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Stellingen behorende bij het proefschrift:
Formation of r)' mesons in photon-photon collisions

door Bert van Uitert

1. De benadering dBi/dx = dBi/dy = 0 for i — x,y,z die Myrheim en Bugge
maken, teneinde de formules voor de integratie van banen van geladen
deeltjes in een magnetisch veld te vereenvoudigen, leidt er tevens toe dat
alle matrices

/ dx(z)/dx0 dx(z)jdyo \
\dy{z)/dx0 dy(z)/dy0)

vereenvoudigen tot de eenheidsmatrix. Deze matrices hoeven derhalve niet
verder in de berekening betrokken te worden.

J. Myrheim and L. Bugge, "A fast Runge-Kutta method for fit-
ting tracks in a magnetic field", JVuciear Instruments and Meth-
ods 160 (1979) 43-48.

2. Voor het bepalen van de partiële breedte F ,,<_,.,., houdt de Particle Data
Group ten onrechte geen rekening met het feit dat voor het bepalen van
de experimentele fouten de bijdrage van de fout in de vertakkingsver-
houding J?' —> pi als gemeenschappelijke systematische fout moet worden
beschouwd.

Particle Data Group, "Review of particle properties", Review
of Modern Physics, 56, No 2 Part II (1984), S148.

3. De argumenten voor de constructie van een b-mesonfabriek, onder andere
teneinde vertakkingsverhoudingen voor relatief zeldzame vervalswijzen van
de b quark te kunnen bepalen, zijn voldoende om de bouw van een dergelijke
machine met een verlichtingssterkte van tenminste tien keer zoveel als die
van bestaande installaties, te rechtvaardigen.

Meerdere voordrachten bij "International Symposium on Pro-
duction and Decay of Heavy Hadrons", Heidelberg, 20-23 mei
1986; onder andere: S. Weseler, Heidelberg: "Experimental re-
view on B meson decays".



4. Indien een voldoende wachttermijn in acht wordt genomen, is chloramfeni-
col een aanvaardbaar antibioticum in de veterinaire praktijk.

J. F. M. Nouws, T. B. Vree, J. Holtkamp, M. Baakman, F.
Driessens and P. J. Guelen, "Pharmacokinetic, residue and irri-
tation aspects of chloramphenicol sodium succinate and a chlo-
ramphenico] base formulation following intramuscular adminis-
tration to ruminants", Veterinary Quarterly 8, No. 3 (1986) 224.

J. F. M. Nouws, T. B. Vree, J. Holtkamp, "Comparative phar-
macokinetic and irritation aspects between Amicol^ Forte and
Chloramphenicol sodium succinate in dairy cows", gepresen-
teerd op het derde congres van de European Association for
Veterinary Pharmacology and Toxicology, 25-29 augustus 1985.

5. Het verdient aanbeveling om de reacties e+e —> e+e en e+e —• (i*/*
nauwkeurig te onderzoeken bij hoge zwaartepuntsenergie. Metingen van
deze reacties kunnen worden gebruikt om theorieën waarin leptons samen-
gestelde deeltjes zijn te testen. In het geval van een positief resultaat
kan de combinatie van de metingen onderscheiden tussen de verschillende
theorieën.

I. Bars, J. F. Gunion en M. Kwan, "Signals for compositeness
in e+e~ -» e+e" and e+e' -* ^+,u~", VCD preprint UCD-85-9a
(1985) en USC preprint USC-86-01 (1986).

6. Hoewel de compactheid van de Crystal Ball detector een voordeel is ten
opzichte van concurrerende detectoren bij het zoeken naar niet-interageren-
de vervalswijzen van de Y(1S) in het proces Y(2S) —» nnY(lS) —> nir+
ongeziene vervalsprodukten, wordt dit voordeel geheel teniet gedaan door
de noodzakelijke beperking tot vervallen van het type Y (2S) -> x°ir°Y (IS),
dewelke met een half zo grote waarschijnlijkheid optreden als vervallen van
het type Y(2S) —» 7r+7r~y(lS), terwijl bovendien in het eerste geval vier
deeltjes moeten worden aangetoond en in het laatste geval slechts twee.

J. S. Leffler, "A search for primarily non-interacting decay
modes of the Upsilon", Ph. D. Thesis, Stanford, 1986.

7. De tijd, die verstrijkt tussen het gereedkomen van een proefschrift en de
verdediging ervan, dient aan een reglementair maximum te worden gebon-
den.
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Dr. A. Eisner have been of great value to this work.

I would like to thank Prof. J. Armitage and Dr. H. Paar in particular fir
teaching me practical and theoretical facets of the trade in a very pleasant at-
mosphere of close cooperation.

I would also like to thank my thesis advisor, Prof. J. C. Sens for giving me
the opportunity to carry out independent research in such a large collaboration
and for his continuous support and interest in all stages of the work.

I thank my colleagues Willy Langeveld, Adriaan Buijs, Frank Linde for the
close friendship that grew during our stay in California and for their contributions
to the analysis and text processing software goodies that make preparing a thesis
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Finally I would like to thank my parents for their fantastic encouragement
and support throughout my education and my wife, who gave up her law career
to come with me to the other end of the world on the day after our marriage and
start a family. This thesis is dedicated to our children.



Parts of this thesis were written in conjunction with others and have appeared
or will appear elsewhere. In particular:

— Chapter 2, sections 4 and 5 and chapter 7 were written in collaboration with
J. C. Sens and have appeared as an internal document in the TPC/Two
Gamma collaboration (reference 49). We are indebted to F. Gilman for his
comments in discussions on the theory.

— Chapter 3 was written in collaboration with W. G. J. Langeveld and has
apppeared in his Ph. D. thesis (reference 38).

— The section on our measurement of the q2 dependence, section 6.7 is based
on work done by K. Schwitkis for his Ph. D. thesis (reference 73).

Stanford Linear Accelerator Center, February 12, 1986
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1.1 Motivation

1.1 Motivation

1.1.1 Photon-photon collisions

The subject of this thesis is the interaction of photons with photons to form
a pseudoscalar meson, the r\'. Classically, interactions between photons do not
exist: the Maxwell equations are linear in the fields and the electromagnetic
field at a given point in space is a superposition of the fields of contributing
sources. With the advent of quantum mechanics in the beginning of this century,
it was realized that Heisenberg's uncertainty principle allows photons to fluctuate
into two charged particles that can interact with other photons, thus effectively
producing scattering of light by light.

In 1935, Euler and Kockel1 calculated the cross section for elastic scatter-
ing of light by light through the box diagram of figure 1.1a. For visible light

Fig. 1.1 Scattering of light by light; a) elastic, b) inelastic.

that cross section is extremely small (of the order of 10 63cm 2), and there-
fore experimentally inaccessible, but it rises to 10~30 cm"2 at photon energies
corresponding to the electron mass, me.

Inelastic 77 scattering, represented by the diagram in figure 1.1b and cal-
culated by Breit and Wheeler2 in 1934, has a considerable cross section at
photon energies just above threshold (mec

2); the value found is approximately
10~25cm~2, roughly a factor of l /a2 higher (a ss 1/137) than the elastic cross
section. Photons of such high energies were not available and photon-photon
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collisions remained a curiosity until high energy e+e~ colliding beam machines
came into existence.

Beams of charged particles can be considered as sources of high energy virtual
photons. A colliding beam machine is therefore also a colliding photon machine:
aspects of the reaction

77 - X , (1.1)

where X stands for any state with positive C-parity, can be studied by observing

e+e" -> e+e~ + X (1.2)

which can take place via

e + e - -> e+e" + 7*7* -> e+e~ + X . (1.3)

This approach was first proposed by F. Low3 in 1960 to measure the lifetime of the
TT°; the realization of that experiment had to wait for 25 years? however. Early
experimental results from photon-photon scattering were obtained with beam
energies of several GeV at Frascati5 and Novosibirsk6 in 1969 - 1970 and later at
SPEAR (Stanford), DORIS (Hamburg) and DCI (Orsay). A second generation
of e+e~ storage rings with beam energies of 10 - 20 GeV consists of PETRA at
DESY in Hamburg and PEP at Stanford. Experiments at these facilities now
account for the bulk of experimental results in photon-photon physics. A third
generation of e+e~ machines will become available when machines such as the
SLC (SLAC Linear Collider) at Stanford, LEP (Large Electron Positron ring) at
CERN in Geneva and TRISTAN at KEK near Kyoto, with beam energies of 30
- 70 GeV start operating.

1.1.2 Purpose of this experiment

The experiment described in this thesis was performed at the electron-posi-
tron storage ring PEP at the Stanford Linear Accelerator Center of the Stanford
University. The experiment consists of a study of one particular final state X in
(1.2):

e+e~ -+ e+e~ + n+ + ix~ + 7 , (1.4)

in collisions of 14.5 GeV electrons with 14.5 GeV positrons. The final state
X = 7r+7r~7 is dominated by the formation of one resonance, the r\' meson, with
a mass of 958 MeV/c2.

The specific purpose of this experiment is twofold:
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Fig. 1.2 si) The one-photon channel, b) The two-photon production of a finai
state X.

1. A measurement of the cross section for formation of the r}' meson in 77
collisions.

2. A measurement of the angular distributions in the decay rj' —* n+n~i and
a determination of the spin and C-parity of the r\'.

1.1.3 Two-photon exchange versus one-photon annihilation

When compared to the one-photon annihilation process of figure 1.2a, for
which the storage rings were originally developed, the two-photon exchange pro-
cess of figure 1.2b has some rather distinct features:

— In the one-photon process the final state has negative charge conjugation
(C = —), whereas two-photon processes are characterized by C = +.

— In the one-photon process the electron and positron annihilate and all the
energy in their center-of-mass system is available for the final state X,
whereas in two-photon processes the leptons carry off momentum and en-
ergy and the final state X in general has a considerably lower invariant
mass. A two-photon experiment searching for resonances automatically
scans the energy interval from zero to twice the energy of the colliding
lepton beams.

— In one-photon annihilation the timelike virtual photon carries only energy,
no momentum: the center of mass of the final state is at rest in the lab.
In two-photon processes the virtual photons are spacelike; they carry both
momentum and energy and their center-of-mass system can move in the lab
with considerable momentum, giving rise to severe limitations in acceptance
of detectors.
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— The cross section for the annihilation channel, a process of order a2, is
proportional to the inverse of the square of the beam energy due to the
presence of the photon propagator in the Feynman diagram corresponding
to figure 1.2a. The two-photon exchange process, on the other hand, al-
though of fourth order in a, has a cross section which is proportional to the
square of the logarithm of the beam energy. This is because of the much
smaller values of the g2, the squares of the masses of the virtual photons
involved.

