed mesons in both annihilation and two-photon
reactions.

The TPC/77 detector has an excellent charged particle reconstruction and iden-
tification. The photon detection and hence the r° reconstruction, on the contrary,
are quite poor. Therefore only the D° —> K~w+ and the D° —» K~n+n~Tr+ decay
modes were used for the D° reconstruction. The branching fractions of these decay
modes have been discussed in detail in chapter I, section 1.4.1, table 1.4. The fol-
lowing values are used in the present analysis [66]: Br(D° —> K~;T+) — 4.2% and
Br(D° -» K-Tr+ir-ir+) = 9.1%. The branching fraction of the D*+ -» D°n+ decay
was also discussed in chapter I and Br(D*+ —> D°ir+) = 52% is used.

In the following sections the selection of D*+ events is outlined; next the charac-
teristics and the cross section of D*+ production in e+e~ annihilation are discussed.
Then, in section VI.3.2, the two-photon cross section is determined using two in-
dependent methods: first from the D*+ events with one of the scattered leptons
detected in the forward electromagnetic calorimeters and next from the D'+ events
with essentially a low visible invariant mass. The second method requires a sta-
tistical subtraction of the annihilation background. In the last section the results.
in particular the two-photon D*+ production cross section, are summarized and
compared to other measurements.

VI.2 Event selection

The selection of the D*+ candidates is based on TPC track information only and
is conveniently separated into two steps: first the D° candidates are defined on
basis of the particle dE/dx chisquares and the invariant mass of the K~x+ or
A'~7r+7r"7r+ system. Next the D° candidates are paired with all positively charged
tracks, assumed to be pions, and the mass difference, AM = Mr>o^+ —
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calculated.

In addition to the obvious charge requirements, the TPC tracks used for the
D° reconstruction, irrespective of the particular D° decay mode, must satisfy the
following conditions:

• The distance of closest approach of a track to the beam-axis must be less
than 5 cm in the plane transverse to the beams and less than 10 cm along the
beams (see e.g. figure V.l(a,b)).

*
• The momentum of the K~ candidate must exceed 300 MeV and that of the

TT* candidates must be at least 100 MeV. The error on the momentum mea-
surement must be less than 30%.

• Each track must have a minimum of 30 dE/dx wire samples associated with it.
The dE/dx chisquare for the kaon hypothesis of the K~ candidate must be less
than that for the pion hypothesis. The dE/dx confidence level of the K~TT+

or K~ir+w~ir+ particle assignment must be at least 10% (the calculation of
this confidence level is similar to the calculation described in section V.2.4).

The invariant mass of a fraction of the K~TT+ pairs which satisfy the above described
criteria is shown in figure VI.l(a). The figure does not contain any indication of a
D° —> A'~7r+ signal. This is not surprising since many events have a large number
of random A'~7r+ combinations compared to the rare K~w+ pairs from D° decay.
A significant suppression of the random background is obtained if the K~ angular
distribution in the K~TV+ rest frame, 9"K-> shown in figure VI.l(b), is used. The
pseudoscalar nature of the D° leads to an uniform &*K distribution. Therefore a cut
of cos Q*K < 0.9 is beneficial since it removes a large fraction, 20%, of the random
K~v+ pairs and hardly any from D° decays. The invariant mass distribution of the
K~K+ pairs after the costf̂ - cut is shown in figure VI.l(a) as the dotted histogram.
The K~n+ mass resolution, determined from measured quantities or from a Monte
Carlo simulation, is approximately 30 MeV for both D° decay channels1. (The
D° mass peak, after all D*+ selection cuts except the K~n+ mass cut, is shown
as a solid histogram in the insert in figure VI.l(a); the data points in this figure
give an estimate of the ("wrong-sign") background.) The K~TV+ or K~TV+W~TT+

particle combinations with an invariant mass within 80 MeV of the nominal D°
mass, 1.846 GeV, are used as D° candidates in the sequel.

The momentum of the 7r+ from the D"+ —> D°TT+ decay is generally low (only
38 MeV in the D"+ decay frame) and comes mainly from the Lorentz boost of the
D*+. Therefore the cuts on this TT+ are kept simple and only the aforementioned
vertex and the 100 MeV minimum pion momentum requirements are retained.

1 Because of this good A' w+ mass resolution the well known enhancement [88] in the K~ir+ mass
spectrum around MK-n+ « 1.62 GeV (5° reflection), due to the D° -<• Ii'-p+ —• K~T+V° and the
D° —* I\"~K+ —* A'~JT+JT° decay channels of the D°, is of no concern. This is shown explicitly by
the insert in figure VI.l(a).
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Figure VI. 1: (a) The K ir+ invariant mass distribution for a fraction of the data:
the solid histogram before the cos#^- cut and the dotted histogram after this cut.
The insert shows the M/4--T+ distribution after the D'+ selection cuts apart from the
K~ir+ mass cut. (The signal is shown as a histogram and the background as data
points.) (b) The cos 0Jj- distribution: the solid histogram for the same events as in
figure (a); the data points for the selected D*+ —» D°TT+, D° —* K~w+ events, the
dotted histogram represents the Monte Carlo prediction for D° —> K~w+ decays.
The arrows in both figures indicate the cuts as used in the event selection procedure:

;,- < 0.9 and |MA-W+ - MDo| < 80 MeV.

For each event the mass difference between all D°TT+ and D° candidates is calcu-
lated and histogrammed. In case of the D° —> A'~TT+ decay mode the resulting AM
distribution is shown in figure VI.2; first, in figure VI.2(a), across a wide range of
AM and next, in figure VI.2(b), for the region of interest around AM = 145.45 MeV.
In these figures the solid histograms give the AM distribution for the event selec-
tion as described; the data points represent two different background estimates: the
closed circles represent the MDo^- — M ô mass difference distribution ("wrong-sign"
selection) and the open circles give the mass difference distribution from "D° can-
didates'1 with a K~n+ mass slightly above the nominal D° mass. Both background
estimates are satisfactory but because of its automatic normalization and identical
phase space conditions the "wrong-sign" background estimate is preferred and is
used for the cross section calculations2.

The AM distribution as shown in figure VI.2(b) contains a clear D*+ signal, but
the combinatorial background still requires some attention. On average the events
with D° —> K~ir+ candidates give rise to 4 entries in the AM histogram and those

2The D° - D° mixing, which in principle gives rise to a signal in the Mz)oT - - M/,0 mass difference
distribution, is negligible; the absence of a signal in the "wrong-sign" selection is sometimes used to
set a (poor) upper limit on this mixing [70].
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Figure VI.2: The mass difference distribution, solid histograms, over a wide range in
figure (a) and for the signal region in figure (b). In both figures the points with error
bars represent two independent background estimates: one using the "wrong-sign"
selection and one using "D° candidates" with a mass above the nominal D° mass.
Both backgrounds are absolutely normalized and in excellent agreement with each
other and with the data outside the signal region. For the background subtraction
the "wrong-sign" background is used henceforth. The arrows indicate the cut as
used for the Dm+ selection: |AM - 145.45| < 2.5 MeV.

with D° —> K 7r+7T 7r+ candidates to 40 entries! In fact without additional cuts the
AM distribution using the D° —* K~ir+TT~IK+ decay channel, figure VI.4(a), hardly
contains evidence for D*+ production. The D*+ signal improves significantly if the
fractional energy, zD. = ED./Eb (Eh = 14.5 GeV represents the e± beam energy),
is used: figures VI.3 and VI.4 present the AM distributions for various cuts on
2D« for the two D° decay modes respectively. Clearly large values for ZQ* lead to
a considerable improvement of the D"+ signal. Most of the two-photon produced
D*+ events, however, have in general a small invariant mass (and consequently low
values for 2^.) which renders a cut on ZD* quite useless as far as the two-photon
process is concerned.

The D*+ candidates are selected from the AM histograms as the events which
have entries within 2.5 MeV from the nominal D*+ — D° mass difference of 145.45 ±
0.07 MeV. None of the D° -* K~w+ selected D*+ events have multiple entries in
the signal region. This opposed to the D° —> K~IT+K~TV+ selected D*+ events which
on average have 1.7 events in the AM signal region. The ambiguity is limited to
the D° candidates and not to the n+ from the D*+ —Y D°TT+ decay. Of course
only a single entry per event is allowed for the calculation of the cross section or
the determination of any angular distribution. For the events with multiple D*+

candidates the relevant variables are defined as the average of the individual values.
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Figure VI.3: The mass difference distribution (solid histogram) and the background
(data points) for the D*+ -> D°TT+, D° -* K~-K+ decay channel for different lower
bounds on zw- None of the events in these plots have multiple entries in the signal
region (|AM - 145.45| < 2.5 MeVj
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VI.3 Inclusive D*+ production cross sections

In this section the events in the signal region of figures VI.3 and VI.4 are used to
determine the cross section of inclusive D*+ production, of both the two-photon
and the annihilation process. Most of the selected D'+ events originate from e+e~
annihilation as is e.g. clearly demonstrated by the Wvis distribution (invariant mass
of the observed charged particles) of the selected D*+ —> D°ir+, D° -> K~ir+ events
shown in figure VI.5 as the data points. The solid histogram in figure VI.5 represents
the Monte Carlo prediction for this same distribution determined from the sum of
the two-photon and annihilation cross sections, absolutely normalized, for cc-r-^rk
pair production and the LUND model for the hadronization of the c-quarkss. The
dotted histogram gives the two-photon contribution separately and, as expected,
is only significant at low Wv-,s. Other variables, like e.g. zp-, charged multiplicity
and | YiP±\ °f the charged particles, also favor a large fraction of e+e~ annihilation
events in the D*+ event sample.

4 8 12 16 20 24 26

-Wv i s(GeV)

Figure VI.5: The Wvis distribution of the selected D'+ -* D°TT+, D° -* K~i:+

events (data points). The solid histogram represents the Monte Carlo prediction
for the sum of two-photon and annihilation production of D*+ wesons; the dotted
histogram gives the two-photon contribution separately. The arrow indicates the
Wyis cut (8 GeV) used for the suppression of annihilation events in the two-photon
sample and vice versa.

3The LUND model description of the cc-quark pair hadronization, both of two-photon and annihi-
lation events, is consistent with the simple relation between the inclusive D*+ and cc-quark pair pro-
duction cross section mentioned in section 1.4.2: <r(e+e~ —>• (e+e~)D*+X) = |<r(e+e~ —»(e+e~)cc).
(In case of the e+e~ annihilation process the 66-quark pair production contribution must be added
as mentioned already in section 1.4.2.)
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Below the D'+ production via e+e~ annihilation is considered first. Next the
analysis is restricted to the region of phase space suppressed in e+e~ annihilation, i.e.
low Wva (< 8 GeV) and small | £>xl (< 2.5 GeV), and the two-photon cross section
is determined after a statistical subtraction of the remaining contamination from
e+e~ annihilation4. In addition the two-photon cross section is determined largely
independent of the e+e~ annihilation process from the D*+ events with a scattered
lepton observed in the forward electromagnetic calorimeters. This procedure only
requires a good description of the e+e~ annihilation events for which an incoming
lepton radiates a hard photon into the tagging system. This background turns out
to be negligible both from Monte Carlo and from an analysis of events with the
radiated photon observed in one of the calorimeters.

VI.3.1 Annihilation: e+e" -> 7 -> D*+X

The key variable of the annihilation D'+ events is z&-, the fractional energy of the
D*+. The events with large ZD* correspond to a direct transition of a primary c-
quark to a D*+ m^son and as such can be used to investigate the e+e~ —* cc process.
In addition the AM spectrum improves dramatically with increasing values of ZD> as
shown in figures VI.3 and VI.4. The determination of the differential cross section.
da/dzo', is straightforward: the number of observed D"+ events in the various zp-
ranges are corrected for background contributions, using the corresponding numbers
found in the "wrong-sign" analysis, and for acceptance effects, using the acceptance
as a function of ZD> shown e.g. in figure IV.6(a). If in addition the branching
fractions of the D*+ decay modes and the integrated luminosity {C — 69 pb"1) are
used the differential cross sections shown as the data points in figures VI.6(a,b), for
the D° —> K~ir+ and the D° —> K~Tr+n~n+ decay channel {zD. > 0.2), respectively,
are obtained. The histograms in these figures represent the result of a Monte Carlo
simulation of the e+e~ annihilation process. The averaged differential cross section
determined from the two D'+ decay channels is shown in figure VI.6(c); the dotted
region in this fame figure represents the results from earlier measurements [70].
The excess at low zp. is attributed to two-photon Dm+ production and will be
discussed in section VI.3.2; it is easily suppressed if Wv-ls is required to be at least
8 GeV. The da/dzo' distribution after this Wv\s cut is shown in figure VI.7(a)
and is in reasonable agreement with the other measurements, shown again by the
dotted region, and in good agreement with the Monte Carlo prediction for the e+e~
annihilation process, shown as a histogram.

The total annihilation cross section for inclusive D'+ production is determined
from the background subtracted number of D*+ events observed in the two decay
channels. For the D° —> K~ir+ decay channel only a minor correction to subtract

4The effect of the important Wv\s cut is obvious from an inspection of the Wvj5 distribution of
the £>*+ events shown in figure VI.5. Only 10% of the events fail the subsequent | £ P J . | < 2.5 GeV
requirement; this cut was imposed to reject radiative annihilation events which tend to have a small
Wvi» but a IJ^PJ.1 imbalance.
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Figure VI.6: The D*+ production cross section (data points) as a function of ZQ- •
The histograms represent the Monte Carlo prediction for D*+ production in e+e~
annihilation. In (a) for the D"+ —* D°ic+, D° —» K~n+ decay channel and in (b)
for the D*+ -> D°7r+, D° -> K-n+ir-Tr+ decay channel. The distribution in (c) is
the average of the distributions in (a) and (b) and the dotted region indicates the
measurements of other experiments [70].

the contamination from the two-photon process is necessary (6 events; determined
from the Monte Carlo prediction for the e+e~ —» e+e~cc process). This leaves
75 ± 11 D*+ events which corresponds to an inclusive D*+ production cross section
of 172 ± 25 ± 21 pb. The first error represents the statistic and the second the
systematic uncertainty. In case of the D° —> K~W+TT~TV+ decay channel a cut on
ZD" {ZD> > 0.4) must be imposed to reduce the combinatorial background. The
remaining two-photon contamination is negligible and only a 30% correction to
account for the omitted zw range is required. This gives, after the correction for
the zD' > 0.4 cut, 121 ± 18 Dm+ events which yields 185 ± 28 ± 22 pb for the
inclusive D'+ production cross section. These results are summarized in the top
section of table VI. 1. Together with the production cross sections determined from
the events with an observed radiated photon, discussed in more detail below, the
average cross section for inclusive D*+ production via e+e~ annihilation becomes
a(e+e~ -> D'+X) = 174 ± 29 ± 21 pb. The first error gives the statistic and the
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next the systematic uncertainty. In view of the small number of observed radiative
annihilation events it is more appropriate to employ Poisson distributions instead
of Gaussian distributions in the average determination. The average, again first the
statistic and next the systematic error, becomes then:

<r(e+e D"+X) = 181 ± 18 ± 22 pb

This value is in good agreement with the prediction from the simple relation (dis-
cussed in section 1.4.2) a(e+e~ —» D"+X) = |cr(e+e~ —* cc,bb) = 155 pb and also
in accord with other measurements; shown in figure 1.14 and given in reference [70].
(The t-quark contribution is only important for the e+e~ annihilation process where
it accounts for about 20% of the inclusive X)*+ production cross section.)

500

0. 0.3 0.6 0.9

t

0.6 0.9

Figure VI.7: In (a) the data points give the differential cross section, d<x/zD., after
the suppression of the two-photon events via WVia > 8 GeV. The histogram repre-
sents the Monte Carlo prediction and the dotted region indicates the measurements
from other experiments. In (b) the fragmentation distribution, D{z), again with
the two-photon events suppressed and corrected for initial state radiation effects.

Because the D*+ mesons are thought to originate from primary c-quarks the
fragmentation distribution of the c —> D*+ transition, D(z), can be determined
from the Zjj' distribution of the annihilation D"+ events. To arrive at the D{z)
distribution the zD> distribution given in figure VI.7(a) only needs to be corrected
for initial state radiation effects, which cause the observed zz>> to be smaller than
its real value. The result is shown in figure VI.7(b) by the data points. The solid
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curve in this figure represents a fit to the Peterson form [89]:

(VI.1)

The fitted value of the cc-parameter is ec = 0.26 ± 0.05 with a x 2 / D F = 0.9. This
ec value is in accord with previous measurements [70]. The overall shape of the
fragmentation function is well simulated by the LUND Monte Carlo program.
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Figure VI.8: (a) The data points give the measured differential cross section,
da/d cos $D* , and the solid curve gives the standard model prediction, normalized
to the observed total cross section, (b) The forward-backward asymmetry as a
function of \fl The data point represents the best fit to the distribution given in
figure (a).