1.1.4 Two-photon physics

Current experimental and theoretical research in the still young field of
photon-photon physics can be classified as follows:

• Quantumelectrodynamical processes such as 77 —» e+e~ ,fi+fi~,T+T~. The
study of these processes has been used to test quantum electrodynamics to
order a4.

• The formation of resonances (ir° r\, rj', f, Ai, /', rjc, rji, ...). Of these,
the first six have been observed and cross sections have been reported.
They test symmetry breaking in SU(3) and distinguish between models
with integer-charge quarks and models with fractionally charged quarks.
Other questions, such as the quark and/or glue content of these mesons
and the possible existence of four-quark states, can also be addressed and
investigated in detail.

• The measurement of the total cross section for inclusive hadron production
by two-photons tests the validity of the vector-meson dominance model
(VDM), which states that the 77 interaction at low momentum transfer is
dominated by photons that transform into bound states of quarks {e.g. p,
(j>, a>,...) that then interact strongly.

• Non-resonant hadron production (TTTT, TTTTKK, pp etc.) with exclusive final
states, provides tests of quantum chromodynamics (QCD), especially at
large momentum transfer.

• A very direct investigation into the point-like coupling of photons to quarks
is possible in the study of hadron jets with large transverse momentum,
again testing QCD and the fractionally charged quark model.

• The interpretation of photon-photon collisions as photons probing the struc-
ture of photons gives a sensitive method to determine the strong coupling
constant from the magnitude of the structure function of real photons.

It is beyond the scope of this introduction to provide a complete overview
of the literature on the subject of two-photon physics; the reader is referred to
review articles and conference proceedings. In the list of references some earlier
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reviews are listed under reference 7; the formalism presented in the extensive
review by Budnev et a/.f published in 1975, will be used in chapter 2. Some later
reviev/s and conference proceedings are listed under references 9 and 10.

1.1.5 Two-photon formation of resonances

There are two different experimental approaches to 'hunt't for resonances in
photon-photon collisions.

The first method is to detect the outgoing electron and positron and to recon-
struct the invariant mass of the -77 system from a precise measurement of their
energies and directions of motion. Precise, because such a difference measure-
ment leads to a 'missing mass' spectrum where the mass resolution varies strongly
with the experimental error on these quantities. Since there is a huge background
from elastic scattering (Bhabha scattering, the process e+e~ —> e+e~, with cross
sections several orders of magnitude higher than the cross section for resonance
formation) and from radiative Bhabha scattering (e+e~ —» e+e~7), detection of
at least some of the decay products of the final state X is a necessity. Also, count-
ing rates are extremely low due to the requirement that both outgoing leptons
be detected at scattering angles greater than a certain minimum angle imposed
by detector geometry and background considerations.

The experimental approach from the opposite end is the detection of all the
decay products of the final state X, along with the detection of none, one or both
of the leptons in the final state. This presupposes knowledge about the decay
modes of X, unless one is prepared to study all possible final states. Since a
detected outgoing lepton 'tags' the photon it has emitted, the detection of zero,
one or two leptons in the final state is called no-, single- and double tagging,
respectively. The latter, rare, category is of course also found in a missing mass
experiment.

The quantity which, per se, can be determined from photon-photon formation
of resonances is the gamma-gamma width, r7 7 . The total cross section for the
production of a resonance by two real photons is proportional to F^7, and a
measurement of the total cross section for e+e~ —*• e+e~X gives F77 (see chapter
2 of this thesis). Table 1.1 gives an overview of the experimental results for
the gamma-gamma widths of the resonances observed thus far. All two-photon
results have been obtained at SPEAR, DORIS, PEP or PETRA and the oldest
is from 1979. From the table it is clear that a measurement of a gamma-gamma
width in a two-photon experiment can hardly be called a precision measurement.

f The term 'hunt' occurs frequently in early proposals for e+e colliders and specialized
detectors for two-photon physics (e.g. reference 11) and adequately reflects the excitement
and expectations of authors.
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Experiment

Atherton

Bemporad*

Browman*
Crystal Ball
JADE
TPC/27

Binnie|
Mark lit
JADEt
Mark lit

CELLOt
PLUTO
TASSO
Mark II

TPC/27

Crystal Ball §

Crystal Ball
CELLO
JADE
PLUTO
Crystal Ball

TASSO

PLUTO
Mark II
TASSO
Crystal Ball
CELLO
Mark II
PLUTO
DELCO
TPC/27

year

1985

1967
1974
1983
1985
1985

1979
1979
1982
1983
1984
1984
1984
1985
1985

1985

1982
1982
1985
1984
1985

1982

1980
1981
1981
1982
1984
1984
1984
1984
1985

meson

V

n'

(5(980)

M

f
f

7.25

1.21
0.324
0.56
0.53
0.61

5.4
5.9
5.0
5.8
6.0
3.8
5.1
3.8
4.5

0.19

0.77
0.81
0.84
1.06
1.14

0.11

2.3
3.6
3.2
2.7
2.5
2.52
3.25
2.70
3.2

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

IV, (keV

0.18 ±

0.26

0.046
0.12 ±
0.04 ±
0.13 ±

2.1
1.6 ±
0.5 ±
1.1 ±
1.1 ±
0.26 ±
0.4 ±
0.5
0.3 ±

0.07 ±

0.18 ±
0.19 ±
0.07 ±
0.18 ±
0.20 ±

0.02 ±

0.5 ±
0.3 ±
0.2 ±
0.2 ±
0.1 ±
0.13 ±
0.25 ±
0.05 ±
0.1 ±

r)

0.11 (eV)

0.09
0.04
0.12

1.2
0.9
1.2
0.8
0.43
0.7

0.6

+0.10
-0.07
0.27
0.27
0.15
0.19
0.26

0.04

0.35
0.5
0.6
0.6
0.5
0.38
0.5
0.2
0.4

reference

12

13
14
15
16
17

18
19
20
21
22
23
24
25
this work

26

27
22
28
29
26

30

31
32
33
27
34
35
36
37
38

Table 1.1 Experimental results on the radiative widths of scalar, pseudoscalar and
tensor mesons. If two errors are given, the first is statistical, the second
systematic.

* Measurement of the Primakoff effect.
} Measurement of total width: Ytot = 0.28 ± 0.10 Me V, (missing mass in

7!~ p - . n + X).
f Evaluated assuming the decay matrix to be constant, (see sec. 2.4).
§ Tie value listed is T ^ x BR (* -» Trrj).
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There are a number of good reasons for the big statistical and systematical errors
in table 1.1:

— The resonances have to be reconstructed from their decay products. All
decay products must be detected and their momenta and direction vectors
measured, so the limited angular acceptance of a real detector, combined
with energy thresholds for triggering and detection, leads to very low detec-
tion efficiencies which in turn give big statistical and systematical errors.

— In some cases there is an unavoidable background from the same or an
indistinguishable final state. Background subtraction leads to large errors
and interference effects can make the interpretation of the result difficult.
The most striking example here is the / , generally studied through the
decay to n+ir~. The n+n~ final state can not be distinguished from n+(i~
on an event-by-event basis in the mass range of the / , so there is a strong
background signal to subtract, and the n+n~ final state can also be formed
in a non-resonant mode, so there are interference effects to be taken into
account.

1.2 The study of the r\'

1.2.1 Discovery; classification in the quark model

The t)1 was discovered39'40 in 1964 in K~ p -+ A + X, where an enhancement
was observed in the invariant mass spectrum of the particles recoiling against
the A. The rj' has a mass41 of 957.57 ± 0.25 MeV/c2 and a very small width
(0.29±0.05MeV); its main decay modes are 7T+?r~r? (65.3±1.6%) and p°7 (30.0±
1.6 %). The branching ratio for the decay into 77 is 1.87 ± 0.16 %.

In the quark model42 the rj' is a member of the SU(3) nonet of pseudoscalar
mesons, the mesons consisting of quark-antiquark pairs with spin zero and an-
gular momentum zero and hence negative parity. The states are listed in table
1.2.

The physically observed particles r) and r)1 are a mixture of the SU(3) octet
and singlet states jjg and r\\ with isospin zero. This is expressed by writing the
wave functions as linear combinations of the wavefunctions for TJ« and m:

\vj) =cosj?p|7?8) sintfp|??i)
\r,>) = s i n i ? M + c o s ^ | 7 7 )
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/

SU(3) octet -

1
1
1

i
i
h
i

0

SU(3) singlet 0

h

l
- l

0

z
- i
- J

h
0

0

s

0
0
0

+1
+1
- 1
- 1

0

0

Meson

7T~

7T°

tf+

if"
K°

is

Vi

Quark
combination

ud
do
(dd - uu)/\/2

us
ds
us
ds

(dd + u u - 2ss)/\/6

(dd + uii + ss)/\/3

Table 1.2 Pseudoscalar-meson states as quark-antiquark combinations. (Table
from ret. 42.) The quantum numbers listed are the isospin I, its third
component Is and the strangeness S.

where &r is the mixing angle for pseudoscalars.

Ideal mixing occurs when one of the physically observed particles consists
of 100% |uu) and |dd); for the TJ' this would be the case when tani?p = l/\/2
(t?p = 35.26°).

1.2.2 The gamma-gamma width

The study of the coupling of photons to mesons can provide information
about the quark contents of the latter, since the coupling of the photons to the
quark-antiquark constituents is dependent on their charges. The coupling of two
photons to a quark-antiquark pair is proportional to the square of the quark
charges9:

(qq|TY) oc t\ • ̂ ,(0) (for S wave |qq)) , (1.6)

where ̂ (0 ) is the radial quark wave function at the origin. If neither the photon-
quark coupling nor V'g(O) depends on the quark flavour, the 77 coupling of a
coherent mixture of qq pairs is proportional to the average quark charge. In
other words, if \M) = IZcJqq), then

q

g M r r oc (M|77) oc E c ? e ? =<<%> • (1-7)
q
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Using the quark charges* eu = | and ej = eB = — | , one has

3\/2

The result for the coupling constants to 77 is then

*

with identical proportionality constants, iv, -Fg and Fi are the singlet and octet
PC AC constants related to V"g(O) f°r t n e f> % and r;i, respectively. They create
a complication in comparisons of the coupling constants to 77 for the physically
observed r\ and r\': an extra parameter, e.g. the ratio rp = Fg/Fi, has to be
introduced in the expressions for the ratios of the gp_,77.