The interference of the Z° boson and the 7 in the e+e~ —>• cc annihilation process
gives rise to an asymmetry in the polar angle, 0c, of the c-quark measured w.r.t.
the incoming e+ direction [90]:

->CC

d cos 0c

8
3"

(VI.2)

The standard model prediction with sin2 $w = 0.23 yields for the forward-backward
asymmetry A = -0.09. The small (a3, positive) QED asymmetry arising e.g. from
the interference between single and double photon annihilation diagrams has been
neglected. The D*+ mesons, in particular those with large values of zp*, conserve
to a large extend the original c-quark direction. Therefore the asymmetry can be
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determined from the angular distribution of the D"+ mesons (#£>• represents the
polar angle of a positively charged D* meson measured w.r.t. the incoming e+ di-
rection). The result, averaged over both the D° —y K~TT+ (only using events with
zD- > 0.4) and the D° —* K~ir+iv~ir+ (only using events with ZD- > 0.6) decay
channels, is shown in figure VI.8(a) by the data points; a fit to the form given in
equation VI.2 yields for the forward-backward asymmetry A = —0.19 ± 0.09 with
X2/DF = 0.8. This value for A is indicated in figure VI.8(b) and is in reason-
able agreement with the standard model prediction. More precise measurements
of the forward-backward asymmetry are obtained from the e+e~ —> fi+n~ process
(e.g. at y/s = 34.6 GeV a forward-backward asymmetry of A = —0.081 ± 0.021 is
observed [91], compared to the standard model prediction of A = —0.076 ± 0.006).

As a potential background to the two-photon inclusive D*+ production the anni-
hilation events with hard initial state radiation are important because they resemble
many aspects of the real two-photon events (see the discussing in chapter I. sec-
tion 1.4.2). To investigate this radiative annihilation process D*+ events with a
reconstructed energetic 7, E^ > 10 GeV, in one of the calorimeters were selected.
An example of such an event is shown in figure VI.9. Besides this particularly nice

ift. K«n- 74ti. F'
' yr%-' 140O;O-Tnl='2OO(|n004'X An!

t-llt -" 40ii. I'lX K l r \f:

.-••>-'

Figure VI.9: Example of a radiative annihilation event. The energy of the 7 is
approximately 12 GeV; its transverse momentum of about 10 GeV is almost com-
pletely balance by that of the observed charged particles.
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event three others were found using the D° —* K~ir+ decay mode and only one
using the D° —* K~ir+Tr~ir+ decay mode. These rates, shown in table VI. 1, are in
reasonable agreement with the Monte Carlo prediction from the e+e~ —> cc cross
section, including initial state radiation eiFects as described in reference [71], and
the LUND model for the fragmentation of the cc-quark pair.

In conclusion it has been shown that a large fraction of the inclusive D*+ events
is well described by the e+e ~ —* cc annihilation process combined with the hadro-
nization of the cc-quark pair as e.g. given by the LUND model. The excess of
events in the low Wv-,a region is used in the next section as one method to assess the
two-photon production of D*+ mesons.

D° Channel llEPxl Tag 7 II
Acceptance I Events

<r(D-+X)[pb]

Annihilation process

A'-7r+

A-JT+

K--K+TV-W+

Gaussian Average

Poisson Average

!<r(e+e- —> cc, 66)

V

V

29%

0.61%

20%

0.40%

75 ±11

4±2

121 ± 18

1±1

X&F = 1-06

mc = 1.6 GeV, m4 = 5.0 GeV and Mc_,^ > 2MD.+

172 ± 25 ± 21

435 ± 218 ± 52

185 ± 28 ± 22

77 ± 77 ± 9

174 ± 29 ± 21

181 ± 18 ± 22

155

Two-photon process

A-7T+

Gaussian Average

Poisson Average

2(T(e+e- —y e+e~cc)

V 9.3%

2.8%

1.8%

7.9 ± 3.5

4±2

1±1

XDF = 1-65

mc = 1.6 GeV and M c ? > 2MO.+

56 ± 25 ± 14

98 ± 49 ± 24

18 ±18 ±4

37 ±11 ±9

56 ± 17 ± 15

43

Table VI. 1: Cross section for inclusive D"+ production. The first part of the
table gives the results for the annihilation process and the second part for the
two-photon process. The column labeled 'Wvis" indicates whether or not the
Wvis < 8 GeV v/as required. Similarly "Tag" and "7" indicate the reconstruction
of a tag (Elas > 7 GeV) or a radiated photon (E^ > 10 GeV), respectively.
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VI.3.2 Two-photon: e+e~ -» e+e~77 -» e+e~D*+X

From the diiFerential cross section shown in figure VI.6(c) follows that the two-
photon events are to be found in the low ZD» region. Before the kinematic sup-
pression of the contamination from annihilation D*+ production, using WVIS and
| J2P±\I ' S attempted the two-photon events are first isolated using the single-tag
data sample (C = 67 pb"1).

The D*+ selection on the single-tag data sample is identical to the selection
outlined in section VI.2. The only additional requirement concerns the tag which
is required to have an energy in excess of 7 GeV in either the NAI or the SHW
electromagnetic calorimeter and matched hits in the driftchambers and/or in the
time-of-flight scintillator counters (TOF) in front of the electromagnetic calorime-
ters. This charge requirement serves to eliminate any "fake tags" from initial state
radiation (as confirmed by the Monte Carlo simulation of the inclusive D"+ produc-
tion process via e+e~ annihilation including the initial state radiation effects).

In case of the D° —* K~n+ decay mode the D*+ selection yielded 4 events on
a negligible background (again from the "wrong-sign" analysis). In case of the
D° —* K~n+n~n+ decay mode only a single event, also without any background,
was found. The relevant variables of these events are listed in table VI.2 where
for completeness also the only additional tagged event found on the no-tag data
sample is included. As aforementioned, the tagged D*+ events do have a low frac-
tional energy {ZD* < 0.3), a low visible invariant mass and a small | YiP±\- The 4
events in the D° —+ K~n+ decay mode (C = 67pb"1 integrated luminosity, 2.8%
reconstruction efficiency and 2.18% branching fraction) yield for the two-photon
D"+ production cross section:

<7(e+e" -> e+e~D*+X) = 98 ± 49 ± 24pb

Similarly the single D'+ event in the D° —* K~n+n~n+ decay mode (1.8% recon-
struction efficiency and 4.73% branching fraction) corresponds to:

<r(e+e- - » c V D ' + I ) = 18±18±4pb

The errors in both cross sections represent the statistic and the systematic (25%)
uncertainty, respectively. Since the statistics is marginal no detailed study of the
event topology was attempted. It is interesting, however, to compare the q2 distri-
bution of the data with the Monte Carlo prediction for the e+e~ —• e+e~cc process.
The averaged q2 of the tagged D*+ events equals < \q2\ >= 2.0 ±1.6 GeV2, in good
agreement with the Monte Carlo prediction of < |QMC| >= 1.5 ± 1.6GeV2. The
errors do not represent the uncertainty in the average \q2\ value but instead give
the standard deviation of the \g2\ distribution. The magnitude of both inclusive
D*+ production cross sections are also in accord with the QPM calculation for the
two-photon production of a cc-quark pair combined with the LUND model hadro-
nization of the cc-quark pair given in table VI.1, |<r(e+e~ —• e+e~cc) = 43 pb.
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Channel

D° — K-ir+

D° -» A'-7r+7r-7r+

Event

16/310/155

17/429/4811

17/637/2449

18/47/477

16/159/6945

16/109/539

\92\

(GeV2)

0.91

0.16

2.91

4.72

2.69

0.60

(GeV)

1.2

0.4

1.8

1.2

0.6

0.1

wvis
(GeV)

2.5

8.6

2.5

1.9

4.2

3.1

MXJO

(MeV)

1874

1877

1864

1842

1886

1866

AM

(MeV)

143

144

146

144

145

146

ZD'

0.25

0.24

0.21

0.16

0.20

0.17

Table VI.2: Summary of various quantities for the tagged D*+ events.