As pointed out by Chanowitzf4 the often made statement that rp = 1 follows
from SU(3) symmetry, is incorrect. From SU(3) symmetry one only has Fg = FK

within the octet, but there is no relation connecting these and F\. Therefore rp

is a parameter, to be determined from the data.
The case rp = 1 is sometimes referred to as nonet symmetry. Since the value

obtained from the data is close to 1 (chapter 6 of this thesis), the assumption
rp = 1 does not give rise to a radically different value of dv.

The radiative width of the pseudoscalar mesons is proportional to the square
of the 77 coupling constants (references 44, 45 and section 2.4 of this thesis):

^ ( 1 . 1 0 )

In this thesis the conventional quark model with fractional charges is used. In the Han-
Nambu model with integer-charge quarks a factor 2 is introduced in the coupling constant
for the singlet. The presence of this factor leads to theoretical expectation values for
the 77-width of the 17' that an: approximately four times higher than obtained with the
fractionally-charged quark model. However, the possibility to reject integer charge quark
models through a measurement of r , j (_ 7 1 has been undermined by more sophisticated
realizations of the Han-Nambu model?3
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so that the mixing angle and rp can be obtained from ratios of 77-widths. As-
suming Fg = Fn from SU(3) symmetry and accounting for the mixing as in (1.5),
one obtains the expressions:

r7T->n = 1 (^-\ (cost9p-2v^rp sintJp)2

can be determined from the summation

( ) (sinl? + 2 v ^ r cos
3 VW ^

8 r p

An alternative way to describe the mixing of T) and r?' is in terms of strange-
and non-strange quark contents:

, . ,uu + dd. . .
\v) =xn\ -=—) +y,|sB>

uu + dd

which is nothing but a rotation to an ideally mixed basis. On this basis the ratio
of the 7"7-widths is given by

the corresponding expression for the rj is obtained by replacing 77 by 77'.

1.2.3 Gluons

The equations in the preceding section have to be adapted if gluonium is
allowed to be mixed in with the quarks. An extensive literature is currently
devoted to this subject; here only some consequences are discussed.

Photons do not couple to gluons, hence the gamma-gamma width in the case
of gluon admixture is smaller than for mesons consisting of quarks alone. Con-
versely, a low value for F7 7 is a possible indication for the presence of gluons. The



1.2 The study of the rf 13

I)1 is a candidate for gluonium admixture, due to its high mass when compared
with the rj. However, other explanations for this high mass have been proposed
as well, such as the admixture of a cc component in the r\' (ref. 46).

Glueballs (gluonia) are particles consisting of gluons alone. An extreme con-
sequence of the above is the vanishing of F17 for gluonia (except for indirect
formation through e.g. a quark-loop). An interesting candidate for a glueball is
the t(1440), which is observed in radiative 4> decays (ifr —» 7 + X). The 1 has
not been observed in photon-photon collisions and upper limits on T^ tend to
support the hypothesis that it is a glueball.
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2. Kinematics and resonance formation
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2.1 Introduction

In this chapter the kinematics of the two-photon exchange process

e+e~ -+ e+e" n+n~^ (2.1)
via

e+e" -, e+e" + (7 V -»»?'-> P°l -> n+n~-t) (2.2)

will be described. The first stage,

e+e~ - > e + e ~ 7 V , (2.3)

is completely determined by quantum electrodynamics and will be reviewed in
section 2.3. The formation of the rj' resonance by the two virtual photons and its
subsequent electromagnetic decay into p°i is the subject of sections 2.4 and 2.5.
In section 2.5 alternatives for the standard assignment 0 *" —> 1 for J^,c —>
jjj!+ir_ are discussed. Attention is paid to approximations for the cross section
formulas in section 2.6. These approximations provide a good qualitative insight
in e.g. the dependence of the cross section on <j2, the invariant mass of the virtual
photons. They also provide an estimate of the cross section that can be compared
with more accurate results in chapter 4. Before a summary in section 2.8, q2

dependence based on the vector meson dominance model is discussed briefly in
section 2.7.

2.2 Notation

In this and subsequent sections the notation of Budnev et al.s will be followed
as closely as possible.

The basic diagram for the two-photon exchange process e+e~ —• e+e~X is
shown in figure 2.1. The following four-vectors are used:

Pi = (E,pi), the incoming electron (E is the beam energy),

P2 = {E,p2) = (E, —pi), the incoming positron, traveling in opposite direction
w.r.t. the electron,

p[ = (Ei,pi') the four-momentum of the scattered electron,

p'2 = (^2iP*2;) the four-momentum of the scattered positron.
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Xfc

Fig. 2.1 Kinematics of the two-photon reaction e+e —» e+e X.

These four four-vectors completely determine the four-momenta of the virtual
photons and thereby that of the produced system X:

gi = pi — p\ = (tt/i,9i), the four-vector of the virtual photon emitted by the
electron,

92 = P2 — p'i = (^2,92), the four-vector of the virtual photon emitted by the
positron,

k = <ft + Q2, the four-vector of the produced system X, which can consist
of several particles, in which case k = J^ fc,-. The invariant mass of X is
indicated by W^ = y/k2.

The e+e~ center of mass system is the laboratory frame in e+e~ colliding beam
machines with electrons and positrons of equal energy traveling in opposite di-
rections. A detected outgoing lepton 'tags' the corresponding virtual photon by
9 = P — P1 and is referred to as a 'tag'. In the lab we define the angles:

$1 the scattering angle of the electron, (i?i = 0 •&• no scattering),

#2 the scattering angle of the positron, (#2 = 0 •<* no scattering),

<p the angle between the scattering planes of electron and positron,
(<p = 7T •«• back to back in the plane perpendicular to the incoming leptons),

#12 the angle between the scattered electron and positron, (i?j2 = TT •«• back to
back). cosi?i2 = — cos #1 cos i?2 + sint?i si

With these angles and the tag energies qf and k2 are determined:

9i =Pi+ Pi2 ~ 2piPi = 2m2
e - 2EEX + 2p, • v\ '•

Since this scalar will be used extensively, it is worked out in more detail
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here: with

A • ft ' = jEt - mj v/£» - ml cos tf,

one obtains that, for me <S E\,

q\ = -AEEi sin2 — + m2 ( 2 \-—— J + 0 {m\$\)

= -AEE, sin2 t l - m l A r + o (m2tf2) . (2.4)
2 !

The transverse momentum of the outgoing electron is - within the same,
extremely good, approximation - equal to E\ tan t?j, so for small theta and
tag energies « E, one has \g2\ w p5_iaff.

A2 = W^ = (gi + (?2)2. Since pi = —pjj in the lab, this is

k2 = (wi + w2)
2 - (ft - Pi ' + P2 - P2 ' ) 2

for me <g Ei,E2 one has |p,-'| RS £ j , so that

k2 = (W! + W2)
2 - (^1 + ^ |

and with E\ — Ei = E — wi — E + ̂ 2 = ui? — u>\, the result is

A;2 = (wx + u!2)
2 - (wi - w2)

2 - E1E2 (1 + cos t?12)

= 4wiw2 - £ i ^ 2 sin2 - ^ . (2.5)
2

Already one can distinguish an important limit here: for small i?i and i?2)

i?i2 « 0, so that

i>J,t?2«0. (2.6)

2.3 Differential cross section

The transition matrix element for the two-photon exchange process can be
written47 as the product of two currents, one for the electron, one for the positron
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- both known from quantum electrodynamics - and a matrix element describing
the actual two-photon process:

^ 2,o2)} T»\ (2.7)

where u (p, a) and v (p, a) are the free Dirac spinors for the electron and positron
with four-momentum p and spin a and the tensor T**" describes the transition48

nt + it^x.
The differential cross section for e+e~ —> e+e~X can then be written as

{(PlP2)2 -m\rt

d3pi' d3p2 dT,

where £^ | T |2 is the transition probability summed over the final state e+e spins
and (for unpolarized beams) averaged over the initial state e+e~ spins, and

spins i

is the phase space volume element for the final state X.
The integration over the phase space of the final state X (including a sum-

mation over spins) introduces a new tensor of rank 4, the hadronic tensor:

V = i f r*MV TV.U (27r)4 s{qi +q2- kx) dT (2.10)

Similarly, the summation over final state e+e~ spins and averaging over the initial
e+e~ spins (for unpolarized beams) gives the leptonic tensor
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for the e~, with the same result for e+. (In (2.11) the metric tensor g^" has its
usual definition: g00 = +1, g{> = -Si}- for i,j = 1, 2, 3.)

If we follow Budnev et al.8 in introducing a factor l/(—q?) to obtain matrices
that can be interpreted as (unnormalized) polarization density matrices for the
virtual photons,

and replace j (pipz)2 — m\m\ \ by £s,t then equation (2.8) takes on a more

readable form*:

Using very general principles, the tensor I V " i*v can be decomposed in a small
number of independent scalar functions and tensors. The scalar functions can
only depend on q\, q\ (and polarization four-vectors) and W77 — (91 + q2)

2 and
contain all the physics of interest; the tensors can be constructed from qi, qi and
g^v (thus satisfying Lorentz invariance).

The scalar functions in which W " '*" can be expressed can be connected with
cross sections for 77 —• X by a transformation to the 77 helicity frame: in the
center-of-mass system of the virtual photons, which is identical to the rest frame
of the produced system X, the kinematics are rather simple; the four-momenta
and polarization four-vectors are:

'-<n
. ... (2-«)

I V~«2

explicitly satisfying current conservation in the Lorentz gauge: q^t* = 0. With
this choice of polarization vectors, we can define - in any frame - the helicity

t 3 = (pi +P2)2, the square of the center of mass energy of the colliding e+e ; for electrons
we can neglect terms of order mtjsfl, so that (P1P2)2 — m* = js(s - 2m2.) = s2/A.

% a = eJ/(4jr); h = c = 1 (natural units).
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amplitudes

TAlA2 (ft,ft) = r " " (ft,ft) eA' (ft) e£2 (ft), Ali2 = ±,0 (2.15)

and similarly

and
/ i * » =(_!)A1 +A2 £A, ^ £*A2 ( 2 i l 7 j

The 256 elements of the tensor W "/i" can thus be expressed in 81 elements
of jy^i^Ai-^ which by themselves can be reduced to eight independent param-
eters by taking into account parity conservation, T-invariance (fi'i/ «-» /J,U) and
conservation of angular momentum. This reduction is presented in e.g. references
8 and 48.

In section 2.4 of this chapter, it will be shown that for the formation of
pseudoscalar mesons, the only contribution to the transition amplitude comes
from T++ = — T . Therefore, only one independent parameter describes the
process. It is related to the photon-photon cross sections and interference terms
through

(2.18)

=\{W++++ -W+-+~) =IW++++

the subscript r indicates transverse polarization and the superscript a in the last
term stands for antisymmetric; this term can only be measured with polarized
beams and is therefore ignored here. In the expansion of (2.13) the term with TTT

is multiplied with a factor cos 2<p, where <p is the angle between the scattering
planes in the photon center-of-mass system. Unless an experiment can detect
both outgoing leptons, this terms vanishes after integration over this angle.

In (2.18) X is the M0ller flux factor for -77 -» X:

X s (ftft)2 - qh\ = J [W*, - 2W^{q\ + q\) + (tf - *!)] ; (2.19)

^ is the square of the photon three-momentum in the 77 center of mass
system. For 9? —> 0 one has:
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The full expansion of equation (2.13) for the formation of pseudoscalar mesons
in untagged or single-tag experiments is now written as:

with

and

+ | + 2 ^ . (2.23)

2.4 Calculation of th? r»' production and decay rates

2.4.1 The matrix element for production and decay

The chain 7*7* ->»;'-> p°~i —> 7r+7r~7 is described by five amplitudes^

ZMTTV -» 1,') «i(i,') r , (^ ' - . A>7) *2(p) T3(^ - Jr̂ r) , (2.24)

where the T"s are transition amplitudes and the $'s are propagators.
Of the transition amplitudes, the first two describe transitions between a

J = 0~ and a (1~, 1~) state and are therefore specified by the same function
of the variables.

The invariance requirements to be imposed on Ti and T2 are most easily
seen by noting the analogy between TJ' —> 77 and the 27 decay of the 'So
ground state of positronium. The wave function ip = tf>(space)ip(spin)ip(charge)
has a space part which is odd under parity (or, equivalently, particle inter-
change; P = —(—1)'), a spin part which is odd under particle interchange (since
i){spin) oc e+(^) e~(—j) — e+(— £) e~(^)) and a charge part which is even under
particle/antiparticle interchange (C = (—1)(—1) from the decay to 2 photons).
The over-all wave function is thus symmetric (as required for bosons) and has,
like the r)' ground state, Jp = 0~, C = +1.

t Sections 2.4 and 2.5 were written in collaboration with J. C. Sens?9
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In the decay of singlet positronium to two photons the relevant variables are
the momenta q\ and qz (with q\ = —92 = q) and the polarization vectors e"i and
e*2 (with £j • ql = 0, £2 • q2 = 0 ) of the two photons. Assuming the transition
amplitude to be the simplest possible function of these variables consistent with
the invariance requirements listed above, we have

T = A{e1x7a)-q. (2.25)

T is a pseudoscalar, odd under Parity, even under C-parity. Its defect is that
it is not Lorentz invariant, but valid only in the rest system of the decaying
particle. To remedy this we consider scalars, made up from the 4-momenta qi
and qi (with q\ + qi = Ay ) and the polarization 4-vectors ei and £2 (with
= e2liq2>t = 0 ) . The lowest order ones are:

Toe (eiM92M) {iivqi") and

T oc enVxa «i^ £21/ 9IA 92^ , (2.26)

with ê ^Ao- the Levi-Civita tensor (antisymmetric tensor) of rank 4. Of these,
the first one does not qualify since it is positive under Parity. The second does
not satisfy the condition that T remain invariant under the substitution

£ „ - • £M + e ?„ . (2.27)

This gauge invariance requirement enters only in the Lorentz invariant formula-
tion of T and is a result of the fact that the condition e^q^ = 0, unlike its three-
dimensional analog, does not fully define the four vector e^?0'51 Equation (2.26)
has the structure of a determinant |ci9iC2<?21- It is thus Lorentz invariant and has
the property that it vanishes if two columns are equal, as implied by the condi-
tion e^q1* = 0 and substituting q for £. It reduces to (2.25) in the center-of-mass
frame of the r\'. This follows from the substitutions

Q = £(92 - 9i). P = 9l + 92 (2.28)
and

T = eMJ,A<r £i/» £2* <?A Pa , (2.29)

which is easily seen to be equal to (2.26). In the center-of-mass frame of the
resonance P = (Po,0,0,0), with Po = mR, the resonance mass, and qx = —q2 = q
and thus

T = ei}kmv,eue2jQk

= mn(e1 X€2)-q,
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with Bijk the antisymmetric tensor of rank 3. Expressions (2.25), (2.26), (2.29)
and (2.30) describe the transition between any two of three particles with J p =
1~, 1~, 0~; other examples are TT0 —* 77, w —> pn and w —> 7T°7.

The proportionality constant in (2.25) in the case of formation of rj"s from
virtual photons is written in terms of a form factor

decribing the photon-meson coupling and the dependence on the invariant mass
of the virtual photon. For q2 —* 0 this is g71_,̂ < as discussed in section 1.6. In
this section Fni will be set to 1 in order to simplify the expressions for T, a and
F. One should note that the dimension of this coupling is [energy]"1 here.

The third amplitude, T3, for p decay, follows by noting that we now have the
momenta qp, qr+ and qn- of the p, n+ and n~ and the polarization four-vector
e of the p, to be combined to a pseudoscalar. The lowest order term is

T3 = A £„ ( 9 T + - q,- r + Be^ (qw+ + qn-)" , (2.32)

which reduces to

Ti = Atll(qw+-qry, (2.33)

since qp = qn+ + qr- and e^q1* = 0 for the p as well. In the center-of-mass frame
of the p, (2.33) reduces further to

T3 = A £ - 9 , (2.34)

with qw+ = —qv- = q, the three-momenta of the pions in the rest frame of the p.

For the propagators $1 (77') and $2 {p) we have the familiar Breit-Wigner form

(2-35)2
2 — s —

with s = q2 and q = qp + <77 for the rj' propagator and q = qn+ + q^- for the p
propagator. When normalized to unity the square of this amplitude is
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For the tj', which decays eloctromagnetically with near-zero width T, one can
simplify equation (2.36) by noting51 that integration over an interval in s and
taking the limit T —> 0 gives:

= lim h t a 1 1 F~ ' 2-37
(m2 -

a

which is equal to 1 for si < 5 < S2 and zero otherwise. Therefore

lim ^ 2 = ^ ( m 2 - , ) . (2.38)
mr-.o (m2 — s)2 + m2r2

The square of the 77' propagator is then reduced to a unit amplitude and an on
mass shell delta function:

=«K,-«). (2.39)

2.4.2 Production cross section and decay rates

The separate amplitudes discussed above must now be put together and
inserted into the appropriate expressions for the phase space available. We group
the amplitudes into Ti for production and the combinations T'd = {^ljTi} and
Trf = {$i,Ti,$2,Tz} for decay and compute the 1-body differential cross section

(2'40)

for production, and the decay rates

and

\?d\2 \?i\ |&| * n i 2 d n ; d n s , (2.42)

using standard expressions41 for n-body differential cross sections and n-body
phase space.
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The M0ller flux factor X in (2.40) is defined in (2.19). In (2.41) |<fi| and
dCli refer to the momentum and solid angle element of the p or the 7 in the
rest frame of the parent particle. In (2.42) the indices 1, 2, and 3 refer to any
order of the three decay products; q[ is the momentum of particle 1 in the rest
frame of particles 1 and 2; 93 is the momentum of the third particle in the 77'
center-of-mass system.

Note that T'd = 2T\ except for the delta function in (2.39). The factor 2
arises from the fact that in the production |7i|2 is the average of |T+ + | 2 , |T+~|2 ,
|T- + |2 and | r ~ | 2 , while in the decay \T^ is the sum of |r++|2 and | T ~ | 2 .

|Ti|2 ran be obtained, using (2.25) or (2.29), by noting that £^vxa = 0 unless
all indices are different. This leaves 24 non-zero terms in the summation over
repeated indices. To evaluate this further we go to the center-of-mass frame, in
which the two photons in 77 —> r\' or the p and the 7 in r\' —* p7 are aligned along
a common z-axis with four-momenta and polarization four-vectors as defined in
(2.14).

In this 'common helicity' reference frame the transition amplitude (2.29) for
a given set of helicities reduces to

} { } (2-43)

With (2.14) this is

T++ = - T~ = i{Q°P3 - Q3P°) (2.44)

T+~ = Tf+ = T°fi = 0 . (2.45)

Starting from equation (2.25), we obtain in the same manner, instead of (2.44):

(2-46)

We thus obtain the non-trivial result that, although the formalism is Lorentz
invariant and admits massive photons (and p mesons) with longitudinal polariza-
tion, these states do not contribute to the transitions among 1~, l~,0~ particles.

Comparing (2.46) and (2.19) one notes that, in the chosen reference frame,
X reduces to

X = (Af - ???2°)2 = \Tr\2 = \Tr~\2 , (2-47)
suggesting that, in an arbitrary frame, T\ is given by (2.19):

i l-((9 i9 2)2-9 l
2

9 2
2)1 / 2 , (2.48)

or equivalently
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T++ = i ((PQ)2 - P 2 <?2)1/2

-m2 ,C?2)1 /2
> (2.49)

as indeed found in e.g. Kopp et al.48

Evaluating (2.40) and noting that, for any four-momentum vector k:

= I 6{k2 - m2) dk° , (2.50)

we have in (2.40), with (2.47) and (2.48):

%, +g2- kn,) S{kl, - m2,) d%,

^ 2
7 - m 2 , ) (2.51)

since W*^ = k^,. In the center-of-mass frame (2.51) is

*„_„, = \ |?i | m,, 6{W^ - ml,) , (2.52)

while for real photons

J - m 2 , ) . (2.53)

The production cross section for r\' by real photons is thus a constant; conse-
quently the energy dependence of the rate in e+e~ collisions is entirely determined
by the 77 luminosity function. For virtual photons the rate per 77 collision is a
linear function of the photon momentum in the 77' center-of-mass frame.