The alternative approach to assess the two-photon D"+ production cross section
is to reconstruct the D"+ events using the no-tag data sample. This reqinres a
statistical subtraction of the annihilation background. The analysis was only per-
formed for the D° —> K~ir+ decay mode since the combinatorial background in the
D° —• K~n+K~w+ decay channel was overwhelming in the kinematical region of
interest (see figure VI.3(a)). The annihilation events are satisfactory suppressed by
a simple cut on Wvis of 8 GeV combined with the | £p± | < 2.5 GeV requirement.
According to the Monte Carlo simulation only 2.1 e+e" annihilation events are ex-
pected to survive the Wvis and | 52p±\ cuts6. The analysis resulted in 12 D*+ events.
the "wrong-sign" background analysis led to only 2 events. After the subtraction
of both the annihilation contamination and the "wrong-sign" background 7.9 ± 3.5
D*+ events are left. The mean q2 of the 12 D*+ events was < \q2\ >= 0.9 ±1.6 GeV2

similar to the Monte Carlo prediction of < Î MCI >= 0.9±1.5 GeV2. The background
corrected number of D*+ events corresponds to a two-photon cross section of (the
errors represent again the statistic and the systematic uncert "nty, respectively):

a(e+e = 56 ± 25 ± 14 pb

This cross section is also consistent with the QPM prediction. The straightforward
average of the different approaches yields a{e+e~ —* e+e~Dm+X) = 37 ± 11 ± 9pb
for the two-photon Dm+ production cross section. If Poisson distributions instead of
Gaussian distributions are used for the calculation of the average the result becomes:

<r(e+e e+t-D*+X) = 56 ± 17 ± 15 pb

In both averages the first error represents the statistic and the second the systematic
uncertainty.

5This event was only found in the no-tag data sample and was not used for the cross section
calculation.

6Without the |£f>j. | cut 15 instead of 12 D*+ events are found. This increase is almost com-
pletely compensated by the e+e" annihilation contamination which goes from 2.1 to 4.3 events.
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Comparison with the JADE measurement

The only other determination of the inclusive D*+ production cross section via the
two-photon mechanism comes from the JADE experiment [75] at yfs — 38 GeV.
The analysis was already discussed in section 1.4.3 and resulted in a(e+e~ —*
e+e~D*+X) = 760 ± 360 pb, based on the D'+ — D°ir+, D° -> K'TT+TT0 decay
mode. At \/s — 38 GeV the QPM model predicts 120 pb for the cross section of the
e+e~ —* e+e~cc process (JADE used mc = 1.5 GeV and their Monte Carlo model al-
lowed any cc-quark pair mass between 2mr = 3 GeV and 2Eh = 38 GeV). Combined
with the simple relation given in equation 1.27 the expected inclusive D*+ produc-
tion cross section becomes7: <r(e+e~ —+ e+e~D*+X) = |o-(e+e~ —> e+e~cc) = 90 pb;
about a factor 8 below the cross section measured by the JADE experiment. The
current analysis found an e+e~ —> e+e~Dm+X cross section in good agreement with
the Monte Carlo expectation and hence does not confirm the effect observed by
the JADE experiment. No obvious explanation for this discrepancy, apart from a
large change in one of the D° decay branching fractions involved, could be found.
It is noteworthy, however, to remark that as opposed to the present analysis, which
considered simultaneously the annihilation and the two-photon production of D*+

mesons, the JADE analysis only investigated the two-photon production of D"+

mesons in the single-tag mode. In fact the JADE measurement of D*+ production
in e+e~ annihilation did not include the D° —> K~ir+ir° decay mode but only em-
ployed the D° —y K~w+ and the D° —* K~7r+7r~7r+ decay modes. In addition the
two-photon analysis of these other decay modes did not lead to an excess of tagged
D'+ events [76].

VI.4 Summary of the experimental results

In this chapter the inclusive production of charged D* mesons has been investigated.
The analysis employed the usual D*+ — D° mass difference technique, based on
the D*+ cascade decay mode: D*+ —* D°K+ and subsequent D° decay. Only the
D° -> A'"TT+ and D° -* A""7r+7r"7r+ decay channels of the D° were used. The D'+

signal was identified as a narrow peak (resolution approximately 1 MeV) centered
at 145.45 MeV in the Dm+ — D° mass difference distribution.

A large fraction of the selected D*+ events could be attributed to the production
of cc-quark pairs by e+e~ annihilation. The measured total cross section, a(e+e~ —*
D*+X) = 181 ± 18 ± 22 pb, was in good agreement with the QPM prediction for
the e+e~ —> cc, bb cross section combined with the hadronization of the cc-quark
pair (or of the 66-quark pair) as described e.g. by the LUND model (<r(e+e~ —*
D*+X) ~ 155 pb). The D*+ fractional energy distribution was used to assess
the fragmentation function of the c —+ D*+ transition. The result was in accord
with earlier findings provided the analysis is restricted to events with a sizable

7This relation does not hold for c?-quark pair masses below twice the charged D* mass. The
given cros section of 90 pb represents therefore an overestimate.
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(> 8 GeV) invariant mass. The angular distribution of the D'+ w.r.t. the incoming
e+ direction was used to determine the forward-backward asymmetry, .4, arising
from the interference between the Z° and the 7 in the e+e~ annihilation channel.
The measured asymmetry, A — —0.19 ± 0.09, was in reasonable agreement with
the standard model prediction, A = —0.09, and with earlier measurements hereof.
Special attention was attributed to the e+e~ annihilation D*+ events where either
the incoming e+ or e~ radiated a hard photon (E~, > 10 GeV). These events
constitute a potential background to the two-photon produced D"+ events. The
observed rates were in agreement with the Monte Carlo predictions after the initial
state radiation effects were included.

The two-photon production of D*+ mesons was investigated using two indepen-
dent methods: first the D*+ events with one of the scattered leptons observed in
the forward electromagnetic calorimeters were used. Next the D*+ events with a
small visible invariant mass and transverse momentum (Wv\s < 8 GeV and | £ p± \ <
2.5 GeV) were used. The former analysis was done for both D° decay modes and
resulted in four D*+ events in the D° —> K~ir+ mode (a(e+e~ —» e+e~D"+X) —
98 ± 49 ± 24 pb) and only a single D*+ event in the D° -* A'~7r+7r~7r+ mode
(ff(e+e- -> e+e~Dm+X) = 18 ± 18 ± 4 pb). The latter analysis was only done
for the D° —* K~w+ decay mode because the combinatorial background in the
D° —• K~TT+Tr~n+ decay mode remained too large. This analysis led to cr(e+e~ —>
e+e~D'+X) - 5 6 ± 2 5 ± 1 4 pb based on 7.9±3.5 events (after a subtraction of both
the "wrong-sign" background and the e+e~ annihilation contamination).

The average value for the cross section of two-photon D"+ production was
56 ± 17 ± 15 pb which is in good agreement with the QPM prediction for the
e+e~ —* e+e~cc cross section using the LUND model to describe the hadronization
of the cc-quark pair. This model is consistent with the simple relation a{e+e~ —»
e+e~D*+X) = ^a(e+e~ —> e+e~cc) — 43 pb. The average q2 of the observed
tagged events is < \q2\ >= 2.0 ± 1.6 GeV2 compared to < | ^ c | > = 1.5 ± 1.6 GeV2

for the Monte Carlo simulation. The average q2 of all two-photon D'+ events
(< \q2\ >= 0.9± 1.5 GeV2) is also in accord with the Monte Carlo simulation of this
quantity (< |gg, c |>= 0.8 ±1 .5 GeV2).

The result on the two-photon cross section for inclusive D*+ meson production
via the two-photon mechanism is in conflict with the only other measurement of this
quantity to date, obtained by the JADE experiment. This experiment employed the
D° -> 7v'-7r+7r° decay mode and found at y/s = 38 GeV a(e+e~ -> e+e~D"+X) =
760 ± 360 pb, about a factor 8 larger than the aforementioned model prediction of
<7(e+e- -> e+e-D*+X) = \o(e+e~ - • e+e~cc) = 90 pb.
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A.I Introduction

Electromagnetic (7 and e+, e~) calorimeters constitute an important part of most
experiments in present-day high energy physics. The highest precision is obtained
with calorimeters which employ a single material, such as lead-glass, Nal, Csl or
BGO, simultaneously as converter and as detector, thus permitting a measurement
of the total electromagnetic shower energy. Resolutions of the order of 1% are
feasible for Nal, BGO and Csl calorimeters for energies from 1 GeV onwards. A
typical example of an experiment which successfully employed such a calorimeter
(Nal) is the Crystal-Ball detector operated both at SPEAR (SLAC, Stanford) and
DORIS (DESY, Hamburg); in the near future the L3 experiment located at LEP
(CERN, Geneve) intends to operate a large (approximately 1 m3) BGO calorimeter.