For the decay rate 77' —» />7 in (2.41) we have T'd = 2T\. Here, the photon is
real and therefore, with (2.48):

T'i = 2Tl=2iqlq2. (2.54)

With energy-momentum conservation:

(2.55)
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we obtain for the decay rate, integrated over 4n:

This is the decay rate one would have if the p were a stable particle. Note that
for mp —> 0 we recover a familiar expression for r\' decay into real photons^

ml,

(the additional factor | enters because the photons are indistinguishable).

In order to evaluate (2.42), the three amplitudes T2,<&2 and T3 must be
contracted into one. From (2.26), (2.33) and (2.35) we have

d mj - gj - impTp

Now

E(^UX) MoW = So* + {<lp)liJp)a , (2.59)

and the contraction of the second term with e^ux^ vanishes by

«>A<r (^)A [qP)v = 0 ; (2.60)

this simplifies equation (2.58) to

)a - (gT- )a)
T

d ml~q\- impTp

With qw+ — qn- = 2q^+ — qp, (2.60) can be used again, to give

2
T* = ma _ q2 _ ,-m r ( ) ( ) M M

f A coupling constant g has been set to 1 everywhere; this constant has the dimension of
[energy]"1 and appears squared in F.
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The amplitude is thus a function of the photon polarization and the four-
momenta of the photon, the p and one of the pions. Note that qp is the •K+IT~
four-vector with a mass not necessarily equal to mp.

To evaluate (2.61) we go to the center-of-mass frame of the p, where qf =
(m***, 0,0,0) and obtain, as in equation (2.30):

d =

sin??*. e'*°
, „ ' 7 • (2-62)

Here quantities with one * refer to the p center-of-mass frame. The decay rates
are given by (2.42), with particles 1, 2 and 3 for the n+, n~ and 7 respectively,
and with (2.62) for the matrix element.

The matrix element (2.62) depends on two variables only, e.g. ra,tr and
#*_. . This follows from

(2.63)

(2.64)

2m,

1/2
— . (2.65)

The energy dependence of the width Tp can be described in different ways and
is model dependent. We adopt the prescription as given by e.g. Jackson52:

where q, go are the pion 3-momenta off and on the resonance in the rest frame
of the p; for the P-wave p-resonance one has / = 1.
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2.5 Options for the rj' matrix element

2.5.1 Selection rules

In section 2.4 we have calculated the matrix element for 77' production and
decay by considering the general amplitude (Ti = T2) for transitions between
any two of three particles with J p = l~,l~,O~. This then applies to both 77'
production 77 —• r\' and r?' decay r\' —+ p7, provided that JP(T/') = 0~ and
JP(7T7r) = I " .

We now examine to what extent the data on r}1 decay in this experiment
test the quantum numbers of the decaying system. To do this, we consider the
t)' to decay to the n+n~~ system by the emission of a multipole radiation field.
This field can be expanded into a set of eigenstates of angular momentum (1, m),
subject to the selection rules:

|J(IJ') - J(7r+7r-)| < I < \3(r,') + 3(n+n-)\ (2.67)
and

m = mn,- »»„+„- . (2.68)

The decay is further restricted by the fact that the transition (J = 0) —> (J =
0) + 7 is forbidden by helicity conservation and that J(r;') 7̂  1 since the 7/ is
produced by two (nearly) real photons with total helicity 0 or ±2 along the axis
of the photons, a condition which can not be fulfilled if the T)' spin is 1 (Yang's
theorem53).

Conservation of parity and C-parity imposes further selection rules on the
possible initial and final states. The matrix element vai ishes unless

P(fj') = P(.r+
Jr-)P(7) , (2.69)

where the parity and angular momentum of the photon are related by

P(7) = (—1)' for electric multipole l,m ,
P(7) = (—1)'+1 for magnetic multipole l,m .

For C-parity we have the relations

- C ( T T + ^ - ) , (2.71)
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J p c ( i r + i r - )

Jfo')

0

2

1—

0++ -> 1—
ED

o-+-»i—

2++ -> I "
ED+MQ+EO

2-+ - 1~
MD+EQ+MO

2 + +

0 + - -^ 2++
EQ

0— _ 2++

2 — _> 2++
ED+AfQ+EO

2 + - -»2++
MU+BQ+MO

Table 2.1 JSiectromagnefcic transitions in r/ decay and the possible multipolarities
of the photon: Electric or Magnetic, Dipole, Quadrupole or Octupole.

with

(2.72)

With the selection rules (2.67) to (2.72) and restricting the spins to < 2, we
then arrive at the transitions listed in table 2.1. In this table the multipolarity
of the radiation is also indicated. It follows from the table that positive C-parity
for the r\' implies P-wave n+ir~ decay, while negative C-parity implies D-wave
n+n~ decay, irrespective of the rj' spin.

Normally, the distinction between S, P or D-wave n+n~ decay is lost, because
the angular distribution, integrated over all magnetic substates, is isotropic. In
two body decay with a real photon in the final state we have the interesting
feature, however, that the "other" decay product is aligned by virtue of the fact
that the photon has two magnetic substates only. In such decays the spin of the
decaying system can therefore be examined without the complication of having
to enforce alignment, e.g. by going to zero degrees in the reaction in which the
resonance is produced (Adair analysis54). On the other hand, table 2.1 illustrates
that there is no sensitivity to parity, since the angular distributions for electric
and magnetic radiation of the same multipole order 1 are the same. As is well
known, parity can be tested only by measuring polarizations.

2.5.2 Expressions for the matrix elements

A quantitative test of the quantum numbers consists of a x2 fit of the data to
distributions of simulated events, computed with matrix elements corresponding
to entries in table 2.1 and passed through kinematic and trigger cuts.
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The matrix elements can be calculated in two ways. One way is to write
down lowest order scalars consisting of products of the momentum four-vectors
and the polarization vectors and tensors of the particles involved, subject to
the restrictions that the product be a scalar or pseudoscalar, depending on the
parity of the particle, and that the polarization four-vectors and tensors satisfy
the gauge conditions

n cf — n T PP — n (9 7 ^
(/lit — tl , J. 141/ •* — *̂ ? \ 1

where ê  and T^y are the polarization vector and tensor and q^ and P^ the four-
momenta of the corresponding particles. Equations (2.26), (2.29) and (2.58) show
matrix elements constructed in this manner. For the entries in table 2.1 such
matrix elements have been constructed by Rittenberg55; they are listed in table
2.2. For positive parity of the r/, the matrix elements are scalars and consist of
two terms, such that when q^ is substituted for e ,̂ the matrix element vanishes
in accordance with the gauge condition (2.73). For negative parity of the TJ'
the product of vectors is made to have negative parity by the inclusion of the
Levi-Civita density e^xc which has negative parity by definition.

The second way, to be followed here, is to write the process in terms of
helicity amplitudes, as a product of four factors. The first is an amplitude PXi
for production of the r/' with a given helicity A,/, the second a Wigner d-function
which establishes a relation between a state |i?,<p, A') where 1? and <p are decay
angles in the rest frame of the r)' and an angular momentum eigenstate \j, A):

d (2.74)

Here A is the helicity of the r/, i.e. the projection of the spin of the r?' on the
direction of the decay particles (W+TT~) and 7. The third factor is the scattering
amplitude, which is a function of the momenta, the spins and the helicities of the
final state particles. The fourth factor is a d-function for the decay of the ir+ir~
system into TT+ and JT~. The complete matrix element is then:

E E E
~t 1 9 j r i "»i)'> «>irir> "-nit,

(2.75)

Here Ĵ » is the r]' spin, Ĵ TT the ir+w spin, the angle J?7 is the photon angle in
the r\' center-of-mass frame, t?^+ is the pion angle in the TT+W~

frame with the photon going in the negative z-direction.
center-of-mass
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Transition

0++ -» 1—

0~+ —> 1

0+- -> 2 + +

0— -> 2 + +

2++ -» 1 —

2-+ -» I "

2+" -»2++

2~~ ->2~~

Matrixelement

(9-*)(J»-e)-(«.e)(P-fc)

[ff,*,P,«]

(fl-*){fo.*)(P-e)-(«-6)(P-*)}

(ff.*)[ff,ft,P,e]

(p-A)(ff.r.e)-(p.e)(«.r.*)

[p,fc,«-r,e]

(9-fc)(ff-T-0-(9'0(9-T-*)
[q,k,q-T,e]

Notation:
A • B = A»B"

[A, B, C, D] = c^xo A^
ip- = l(Pjr+~Pjr- )< the relative four-momentum of the two pions
Pfi the four-momentum of the rf.
kp the four-momentum of the ~f.
£(j the polarization four-vector of the 7, with k^t? = 0.

T/u, the polarization tensor of the 17', with T^vP^ = 0.

Table 2.2 Matrix elements for the decay IJ' —» pi for the various J|*,c an
hypotheses. fTable from ref. 55).

The scattering amplitude / is the product of a Breit-Wigner amplitude
(B.W.) and a Clebsch-Gordan coefficient C, which couples the different n+w~
and 7 helicities to a given magnetic quantum number:

C — C ( J 7 , X-/, Jjr,r, — (2.76)

Here, I is the orbital angular momentum in the decay TJ' —• /J7, L is the orbital
angular momentum in the decay p —> TTX. For the Clebsch-Gordan coefficients,
as well as the Wigner d-functions, we use the conventions of the Particle Data
Group?1

2.5.3 Eva.lua.tion of \T\2

In this subsection we shall evaluate the matrix elements for the four cases in
table 2.1 for given tf-y, #*„ and m** and integrate over •d1 assuming full acceptance.
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Relative orbital momenta

n' -" P +7

V(V) JP

0 1

0 2

2(0,±l,±2) 1
2(0) 1
2 (±1) 1
2 (±2) 1

2(0,±l,±2) 2
2(0) 2
2 (±1) 2
2 (±2) 2

i

1

2

1

1

1

1

1

1

1

1

p —* nir

J ,

1

2

1

1

1

1

to
 

to
 

to
 

to

L

1

2

1

1

1

1
to

 
to

 
to

 
to

|matrixelement|2 =

q2L k * angular dependence

gVmJ^sin2!?

„**«»»»,sin**cos'tf

9
4fc2(l+cos2tf)

Table 2.3 Matrix elements for IJ' —> p7- The Breit-Wigner amplitude has been
set to unity. 1? is the polar angle of the ?r+ in the p helicity frame.
Normalization arbitrary.