In the following sections the performance of BGO calorimeters, with a volume
of approximately 2000 cm3, at the PEP e+e~ storage ring is described [92]. Prior to
the installation at PEP the operation (with emphasis on the energy and the position
resolutions) of the calorimeter was evaluated using a positron beam of the LIN AC
at SLAC.

A.2 BGO characteristics

BGO is a relatively new scintillator with many advantages compared to the widely
used Nal; the essential properties [93] of both materials are listed in table A.I.
The radiation length of BGO is only 1.1cm; substantially less than the 2.6 cm of

Property

Density [g/cm3]

Refractive index

Radiation length [cm]

Emission peak [nm]

T-dependence of signal [%/°C]

Fluorescence decay time [ns]

Hygroscopic

Mechanical stability

Radiation resistance

Nal

3.7

1.85

2.6

410

-0.4

230

Yes

Poor

Poor

BGO

7.1

2.15

1.1

480

-1.0

350

No

Good

Fair

Table A.I: Comparison between the main properties of BGO and NAI.

Nal. This short radiation length makes it possible to construct a very compact
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BGO electromagnetic calorimeter. In contrast to Nal, BGO is non-hygroscopic
and has a better mechanical (and thermal) stability and is therefore less delicate
to handle. BGO has the additional advantage of a reasonable resistance against
radiation damage which makes it possible to operate BGO in the high radiation
environment close to circulating beams.

Single crystals of Bi4Ge3Oi2 (BGO) were grown from a stoichiometric melt of
Bi2O3 and GeO2 in the ratio 2 : 3 at approximately 1050°C using the Czochralski
method. The crystals were purchased from the various companies given in refer-
ence [94] for an average price of about 15 $/cm3; nowadays the cost of BGO is about
6 $/cm3, still expensive compared to Nal, which sells for about 1 $/cm3.

A.3 BGO hardware

The dimensions of the BGO crystals were: 48 of 1.0x1.0x20 cm3, 32 of 1.5x1.5x20 cm3,
24 of 2.0x2.0x20 cm3 and 16 of 3.0x3.0x20 cm3; the accuracy on the lateral dimen-
sions was better than 0.1 cm for all four types. Each crystal had all six faces polished
and was first wrapped in white teflon tape before it was wrapped with 25 /xm thick
copper foil. The uniformity of an average crystal, determined from the response
to a Cs137 source positioned at various places along the crystal, was within about
10%. All crystals were individually viewed by a Hamamatsu S1790 photodiode
glued (RTV) on one end of the crystal (the sensitive area of the photodiodes was
either 100 mm2 or 49 mm2 depending on the size of the crystal). A yellow light
emitting diode (LED) was mounted opposite the photodiode and was used to mon-
itor the short time behavior of each BGO crystal. The photodiodes were connected
via a 50 cm coaxial cable to low-noise charge-sensitive preamplifiers. The output of
the preamplifiers was recorded with charge sensitive ADC's (Lecroy model 2249W)
operated with a 500 ns wide gate and the result was written to tape either by a
VAX 780 (PEP data) or an LSI 11/2 (LINAC data) computer.

The BGO crystals, 120 in total, were arranged in four packages of 30 crys-
tals each. Each package had a single row of twelve 1.0x1.0x20 cm3 crystals, eight
1.5xl.5x20cm3 crystals, six 2.0x2.0x20cm3 crystals and four 3.0x3.0x20cm3 crys-
tals. The inactive region due to the wrapping material (teflon tape and copper
foil) was less than a few percent even for the smallest sized crystals. The 20 cm
length was selected to keep the fluctuations on the longitudinal energy loss for a
10 GeV electromagnetic shower below 1%. The layout of two BGO arrays is shown
in figure A.I. Each BGO array was connected to a thermistor in order to be able
to take into account the temperature dependence of the BGO signal as mentioned
in table A.I.

BGO energy triggers were based on the analog sum of the signals from a single
BGO array. In addition to the aforementioned LED triggers, intended for short time
gain control, random and pedestal triggers were defined to determine the ADC offset
during bunch-bunch and in between bunch-bunch crossings, respectively.
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9 mr (14.5 GeV)
5 mr (14.5 GeV)
Vacuum Chamber

c

Q.

"6

BGO Detectors

Horizontal plane

Figure A.I: Schematic iayoufc of the two BGO arrays in one of the forward spec-
trometers of the TPC/77 experiment at PEP. The ellipses represent the impact
points of 14.5 GeV electrons or positrons scattered at 5,6, 7,8 and 9 mr polar an-
gles, on the BGO, after passage through the magnetic quadrupole Geld in front of
the BGO. The dotted circle indicates the aperture limitation due to a flange in the
beam pipe.

A.4 BGO reconstruction

The pedestal-subtracted ADC counts of the 30 crystals of a. single BGO array are
used to determine both the impact point and the energy of the incident particle
(assumed to be an e*). In this subsection the conversion from ADC counts to
energy, a single constant for each individual BGO crystal will be assumed.

First the impact point is determined from the observed energy distribution in
the BGO crystals by fitting it to the following functional form:

E(x,y) oc (A.I)

where xm, yin represent the impact point, £(x, y) the energy density at position x, y
and cr the "width" of an energy shower. The ideal distribution was determined from
Monte Carlo generated electromagnetic BGO showers, using the EGS program. An
example hereof is shown in figure A.2(a). For energies ranging from 1 to 15 GeV the
shower shapes were well described by a linear combination of two of the distributions
given in equation A.I with <j\ = 0.23 cm and <r2 = 1.27 cm and amplitudes of 78%
and 22%, respectively. This form is shown as the solid curve in figure A.2(a).
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Figure A.2: (a) The Monte Carlo (EGS) prediction for the the shape of a BGO
energy shower sampled in 2 mm thick layers shown by the data points; the error bars
represent the statistical fluctuations between individual showers. The continuous
curve represents the functional form used to fit the BGO energy showers, (b) An
example of a BGO energy shower. The energy in the crystals used for the energy
and position determination is given (together with the prediction of the fit (both in
MeVJ.

Once the impact point is known it is straightforward to determine the absolute
energy of the shower: the observed energies of the crystals used in the fit are added
and the fitted distribution is used to correct for the lateral energy loss (typically
a 5 — 20% correction). The longitudinal energy loss is, on average, automatically
accounted for by the definition of the calibration constants.

In the actual fit only the crystals with a predicted energy fraction of at least
0.5% and/or crystals within 3.0 cm from the shower center participate. Slightly de-
pendent on the crystal size about 60% of the total energy is dumped in the central
crystal. Typically 10 crystals are used in the fit; in figure A.2(b) an example of a
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14.5 GeV electromagnetic shower in the BGO is shown. For the crystals which con-
tribute to the fit both the measured energy content (top number) and the predicted
energy content (bottom number) are indicated. The total energy of this shower was
determined to be 14.4 GeV (compared to the beam energy of 14.5 GeV) while the
observed energy in the crystals used for the fit was only 13.2 GeV.

The results of this procedure are discussed in more detail in the next sections
and lead to energy resolutions in the 1—3% range and position accuracies of up to
2mm. These results can be assessed from figures A.3(b) and A.5(a.,b), respectively.

A.5 Test beam Performance

The positron beam P19 of the SLAC LINAC was used to test the operation of
the BGO calorimeters before the installation in PEP. The beam had a diameter
of approximately 2 mm and a small momentum bite, crp/p « 0.2%. The beam was
operated at 4, 6, 10 and 17.5 GeV at 10 pulses per second with on average 0.5 — 5
positrons per 100 ns pulse. The noise level, as determined from the width of the
pedestal distribution, was less than 1 ADC count which corresponds to 5 —15 MeV
per BGO crystal.
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Figure A.3: (a.) Response of the BGO calorimeter to the 6 GeV positron test beam.
The successive peaks correspond to 1,2,3,..., 9 positrons per puJse. (b) Energy-
resolution as a {unction of incident energy for several crystals at the central position.
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All 30 crystals of a BGO array were individually calibrated by rotating them
in the central position with the beam energy set to 10 GeV. Figure A.3(a) shows
a typical example of the response of the calorimeter to the incident beam. Shown
is the energy distribution observed in the calorimeter with the beam energy set
to 6 GeV. The successive peaks correspond to 1,2,3,..., 9 positrons per pulse; the
intensities are nicely Poisson-distributed with a mean value of 3.6 positrons per
pulse.

In figure A.3(b) the energy dependence of the resolution, calculated from the
width of the peaks: a = FWHM/2.35. is shown for three different crystals in the
central position. This result is in agreement with earlier measurements and Monte
Carlo calculations based on the EGS program [93]. The resolution on the recon-
struction of the impact point, achieved with the previously described algorithm,
is approximately 2mm up to about 0.5cm from the edges of the calorimeter (the
position resolution depends slightly on a crystal's size; the quoted value holds for a
2.0x2.0x20 cm3 crystal).

A.6 PEP Performance

The four BGO packages were placed on remotely controlled elevator tables posi-
tioned at ±9m from the interaction point inside and outside the PEP ring in the
horizontal plane, just behind the mini 0 quadrupoles. The vacuum chamber was
suitably modified to accommodate the crystals in the 5 — 9 mr polar angular range.
The azimuthal coverage depended on the polar angle and varies between 40% and
70% of the full 2TT. The setup for one of the forward spectrometers is shown schemat-
ically in figure A.I. The ellipses in this figure indicate the impact points of 14.5 GeV
electrons after they are bend by the mini 0 quadrupoles; the magnetic field of these
quadrupoles also led to the setup in the horizontal plane. The conversion from im-
pact point to scattering angle at the vertex took into account the energy dependent
corrections due to the magnetic quadrupole field. The dotted circle in the figure A.I
indicates the limitation on the aperture due to a flange in the beam pipe which had
been overseen in the early proposals.

The main problem was to reduce the RF-pickup and synchroton radiation to
an accepts'^'e level. This was largely achieved by lead shielding and retracting the
BGO calorimeters during injection. The noise level, again determined from the
width of the pedestal or random energy distributions, was approximately 3-5 ADC
counts which corresponds to 30-50 MeV per crystal. During PEP fills the BGO
pulse heights remained stable to within a percent. From one fill to another, however,
the pulseheights occasionally varied significantly as a result of injection problems.
This is illustrated clearly by the variations of the LED pulseheight distribution of a
typical BGO crystal over the two year data taking period, shown in figure A.4(a).
Each point represents the average LED signal during a single fill of PEP, which
typically lasted about 2 hours. The sharp dips in this figure correspond to heavy
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Figure A.4: (a) The LED signal for one of the BGO crystals during the full 1984-86
year operation period at PEP. The various sudden drops correspond to severe beam
losses or beam injection problems. The slow recovery following the drops indicates
the self-annealing property of BGO. In figures (b-e) one of the recovery periods is
shown in more detail: (b) the LED signal, (c) the pedestal signal, (d) the energy
calibration determined from e+e~ Bhabha events and the LED signal (e) the peak
energy ofe+e~ Bhabha events.
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beam losses during injection; the slow recovery thereafter demonstrates the self-
annealing capabilities of BGO; the time scale of this recovery process is in good
agreement with earlier measurements hereof [95].

The energy calibration of the BGO calorimeters was obtained from e+e~ Bhabha
events, for which a trigger defined as the coincidence between the analog sums of
two collinear BGO arrays was installed. At the average luminosity of 1031 cm~2s~1

the intrinsic BGO Bhabha rate was approximately 100 Hz. The counting rate, with
a 3 GeV hardware energy threshold on the analog sum signal, of a single BGO array
was of the order of 5000 Hz and the coincidence rate was about 200 Hz. (The single
rates led to a random coincidence rate of about 100Hz.) For the energy calibration
Bhabha triggers, prescaled by factor 1024, were stored on tape for later off-line
analysis. Typically 10k Bhabha events were required for the energy calibration of
each collinear BGO calorimeter pair.

Off-line the e+e~ Bhabha events were selected using cuts on the energies and the
positions of the showers in the two collinear BGO arrays. Only events separated
by at least 0.5 cm from any boundary were kept for the energy calibration. The
energy calibration itself was based on an iterative procedure which adjusted the
gain constants of the individual crystals in order to get the energy of the selected
e+e~ Bhabha events as close as possible to the beam energy of 14.5 GeV. The
calibration was performed once a day; to allow for the short term variations the
gain constants [ GeV] were scaled by the mean LED value and denned as follows:

ADC Counts n .
Crystal Energy = — — — . Gam A.2

Mean LED
The gain constant as a function of time of a single crystal is shown in figure A.4(d)
together with the LED, figure A.4(b), and the pedestal, figure A.4(c), distributions.
A comparison between the LED and the gain distributions (figures A.4(b,d)), shows
that a large fraction of the variation in light yield, due to radiation damage, can
be tracked by the LED response. In figure A.4(e) the peak position of the energy
distribution of e+e~ Bhabha events in this particular crystal is shown; the error
bar represents the r.m.s width. It is evident that the energy resolution of the BGO
calorimeters was hardly affected by the abrupt gain change.

The position resolutions can be determined from the correlation plots between
the position coordinates of elastic e+e~ Bhabha events in two collinear BGO arrays.
In figure A.5(a) the correlation for the vertical coordinate is shown. The standard
deviation (calculated from the FWHM) of the difference distribution, shown as an
insert in figure A.5(a), is about 4mm which corresponds to a position resolution
for a single BGO array of 3mm. The position resolution in the horizontal plane
is similar. The Energy distribution of the elastic e+e~ Bhabha events is shown in
figure A.5(b); the FWHM of the peak is 1.1 GeV which yields an energy resolution
of about 3.1% at 14.5 GeV. The difference between this energy resolution and the
energy resolution achieved at the test beam (about 1%) is partly due to the increased
noise level in the individual crystals, which went from about 10 MeV (test beam
operation) to about 40 MeV (PEP operation) per crystal.
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gives an energy resolution of 3.1% at 14.5 GeV.

The integrated e+e luminosity as determined from the elastic e+e~ Bhabha
events in the BGO calorimeters was within 10% in agreement with the determina-
tion using elastic e+e~ Bhabha events in the NAI calorimeters. A more accurate
determination of the integrated e+e~ luminosity using the BGO calorimeters re-
quires accurate information on the beam positions, the beam crossing angles and
the precise location of the BGO calorimeters.

The prime reason for the installation of the BGO calorimeters was to extend the
angular range for the detection of the scattered leptons in two-photon reaction. In
principle the BGO calorimeters cover the very small q2 range between 0.001 < |?2| <
0.05 GeV2. In practice this was of little use; partly because of the limited aperture
of the BGO and therefore low counting rates. Only the two-photon production
of the extensively studied 77' meson: e+e~ —> e+e~-q' followed by the 77' decay:
77' —> pj -+ 7T+7r~7 has been investigated using scattered leptons detected in the
BGO, NAI or SHW calorimeters. For a fraction of the data approximately 130
77' events were found of which 4 events with a tag observed in a BGO calorimeter
and 19 events with either a tag in a Nal calorimeter or in a SHW calorimeter.
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The resulting q2 distribution of these Tf' events was in good agreement with the
Monte Carlo prediction based on a p-pole form factor (this p-pole form factor is in
accordance with earlier measurements thereof).

A. 7 Conclusions

The operation of BGO as an electromagnetic calorimeter has been evaluated. For
test beam operation at 10 GeV an energy resolution of 1% and a position resolution
of 2 mm were achieved. In addition BGO has proven to be sufficiently stable for
continuous operation in the high radiation region close to circulating beams provided
the calorimeters are retracted during beam injection. The continuous calibration
by means of elastic e+e~ Bhabha events was feasible and the short time variations
could be monitored by LED signals; at 14.5 GeV beam energy an energy resolution
of 3.1% and a position resolution of 3 mm were obtained.
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Samenvatting

In dit proefschrift worden de meetgegevens van het TPC/77 experiment, verza-
meld aan de e+e~ opslagring PEP, gebruikt om de creatie van gecharmeerde deel-
tjes in het twee-foton proces te onderzoeken. Hiertoe wordt de volgende reaktie
bestudeerd:

e+e~ —> e+e~77 —* e+e~X

waarin X hetzij één van de resonanties behorend tot de charmonium familie (T/C,
Xo of \2K of een geladen D* meson, al of niet vergezeld van meerdere deeltjes,
voorstelt. Het laatste proces verloopt ook via de annihilatie van het inkomende
e+e~ paar, hetgeen daarom ook in beschouwing is genomen. De geïntegreerde ver-
lichtingssterkte van de meetgegevens is £ = 69 pb"1 bij een zwaartepuntsenergie
van s/s = 29 GeV.