In that case we can make use of the following properties of Wigner d-functions:

for 3vi = 0 :

for any J,,< :
(2.77)

For example, for the "standard model" with J,,/ = 0, Jnn = 1 and multipo-
larity 1 = 1, we obtain

|r|2 = |B.w.(j^ = i)|2|po|2{|^o dUKtf (2.78)
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with

4>ra = -dUo(K) = --

(2.79)
h = - C i , . , = ^ 3 and

For convenience we have introduced a change of notation by setting \g*+ = q
and \q*| = fc, with fe = fco and g = go when m^w = mp.

The matrix elements after integration over t?-y are shown in table 2.3, along
with the multipolarity 1 of the T/' decay and the relative orbital angular momen-
tum L of the two pions. The matrix elements are proportional to k'qL.

The results are in agreement with the lowest order multipole matrix elements
of Rittenberg55 and serve as a check on the correctness of the matrix element
in equation (2.75). We note that in the experiment described in reference 55
the r)"s are produced in K~p —> A?;' and hence all helicity states are equally
populated. For two-photon produced JJ"S, the results are unchanged for Jni — 0
(with Xni = 0 only), while for Jn» = 2 the terms in Xv> = ±1 are missing from
the sum over the helicity states. Figure 2.2 shows the angular dependence for
ini = 2 in each of the cases A = 0, ±1, ±2.

2.5.4 Mixed C = +1 and C = - 1 decays

With the results of the previous subsection, which apply to 100% C-conser-
vation or 100% C-violation, we now introduce a C-parity mixing angle a:

\T\2 = |cosa T(J,,,An, -> J™ = 1~) + sina T(J,,,A,, -• Jnw = 2+)|2 , (2.80)

for either J^i = 0 or 2.

Partial C-parity violation introduces a forward-backward asymmetry in the
angular distribution of either pion in the n+n~ rest frame. For example, for
J,,/ = 0, one has

|T|2 = x cos2 a sin2 d% + y sin2 a sin2 0J cos2 ^
+ z sin a cos a. sin2 iJJJ. cos 1?£ ,
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X = -2, - 1 . 0, 1, 2
\ = 0
A = - 1 , 1
\ = -2 , Z

- 1

Fig. 2.2 Angular dependences of equation (2.75) with J^i = 2, jfor decay into a P-
vfavejr+n1" system (toprow), and for decay into a D-wave K+n~ system
(bottom row). The normalization of the vertical scales is arbitrary.
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where x, y and z are functions of the momenta k and q. The asymmetry is
maximum for a 50%/50% mixture of P and D-wave decay (a = 7r/4).

In chapter 7 equation (2.80) will be tested against the data.

2.6 Approximations

Due to the presence of the factor ^-l(q\q\) in equation (2.21), the dominant
contribution to ae+e-_,e+e-x comes from quasi-real photons (g? « 0); from equa-
tion (2.4) it follows that this corresponds to i?j ss 0 and that for Ui fixed, — <j?
reaches a minimum of m^w?/ E(E — w,-) at #< = 0. The limit q? —^ 0 leads to
the Weizsacker-Williams56 approximation or equivalent photon approximation,
which, although it has lost much of its significance for experimental analysis, is
still useful for rate estimates and certainly contributes to an understanding of
the properties of photon-photon collisions with colliding e+e~ beams. Taking
this limit we have from (2.19) that y/X -» \W^ = 2wiw2 {cf. equation (2.6)).
For P{+, we use

2pi92 = (Pi + P2 - P2)2 ~ Pi - (P2 - P2)2

= (Pi + P2)2 - 2(P! + P2)p'2 + Pi2 - Pi - d (2.82)
= 4E2 - AE(E - ui2) - 02 = \

to get

"l "* I»M 5 "̂ f

= - ^ (E - l^i)2 + i + 2 ^ (2.83)

= ?«(!_%,),!
"i V 9i /

(with the rather awkward convention for q*min and q}max defining 9,2mtn =
—min(|g?|) and q*max = — m a x( |92 | ) )> s o 'ha ' pf+ n o ' o n g e r depends on 92
and vice versa. The integration over the phase space elements of the outgoing
leptons can now be factorized; using

du>( \pi'\ duji
d\pi'

and
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we can change integration variables
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2|ft'||ft|, (2.85)

^ = M ! sin,M<MP,|

dqf dwj dipt dq\ dujj d<pj
TT5J * 77 ' ( 2 - 8 6 )

The integration over ?,- and <pi gives

<*ffe+e--e+e-x = # M iV(w2) cr77(lV7
2
7) dwi dw2, (2.87)

where

"i min

+ Z
 E \ q j

\ 'i mm / J
(2.88)

The 'leading log' approximation is obtained by ignoring the second term:

( 2 .8 9 )

with »72 = Qimax/<limin determined by the process under study and by the ranges
in polar angle in which the outgoing leptons are detected in the experiment under
consideration; for each outgoing lepton there are three possibilities, commonly
designated as 'no tag', 'tag' and 'antitag'.

The simplest case is tagging in an angular range me/E < i?mlre < i? <
#max < 1, where r] = dmax/dmin {cf. (2.4)).

When there are no restrictions on #, one has a kinematic limit of — g?mol =
( — u>i). From the vector meson dominance hypothesis, to be discussed in the

next section of this chapter, a cut-off can be anticipated for hadron production
around the p mass. This leads Budnev et al.s to use rj = 2Emp/meWrn. Also
found in many places is t) = 2E/me; since both are known to be overestimates,
Tj = E/me will be used here.
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In the case of 'antitagging', a maximum polar angle is imposed on the
outgoing leptons; for 0 <S 1 and W77 < E one can take u>2 ss W^/4 and
12max « £2rfLz> leading to r, = 2EHmazjmtW^.

If (2.87) is integrated with the constraint 4u>icj2 = W77i the result is

dae+e-^e+e-x = d£77(W7
2

7) o^(W^), (2.90)

with

2E j ( 2 Q

The quantity L is the differential luminosity function, / the so-called 'Low func-
tion' (ref. 3). Although equation (2.91) is now so commonly'accepted that it
has made its entry in the 1984 edition of the Particle data book?' it should be
pointed out that its accuracy is only of the order of 10%.

The Low function is a relatively slowly varying function of W77 (for a beam
energy of 14.5 GeV one gets: 11.5 at mp, 10.7 at m^i, 9.4 at m^2 and 6.2 at
m^c). The factor 1/W77 makes dC/dW^ drop off considerably faster with the
invariant mass of the final state.

To get an impression of the magnitude of the cross section for r\< formation in
photon-photon collisions at e+e~ colliding beams, one can evaluate (2.90) with
{cf. (2.53) and (2.57)):

o 2 p

"V

which yields 32.1 nb/keV when integrated over W^. At the r\' mass,.
0.0132 for a beam energy of 14.5 GeV, so that the total cross section is approxi-
mately

".+ .--*+.-,'AV-.Tr « 423 pb/keV . (2.93)

With a typical e+e~ luminosity of 1031 cm~2 sec"1 and a 77-width of 4.5 keV
one therefore expects a production rate of approximately one r\' per minute.
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2.7 q2 Dependence

Apart from the q2 dependences in the M0ller flux factor and in the transition
amplitude for 77 —* rj', as expressed in (2.40), there is yet another q2 dependence
to be taken into account, originating from the manner in which the photons
couple to the rj'.

This dependence follows from the vector meson dominance model (VDM),
which states that virtual photons mainly interact with hadrons through vector
mesons. In the model, the virtual photon first converts into a vector meson (that
has the same quantum numbers as the photon), which then interacts strongly to
form other hadrons. The photon-vector meson coupling is taken to be indepen-
dent of g2 in the 'low energy domain', i.e. q2 of the order of the hadronic masses;
the virtual meson propagator enters in the transition amplitude.

This behaviour is quite compatible with the quark model: the photon con-
verts in a qq pair which cannot be free at these low q2's. It is only at very high
q2 that the photons can probe the quarks directly and such 'pointlike' behaviour
can be expected.

Several versions of the VDM have been developed, ranging from a simple p-
dominance, where only the p propagator is used, to a generalized model (GVDM)
that includes a complete series of low-lying and excited states for all known
quarks. In all cases cross sections are expected to drop with q2 up to some point
where the pointlike behaviour starts dominating. In the case of p-dominance one
has

the proportionality constant can be obtained from the limit q2 —> 0, where

2.8 Summary

If we combine the results from sections 2.2 and 2.4, the cross section for the
production of the rj' via two-photon exchange, (2.21), under the assumption of
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^-dominance as described in section 2.7, can be expressed as

( 2 9 6 )

with the proportionality constant in (2.26) recovered and normalized according
to (2.95):

647T

Equation (2.96) is the basic equation describing the formation of r\' mesons in
photon-photon collisions with colliding e+e~ beams. The integration of this equa-
tion yields an expression for oe+e-_,e+e-n, in terms of r,;_,77; this integration is
described in detail in chapter 4.
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Fig. 3.1 The Stanford Linear Accelerator Center. The linear accelerator runs
from the (op of the photograph to the center, where endstations A and
B can be distinguished. The road following the PEP ring is also clearly
visible, with interaction region 2 in the righthand lower corner.
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3.1 Introduction

In this chapter* a description is given of the Stanford linear accelerator center,
the three kilometer linear accelerator itself, the electron positron storage ring
PEP and the TPC/Two-Gamma detector facility. The chapter is kept in general
terms with emphasis on the particular components of the detector equipment
that are especially relevant for the analysis described in this thesis.

The detector is divided into two major components: the central detector,
consisting of the Time Projection Chamber and additional devices, under the
responsibility of the PEP-4 collaboration, and the forward detectors, consisting
of the Two-Gamma spectrometers, under the responsibility of the PEP-9 collab-
oration.

This chapter is divided in three parts: the accelerator center and the PEP
ring, the various subsystems that make up the detector facility and finally, the
trigger process.

3.2 The Stanford Linear Accelerator Center

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

t Chapter written in collaboration with Willy Langeveld?8
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3.2.1 The linear accelerator

For the experiments described in this thesis the linear accelerator, or Linac,
serves as the souTce of high energy positrons and electrons. An electron gun at
one end of the linac produces bunches of electrons, which are accelerated by a
powerful microwave produced by 240 klystrons to energies of up to 30 GeV. For
use in the PEP storage ring energies of about 15 GeV are used. Positron bunches
of these energies are made by directing electron bunches on to a target one third
of the way down the accelerator. The positrons are then collected and further
accelerated.