De werkzame doorsnede, voor de productie van de T)C, XO of ^2 via het twee-
foton proces, is evenredig met de twee-foton vervalsbreedte, r 7 7 , van deze deeltjes.
Deze zijn belangrijk voor een goed begrip van de dynamica van het charmonium
systeem. Zowel de berekening van F 7 7 in de context van het (niet relativistische)
potentiaalmodel, als de berekening via dispersie relaties geven vrij nauwkeurige
schattingen voor deze twee-foton vervalsbreedten. Dit geldt in het bijzonder voor
de r\c en in iets mindere mate voor de \o en de \2- De gepubliceerde resultaten van
deze berekeningen geven aan dat FJJ(T)C) en r7 7(xo) liggen tussen 3 en 6keV en
dat Tyy(x2) ligt tussen 1 en 3keV.

Het experimentele onderzoek naar de rfc, xo en %2 produktie is moeilijk, omdat
deze deeltjes geen dominante vervalskanalen hebben. Een bijkomend probleem, in
het geval van het twee-foton mechanisme, is dat de zware massa's van de 7}c, \O en X2
een lage 77 verlichtingssterkte tot gevolg hebben en dus kleine werkzame doorsne-
den (tussen de 10 en 100 pb). De al geplubiceerde waarden voor de twee-foton
vervalsbreedte van bijvoorbeeld de r\c varieren tussen waarden in overeenstemming
met de theoretische voorspellingen tot waarden ver daarboven (C(30keV)).

Deze analyse, beschreven in hoofdstuk V, probeert de twee-foton produktie van
de 77c, xo en \ 2 te meten door gebruik te maken van hun 7r+7r~7r+7r~, K^Kgir*,
K+K~n+ir~ en K+K~K+K~ vervalskanalen. De som van de bekende vertakkings-
verhoudingen naar deze vier kanalen is respectievelijk 4.5%, 6.7% en 4.1% van alle
vervalsmogelijkheden van de T)c, \O en de X2- In het K+K~K+K~ vervalskanaal
worden vijf, en in het K^Kgir* kanaal twee r)c kandidaten geïdentificeerd, beide
op een lage achtergrond. In geen enkel ander vervalskanaal is enig signaal voor
de T}c, noch voor de Xo of de X2 gevonden. Deze resultaten vertegenwoordigen een
twee-foton vervalsbreedte voor de r\c van T^{r\c) — 6A±™ keV en leiden tot de vol-
gende bovengrenzen van de twee-foton vervalsbreedten voor de charmonium nivo's:
r77(j?c) < 15.5 keV, T77(xo) < 17.0 keV en r T 7 (x 2 ) < 4.2 keV (deze bovengren-



zen corresponderen met een 95% betrouwbaarheids interval). Deze resultaten zijn
in goede overeenstemming met de theoretische voorspellingen en ook met de recente
resultaten van andere experimenten. De eerder gerapporteerde hoge waarden voor
TJJ(T]C) worden niet bevestigd door de huidige resultaten.

De productie van geladen D* mesonen via het twee-foton mechanisme is van be-
lang, omdat het in verband gebracht kan worden met de e+e~ —> e+e~77 —» e+e~cc
reaktie. Het Quark Parton Model, gecombineerd met een standaard fragmentatie
model (b.v. het LUND model) voor de beschrijving van de hadronisatie van het
ec-quark paar, leidt tot 43 pb voor de werkzame doorsnede van deze reaktie. Dit
is slechts een faktor vier kleiner dan de voorspelling, op basis van hetzelfde model,
voor de werkzame doorsnede van geladen D" produktie in e+e" annihilatie (155 pb).
Deze laatste berekening is experimenteel bevestigd door verschillende experimenten.

In hoofdstuk VI wordt de produktie van geladen D* mesonen bestudeerd door
gebruik te maken van het D"+ -* D°K+, D° -> K~ie+ en het D'+ -* DV", D° -+
K~n+Tr~n+ vervalskanaal van deze deeltjes. Het D"+ signaal is duidelijk herkenbaar
als een smalle piek bij 145.45 ± 0.07 MeV in de AM = Mßoff+ — M^o verdeling
(massaverschil tussen het D*+ en het D° meson). Dit is een direkt gevolg van de lage
Ç-waarde van het D"+ —» D°TT+ verval. In elk van de D*+ vervalskanalen worden
ongeveer honderd gebeurtenissen gevonden, waarvan het meerendeel toegeschreven
kan worden aan de e+e~ annihilatie reaktie. De gemeten werkzame doorsnede van de
e+e~ —* D*+X annihilatie reaktie, gemiddeld over de twee vervalskanalen, is 181 ±
18 ± 22 pb; dit is in overeenstemming met de theoretische voorspelling van 155 pb.
Vroegere experimenten gebruikten de e+e~ annihilatie D*+ produktie om, naast
de werkzame doorsnede, de fragmentatie verdeling van de c —> D"+ overgang te
onderzoeken. Ook de voorspelde voorwaartse-achterwaartse asymmetrie, een gevolg
van de interferentie tussen het foton en het Z° boson in het e+e~ annihilatie kanaal,
kan geverifieerd worden. De huidige resultaten zijn in goede overeenstemming met
zowel de theoretische voorspellingen als met de oudere metingen.

Verwijdering van de e+e~ annihilatie bijdrage tot de gevonden D"+ —> £>OTT+,
D° —> K~n+ gebeurtenissen laat slechts 7.9 ± 3.4 gebeurtenissen over die aan de
twee-foton produktie van D*+ mesonen toegeschreven kunnen worden. Een alter-
natieve methode om de e+e~ —> e+e~D*+X twee-foton reaktie te onderzoeken is
om gebeurtenissen met een gereconstrueerd verstrooid e± te selecteren. De e+e~
annihilatie bijdrage wordt verwaarloosbaar zodra één van de verstrooide leptonen is
geïdentificeerd. In totaal worden vier D"+ —+ i?07r+, D° —> K~n+ gebeurtenissen en
slechts één D'+ —> D°ir+, D° —* K~n+ir~Tr+ gebeurtenis gevonden. De werkzame
doorsneden voor het twee-foton D'+ produktie proces, bepaald op de verschillende
manieren, zijn consistent. De gemiddelde werkzame doorsnede is 56 ± 17 ± 15 pb en
is in goede overeenstemming met de Quark Parton Model voorspelling van 43 pb.
Dit resultaat bevestigt niet de enige andere meting van hetzelfde proces, gebaseerd
op het D"+ —y DOTT+, D° —> K~n+n° vervalskanaal, welke een hogere werkzame
doorsnede rapporteerde dan de berekening op basis van het Quark Parton Model
aangaf.



Summary

The data of the TPC/77 experiment collected at the PEP e+e storage ring,
£ = 69 pb"1 at y/s = 29 GeV, is used to investigate the production of charmed
particles via the two-photon mechanism:

e+e~ —* e+e~jy —*• e+e~X

Here X represents either one of the charmonium resonances r)c, \O or \2 or a collec-
tion of particles among which at least one charged D" meson. The second process
receives a sizable background from the e+e~ annihilation process which is therefore
investigated as well.

The two-photon cross sections of TJC, \o and X2 production are proportional to
their two-photon decay widths, TJJ, which are of interest for an understanding of
the dynamics of the charmonium states. Both the non-relativistic potential model
and the more general framework of dispersion relations give fairly accurate pre-
dictions for Tyy of the charmonium resonances. Typical values encountered in the
literature for T-yy of the r}c and the \0 are between 3 — 6 keV; predictions on Tyy( \2)
vary between 1 — 3 keV.

The experimental observation of charmonium states in two-photon collisions is
difficult because the charmonium states do not have dominant decay channels and
because the two-photon luminosity is low at these relatively high masses. Two-
photon production of the t]c has been observed with measured rates ranging from
agreement with the theoretical predictions to levels several times above it. In the
present analysis, described in chapter V, a measurement of the two-photon pro-
duction of the Tjc, \o and \2 is discussed based on their ir+ir~ir+z~, K±Kg7r:f,
K+K~w+ir~ and K+K~K+K~ decay modes. The sum of known branching frac-
tions to these final states are 4.5%, 6.7% and 4.1% for the rjc, \0 and \2 , respectively.
In the K+K~K+K~ channel five and in the K^K^w* channel two r\c candidates
are identified, both on a negligible background. In the other channels no evidence
for any of the three states is found. These observations yield for the two-photon
decay width of the t]c: r77(?7c) = 6 .4i^ keV and for the 95% C.L. upper limits
on the two-photon decay widths of the charmonium states: Tyy(T)c) < 15.5 keV,
r~[-y(xa) < 17.0 keV and r ^ ( x 2 ) < 4.2 keV, respectively. These results are in good
agreement with the theoretical predictions as well as with the recent measurements
of other experiments.