3.2.2 The PEP storage ring

The PEP storage ring is built to accommodate three bunches each of posi-
trons and electrons, the electrons circulating clockwise, the positrons counter-
clockwise. This leads to collisions in six places as is reflected in figure 3.1. PEP
consists of six arcs that alternate with six straight regions to form a rounded
hexagonal figure. These 12 sections are numbered like hours on a dial, odd num-
bered sections indicating arcs with bending magnets and even numbered sections
indicating straight sections. Five of these have experimental halls and the sixth
is reserved for studies of the storage ring itself.

For the data described in this experiment, the ring was operated at a beam
energy of 14.5 GeV and the luminosity ranged between 1030 and 1031/(cm2s) at
currents of 10-20 mA per beam.

3.3 The TPC/Two-Gamma facility

3.3.1 Overview

The Time Projection Chamber/Two-Gamma detector used in this experi-
ment is shown in figure 3.2; figure 3.3 shows the central detector in more detail
and table 3.1 summarizes the characteristics of its subsystems. Figure 3.4 shows
the entire facility and table 3.2 summarizes the characteristics of the forward
detector components.

Starting from the beam line, the following elements can be distinguished in
the central detector: an inner pressure wall, the inner drift chamber (IDC), the
time projection chamber (TPC), the outer pressure wall, the magnet coil, the
outer drift chamber (ODC), the hexagonal calorimeter (HEX) and three layers
of iron and muon chambers (MU). Particles emerging from the interaction region
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Fig. 3.2 Artist's view of the Time Projection Chamber/Two-Gamma detector
facility. Only one arm of the forward detector is shown.
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Fig. 3.3 The central detector with the South pole tip in the OUT position. Only
the north pole-tip muon detectors are shown.
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magnet 1982-83: 4 kG Al coil solenoid (1.32 Xo coil package)
1984: 14.5 kG superconducting coil (0.86 Xo package)
Diameter = 2.15 m, length = 3.0 m

tracking Time Projection chamber (TPC):
2.0 m long (in z) at 20 to 100 cm radius (r)

Argon-methane (80%-20%) at 8.5 atm.
Max. drift 1.0 m in 20 finec, 75 kV/m drift electric field
The azimuth is divided into six 60° sectors. Per sector:

183 proportional wire hits on tracks with |cos0| < 0.71, each wire gives
r, z and amplitude for dE/dx measurement by ionization sampling

15 3-dim space points from induced cathode signals on several of 13,824
channels to give r, ^, and z (from the drift time), for |cos0| < 0.71

>2 3-d points and >15 wire hits over 97% of iir sterad
Track pair resolution of 1-2 cm
dE/dx ±3.5% for Bhabhas, ±4.0% for tracks in jet events with > 120 samples
o-p/p2 = ±3.6% for p > 2GeV/c
position resolution in bending plane is 190 (im and in z direction 340 (im.
Inner drift chamber at 13 to 19 cm radius
8.5 atm Ar-Crl* (80%-20%), 150 pm in bend plane
1.2 m long covering 95% of iff, with 4 axial layers.
Outer drift chamber at 1.19 to 1.24 m radius
1 atm Ar-CEi (80%-20%), 200 fim in bend plane
3 m long covering 77% of 4?r, with 3 axial layers.

pole-tip Gas, proportional mode, sampling Pb-laminate calorimeter
calorimeter 2 modules, 13.5 Xo deep, at z — 1.1 m, covering 18% of 4?r

Argon-methane (80%-20%) at 8.5 atm; total of 51 samples
Three 60° stereo views, each with 13 and 4 samples in depth
Protective strip geometry with 8 mrad angular segment
<7E/E = ± l l%/ \ /E , below 10 GeV

± 6% for Bhabhas at 14.5 GeV

hexagonal Gas, proportional mode, sampling Pb-laminate calorimeter
calorimeter 6 modules, 10 Xo deep, 4.2 m long, at 1.2 m radius

Argon-ethyl bromide (96%-4%) at 1 atm.
Solid angle coverage of 75% (90% including PTC)
3 correlated 60° stereo views, using wire and cathode signals

in 40 samples (27 and 13 samples in depth)
Projective strip geometry with 9 mrad angular segment
<rE/E = ±16%/^! , below 10 GeV

± 14% for Bhabhas at 14.5 GeV

muon Magnet flux return + 2 layers iron, total 810 g/cm2

detector Triangular, double layer, extruded Al proportional tubes
Argon-methane (80%-20%) at 1 atm.
3 layers with axial wires and 4th layer at 90°
Including endcap with 3 layers: 98% of in coverage
Resolution better than 1 cm.

Table 3.1 Characteristics of the components of the central detector. (Data from
reference 57.J
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magnets 2 septum magnets: 1 m long, aperture 2.24 m horizontal by 2.1 m vertical
Bmax = I-7 kG; j B d l a 2.6 kGm; B = 0 on beam axis
Each magnet compensated by air core skew quads immediately

around the beam pipe.

tracking 5 drift chamber (DC) modules at each end
DC-1: 4 planes, 2 horizontal, 2 vertical ±10°, Ar-Ethane (50%-50%)
DC-3: 2 vertical ±10°, Ar-CO2 (83%-17%)
DC-2,4,5: 3 planes, 1 horizontal, 2 vertical ±10°, Ar-CO2 (83%-17%)
"position » 300 Mm
crp/p = ±%/(0.008p)2 + (0.025)2

Angular acceptance of system: 22 mrad to 180 mrad

Nal Angular acceptance: 22 mrad to 100 mrad at either end
calorimeter Each detector contains 60 individual Nal crystals each 22 inch long

with a hexagonal cross section 6 inch apex to apex
CTE/E = ±1% at 14.5 GeV

Spatial resolution: c ss 0.4 cm

Pb-scintillator Angular acceptance: 100 mrad to 180 mrad at either end
calorimeter Alternate layers of Pb sheets and plastic scintillator strips set in

three 60° stereo views; wave bar readout
54 total layers, 18 Xo

(rE/E = ±15%/vf
spatial resolution: n » l cm

time-of-flight Two planes of scintillation hodoscope at each end; one plane has
50 horizontal scintillator strips, the other 62 vertical strips

Time resolution: oi = 0.3 ns

1 meter of iron (787 g/cm2) at each end
3 drift chambei modules at each end, each module having 2 offset

vertical sense wire planes, Ar-Ethane (50%-50%)
Spatial resolution: c = 220 /xm

cerenkov 1 atm CO2 radiator, 70 cm long, divided into 12 azimuthal
segments at each end

Efficiency for electrons > 90% over-all, > 95% over 80% of angular
coverage (22 mrad to 180 mrad)

Table 3.2 Characteristics of the components of the forward detector. (Data from
reference 57.)
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in a more forward direction with respect to the beam line are detected in the
pole-tip calorimeters (PTC) and end-cap muon chambers. Still smaller angles
are covered by the forward detector, consisting of: a Cerenkov counter, a set
of 5 planar drift chambers, a time of flight scintillator hodoscope, a small-angle
calorimeter formed by an array of Nal crystals, surrounded by a lead-scintillator
sandwich calorimeter and finally three layers of drift chambers, interspersed with
iron for muon identification.

3.3.2 The Time Projection Chamber

The Time Projection Chamber58"63 is the first representative of a new gener-
ation of central detectors, based on an innovative design idea by D. Nygren?2 The
chamber is a large drift chamber with the electric field parallel to the magnetic
field, allowing very long drift distances: the chamber is two meters long with a
diameter of two meters. A central membrane, perpendicular to the beam line,
is kept at 75 kV and provides, together with a series of equipotential rings, a
uniform electric field parallel to the beam line and the magnetic field, as sketched
in figure 3.5. The two end planes are at ground potential. A charged particle

Endcap sense
wires

Endcap sense
wires

sBeom pipe

Negative high
voltage electrode

183 dE/dx wires per sector

15 spatial wires per sector

Fig. 3.5 A schematic drawing of the TPC.
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(b)

Fig. 3.6 a) End view showing the six sectors of an end plane. For one sector the
signal wires are indicated.

6̂  Drawing of a TPC sector showing the 15 cathode pad rows and the
3 lines of end-plane sources.

traversing the detector volume ionizes the gas; ionization electrons drift along the
electric field lines to the end planes where they are detected. Since the magnetic
field lines are parallel to the electric field lines, no distortions of the drift pattern
occur, as in more conventional designs. Indeed, the B field substantially reduces
the diffusion of the ionization electrons perpendicular to the electric field lines
by causing them to spiral around the electric field lines.

The end planes are subdivided in six sectors, each sector having 183 propor-
tional wires and 15 rows of segmented cathode pads (figure 3.6). The pads are
7 mm x 7 mm and there are 1152 pads per sector. Ionization electrons initiate
an avalanche on the wire, and true three-dimensional coordinates can be derived
from the location of the wire, the time of arrival of the ionization and, finally,
the coordinate along the wire. The latter is obtained from the signals induced
on the row of cathode pads under the proportional wire. One pad row is located
under every twelfth signal wire. The signals from the five nearest wires to a pad
row contribute to the induction of a signal on two to three of the pads below.
The position of the avalanche along the pad row can then be determined from
the center of gravity of the pad signals. The pulse heights from wires and pads
are directly proportional to the ionization energy loss, dE/dx, of the detected
particle. This energy loss is a function of the speed and charge of the particle
alone, if other parameters, such as the gas composition and pressure, are con-
stant. The time projection chamber is operated with a gas mixture of 80% argon
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Fig. 3.7 Simplified representation of the detection process for a traci passing
through the TPC. Only the sense wire directly over the pad is shown,
although the signals from the five nearest sense wires contribute to the
pad signals.

and 20% methane at 8.5 atm, corresponding to typically 200 ionization elec-
trons per centimeter track. The detection process is schematically represented
in figure 3.7.

The 1152 pads and 183 wires of each sector give a total of 13824 pads and
2196 sense wires for the entire TPC. Each of these is connected to an individual
electronics channel. Each channel consists of a preamplifier, a shaping amplifier,
a charge-coupled device (CCD) and a digitizer. From each channel pulse height
information to an acurracy of 1% and timing information to an accuracy of
fts 20 ns is required.

Signals are first amplified and shaped by the preamplifiers and shaping am-
plifiers and then go into the CCD's which act as analog shift registers. During
data collection, each signal is sampled every 100 ns by the CCD's. The individual
measurements are called buckets. The CCD clock is slowed down for readout,
and one bucket is digitized every 50 /is. The digitized information is sent to the
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+ Field wire

o Sense wire

Fig. 3.8 Tie inner drift chamber. View perpendicular to the beam line showing
four staggered layers of drift cells.

online computer and stored on magnetic tape.