The two-photon production of charged D* mesons is of interest because it can
be related to the e+e~ —> e+e~77 —* t+e~cc process. The Quark Parton Model,
combined with a standard description of the fragmentation of the cc-quark pair (as
e.g. given by the LUND model), predicts an inclusive D*+ production cross section
of approximately 43 pb. This is only a factor four below the predicted (using the



same model but also including the production of 66-quark pairs) and experimentally
confirmed cross section of inclusive D*+ production in e+e~ annihilation: 155 pb.

In chapter VI the production of charged D* mesons is investigated using the
D'+ _> £ 0 ^ Do _, K-K+ ^ d t n e D'+ -* D°n+, D° -» 7i-7r+7r-7r+ decay modes.
The D"+ is identified as a narrow peak in the AM = M^o^- — Mpo mass difference
spectrum centered at AM = 145.45 MeV; close to the kinematic limit determined
by the n+ mass. Approximately one hundred events are found in each decay mode,
most of which are due to the e+e~ annihilation process. The measured cross section
of the e+e~ —* D*+X annihilation process, averaged over the two decay modes,
becomes 181 ± 18 ± 22 pb which is in good agreement with the aforementioned
model prediction of 155 pb. Previous experiments used the production of charged
D" mesons in e+e~ annihilation to determine, in addition to the total cross section,
the fragmentation function of the c —> D"+ transition and the forward-backward
asymmetry from the 7-Z0 interference in the e+e~ annihilation channel. The present
results on these quantities are in good agreement with these earlier measurements.

After a statistical subtraction of the e+e~ annihilation contribution only a few
events, 7.9 ± 3.4 (D"+ -> D°TT+, D° -» A'~n+ decay mode only!), can be assigned
to the two-photon D*+ production process. An alternative approach to investigate
the two-photon process is to select D"+ events with one of the scattered leptons
observed in the forward electromagnetic calorimeters. This analysis is free from
any contamination from the e+e~ annihilation process and yields five events on a
negligible background (four events in the D° —* K~ir+ decay mode and only a single
event in the D° —* K~TT+TT~TT+ decay mode). The two-photon cross sections for the
inclusive D*+ production process determined from the two different approaches are
consistent; their average gives for the two-photon cross section: 56 ± 17 ± 15 pb.
This cross section is in good agreement with the Quark Parton Model prediction
of 43 pb. It disagrees, however, substantially with the only other measurement of
this process which employed the D*+ —» D°n+, D° —>• K~Tr+ir° decay mode of the
Dm+ and the same mass difference technique to identify the D*+. Compared to the
Monte Carlo prediction this experiment observed a substantial excess of two-photon
produced charged D* events .
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Stellingen behorende bij het proefschrift:
"Charm Production in Two-Photon Collisions"

door Frank Linde

1. De door het JADE experiment gebruikte relatie tussen de inclusieve Dt:t en de
cc werkzame doorsneden, OD'±X — f^^cc' volgt niet uit de in de publikatie ge-
noemde veronderstellingen. Bovendien kan een relatie als deze slechts gebruikt
worden boven de kinematische drempel voor D*D* meson paarproduktie en
niet reeds vanaf de drempel voor cc quark paarproduktie zoals het JADE
experiment veronderstelt.

W. Bartel et ai. (JADE collaboration), "Observation of charmed mesons in photon-
photon collisions", Phys. Lett. 184B (1987), 288.

2. De tendens om voor een proces met verschillende vervalskanalen vaak wel de
werkzame doorsnede, die resulteert uit een signaal in een specißek kanaal,
en vaak niet de bovenlimieten op de werkzame doorsnede, die resulteren uit
de andere kanalen, te publiceren, leidt bij marginale signalen vaak tot een
overschatting van de werkelijke grootheid. Het ware beter om in zulke situaties
een coherente analyze van alle onderzochte kanalen te publiceren.

Vergelijk bijvoorbeeld de resultaten gevonden in de hoofdstukken V en VI van dit proef-
schrift met Ch. Berger et ai. (PLUTO collaboration), "Evidence for exclusive TJC production
in TY interactions", Phys. Lett. 167B (1986), 120 en W. Bartel et al. (JADE collaboration),
"Observation of charmed mesons in photon-photon collisions", Phys. Lett. 184B (1987),
288.

3. Naast het traditionele e+e~ -* e+e~ Bhabhaproces, zullen de e+e~ —* e+e~e+e~
en e+e~ —» e+e~ß+ß~ foton-foton processen erg geschikt blijken voor de in situ
calibratie van de verschillende detector componenten voor experimenten aan
e+e~ opslagringen met hoge zwaartepuntsenergieën zoals bijvoorbeeld de e+e~
opslagring LEP.

4. Dat bij het ontwerp van de L$ muon kamers gekozen is voor een structuur
bestaande uit drie vlakken, waarbij de constructie van het middelste vlak
afwijkt van de constructie van de twee andere vlakken, is onverstandig. De
nauwkeurigheid van de meting van de kromtestraal van een deeltjesbaan hangt
nu immers af van de, in principe verschillende, systematische fout in de rekon-
struktie voor elk van de Irie vlakken.

L3 technical proposal, May 1983.

5. Het dynamische energie bereik van eenentwintig bits van de L3 "Luminosity
monitor", is overdreven zolang deze hoofdzakelijk gebruikt wordt voor de
energie bepaling van de verstrooide elektronen en positronen in de elastische
e+e~ —• e+e~ Bhabha reaktie.



6. Een e+e —• <j> fabriek met een hoge verlichtingssterkte kan, behalve voor
de bestudering van CP schending in de zwakke wisselwerking via het unieke
<j> —> K%Ki vervalskanaal, ook gebruikt worden om bijvoorbeeld nauwkeurig
de vertakkingsverhoudingen van het <j> —• 777 en het <j> —» 777' verval te bepalen.

I. Dunietz et ai., "Proposed experiment addressing CP and CPT violation in the K°—K°
system", Phys. Rev. D35 (1987), 2166.

7. Hoewel tra.nsla.tie invariantie het aantal onafhankelijke tweedeeltjes matrix-
elementen in schillenmodel berekeningen aanzienlijk reduceert, blijft het on-
duidelijk in hoeverre de truncatie van de modelruimte meerdeeltjes interac-
ties introduceert, zelfs als de onderliggende nucleon-nucleon wisselwerking een
pure tweedeeltjes interactie is.

A.G.M, van Hees and P.W.G. Glaudemans, "A Translationally Invariant Shell-Model
Treatment of (O+l)ftù> States in A=4-16 Nuclei (I)", Z. Physik A314 (1983), 323; D. Zwarts,
"RITSSCHIL, a novel shell model approach applied to light and heavy nuclei*, Ph.D. thesis
Utrecht.

8. Indien PN (k) de waarschijnlijkheid voorstelt om op een aselekte wijnproeverij
k wijnen uit een totaal van N wijnen juist te identiüciëren. Dan geldt:

Voor lage waarden van k is dit al vanaf 5 wijnen een excellente benadering.

9. Deze stelling en zijn engelse vertaling samen tellen een totaal van vijftien
A's, zeven C's, negen D's, negenenzestig E's, acht F's, dertien G's, elf H's,
zevenentwintig I's, vier J's, zeventien L's, negen M's, ..., en acht Z's.

E. S, Miller, pers. j/ieded.

This theorem and its Dutch translation together count a total of fifteen A's,
seven C's, nine D's, sixtynine E's, eight F's, thirteen G's, eleven H's, twenty-
seven I's, four J's, seventeen L's, nine M's, ..., and eight Z's.

E. S. Miller, priv. comm.

10. Het algoritme ter berekening van de annuïteit van een annuheitenhypotheek,
zoals gebruikt door een gerenommeerde nederlandse bankinstelling, is du-
bieus en resulteert voor de cliënt in een — procent hogere rente dan in de
hypotheekakte is aangegeven.

11. Er bestaat geen tweede kans voor het maken van een eerste indruk.