Under standard TPC operating conditions, the electrons drift through the
TPC gas at « 5 cm/(is. An entire event, therefore, takes a maximum of 20 ^s
to drift through the TPC, which corresponds to 200 buckets. Given the large
number of channels and the large number of buckets per channel, the information
in a given bucket is only read out if it is above a preset threshold. Even if there
is no input signal, the CCD output is nonzero when digitized. This offset or
pedestal varies from channel to channel and has to be determined when the
electronics are calibrated. A typical input signal from a pad or wire has 5 to
7 CCD buckets with pulse heights above threshold. Such a group is called a
cluster, and the signal pulse height and time of arrival are determined by fitting
a parabola to the highest three buckets in a cluster.

3.3.3 Inner and outer drift chamber

The inner and outer drift chambers were designed to generate a fast charged-
particle trigger for the time projection chamber and to assist in tracking and mo-
mentum reconstruction, especially for high momentum tracks. A further function
of the outer drift chamber is to tag photons that have converted before entering
the calorimeter, e.g. in the magnet coil. The IDC (figure 3.8), placed at the
inner radius of the TPC inside the pressure vessel, is the first sensitive detector
element outside the beam pipe. The ODC is placed outside the magnet coil and
operates at atmospheric pressure.
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The inner drift chamber64'65 consists of four concentric layers of 60 sense
wires each. The second and fourth layers (B and D) are rotated 3° with respect
to the first and third layers (A and C) so that checksums can be formed. The
sense wires are of 25 finx gold-plated tungsten at 70 g tension. The chamber
occupies the region from 13.2 to 19.4 cm in radius, with sense wires at radii of
14.87, 16.07, 17.27 and 18.47 cm from the beam line. All wires are 114.3 cm long,
so the A layer is sensitive to about 14.6° (255 mrad) from the beam line. Each
sense wire cell is positioned between two field wires of 150 fim beryllium-copper,
also at 70 g tension. The resolution of the chamber is 150 pm.
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Fig. 3.9 The outer drift chamber geometry. View perpendicular to the beam
line.

The outer drift chamber65 (figure 3.9) has three layers of 216 wires each.
The chamber consists of six modules that overlap so that there are no azimuthal
gaps between them. The wires are at radii of 119.7, 121.7 and 123.7 cm and the
length of all wires is 304.8 cm. Angular coverage of the innermost layer begins at
38.2° (0.666 radians). The sense wires are 30 fim gold-plated tungsten at 110 g
tension. The drift cells are delimited by miniature plastic I-beams, covered with
metallic tape to provide a field-shaping electrode. Grounded cathode surfaces
are formed by the aluminum sheets that make up the body of the chambers.
The ODC operates on the exhaust gas from the TPC at one atmosphere. Its
resolution is 200 jim.



3.3 The TPC/Two-Gamma facility 57

Intersection point

Beam line

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

3.3.4 The hexagonal calorimeter

The hexagonal barrel calorimeter66'67 consists of six modules. Each module
has 40 layers of sense wire planes alternating with planes of 3.2 mm lead lam-
inates, a total of 10 radiation lengths for a particle trajectory perpendicular to
the module. The HEX calorimeter covers about 55% of the 4n solid angle with
a mimimum radius of 127 cm, a thickness of 45 cm and a total length of 384 cm.
The calorimeter is operated in the Geiger discharge mode at 1 atmosphere with a
gas mixture of 4% ethyl bromide in argon. Accurate position measurements are
obtained by using narrow (0.5° wide) hodoscopic channels in three stereo views.
Figure 3.10 shows schematically for the trapezoidal modules of the HEX how the
planar boundaries in each view provide wedge-shaped channels with polar pro-
jective geometry. Signals from successive layers are hard wired together at the
edges of the modules, forming two submodules of 27 and 13 layers, respectively.

The Geiger discharge takes place in the high field-gradient region close to
the 20 (im tungsten sense wires. Independent of initiating ionization the dis-
charge propagates at approximately 105 m/s in both directions along the wire
by continuous avalanche development and photoionization. It stops when the
electric field strength is reduced sufficiently. Such a confinement is obtained in
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this calorimeter by crossing the sense wires at right angles with 0.125 mm nylon
filaments every 10 mm. With a wire spacing of 5 mm the cell dimensions are
5 x 10 mm2.

3.3.5 Pole-tip calorimeter

The two pole-tip calorimeters68 are each 13.7 radiation lengths thick with
51 layers of sense wire planes and aluminum-clad lead. The PTC's are inside
the pressure volume of the TPC and operated in proportional mode. There are
three stereo views with axes at 60° intervals. The modules are subdivided in a
finer-grained front section of thin radiators and narrow channels (39 layers, 8.4
radiation lengths and 1 cm wire spacing) and a coarser-grained back section (12
layers, 5.3 radiation lengths and 2 cm wire spacing). As in the HEX, projective
geometry is used: the wire spacing increases linearly with the distance from the
interaction point. Unlike in the HEX, each gap in the PTC has wires for only one
of the three views. The modules have an inner radius of 29 cm, an outer radius

PTC 1
PTC 0

38!

Fig. 3.11 Tie Pole Tip Calorimeters.

of 04 cm and the first layer is at 117.5 cm from the interaction point along the
beam axis (figure 3.11). The pole-tip calorimeters have an energy resolution of
sa 11 — 12%/\/E up to a photon energy of 2 GeV with some degradation due to
energy loss out of the back of the modules for higher energies, to about 16%/\/E
at 14.5 GeV. The pole-tip calorimeters also serve as luminosity monitors with a
special Bhabha trigger.
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Fig. 3.12 Schematic design of the central muon chambers

3.3.6 Muon chambers

The outermost layers of the central detector are formed by the muon detection
system?9 Proceeding outward from the iron magnet yoke there are three layers
of chambers, interspersed with iron; the end caps are covered by two layers
of chambers with one layer of iron in between. The chambers are extruded
aluminum drift tubes as shown in figure 3.12. Each drift cell has an equilateral
triangular cross section with a 50 /im gold-plated tungsten sense wire, tensioned
at 240 gram, at the center. The muon detection system has a total surface area
of 628 m2. It covers approximately 98% of 4n with 3284 wires, some of which are
over 7 m long. The first three layers of muon chambers surrounding the central
detector are oriented parallel to the beam line, the outermost is perpendicular.
In the end-cap region, the first and third layers are vertical while the second
is horizontal. The chambers are operated with argon/methane at atmospheric
pressure. Their efficiency is over 99% with a resolution of better than 1 cm.

3.3.7 Solenoidal magnet

The magnetic field for momentum determination in the TPC for the data
described in this thesis is provided by a normal coil™ located between the outer
pressure vessel of the TPC and the outer drift chamber. The coil is water cooled
and can generate a nearly homogeneous magnetic field of 4 kGauss at 2200 A.
The conventional coil is made of aluminum, wound in four layers of 114.5 turns.
Its total thickness corresponds to 1.4 radiation lengths for a particle incident in
a direction perpendicular to the beam line.

In 1984 a thin-coil superconducting magnet was successfully installed and
tested and it has been in use since the beginning of 1985. The superconduct-
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ing coil represents only 0.6 radiation lengths, a significant improvement for the
trigger efficiency for charged particles and the photon detection in the hexagonal
calorimeter. The magnetic field generated is 13.5 kGauss.

3.3.8 Forward calorimeters

The Nal electromagnetic shower detectors, each consisting of 60 hexagonal
Nal(Tl) crystals (15 cm apex to apex), were used to detect final-state electrons
in the angular range 22-100 mrad. Absolute energy calibrations to 0.3% were
obtained by use of elastic e+e~ (Bhabha) events. Calibrations were corrected for
short-term variations by means of a light flasher system. An excellent energy
resolution of CTE/E » 1% at 14.5 GeV is obtained. The position resolution is
5 mm rms (corresponding to 1 mrad angular resolution). Figure 3.13 shows an
exploded view of one array.
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SUPPORT
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Fig. 3.13 Exploded view of an Nal crystal array.

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

3.4 Trigger

In bunched colliding beam experiments it is beneficial to organize a trigger by
subdividing decisions into several levels. When the detector is active, the readout
of all non-buffered electronics, such as analog-to-digital converters (ADC's), time-
to-digital converters (TDC's) etc., is started for every beam crossing. In general
the readout is aborted and the electronics is reset by means of a fast clear before
the next beam crossing occurs, unless the decision to abort is postponed or
canceled by the trigger logic. In a first-stage trigger, called a pretrigger, only
so much information is collected and processed that after a possible negative
decision there is sufficient time left to reset the electronics before the next bunches
collide. For the PEP storage ring the time between bunch crossings is 2.44 (is.
Allowing for reset time and time for signal propagation, this leaves ss 2 /is for
the collection and processing of first-level trigger information. Such a time is
sufficient for coincidences of drift chamber hits (with drift cell sizes of the order
of a few cm), discriminator outputs of calorimeters etc. If the pretrigger fires,
readout of the event continues and higher-level decisions can be made.

This thesis reports on data acquired with the charged-particle trigger?1 In
addition to this trigger, there are several neutral-energy and combined charged-
plus-neutral triggers, as well as a Bhabha trigger. The forward detector has its
own set of triggers, some of which use central detector information. In the fol-
lowing subsections we will discuss the charged-particle trigger and its pretrigger
in more detail.

3.4.1 Pretriggers

The charged-particle pretrigger uses information from the IDC, the ODC and
prompt information from the TPC proportional wires. Since the time needed for
ionization electrons to drift the full length of the TPC is approximately 20 fis,
only the first as 9 cm from the end planes can be used for the pretrigger. Tracks
with a polar angle of less than 45° can thus be signaled. The ODC is used to
define tracks at larger angles.

The IDC pretrigger. During the data collection period, several sections of the
IDC were inoperative. In order to obtain pretrigger information without az-
imuthal bias, the information from each sense wire in the inner layer was OR-ed
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with that from the corresponding wire in the third layer; idem for the second and
the outer layer. The two effective layers that were thus formed had no azimuthal
efficiency gaps. The pretrigger is set for a coincidence in overlapping cells in the
two layers, with timing coincidence requirements imposed to discriminate against
tracks not coming from the beam axis.

2 ODC wedges
for supersector 0

ODC

Coil

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

The ODC pretrigger. For triggering purposes the ODC was divided into twelve
30-degree wedges (figure 3.14). In each wedge six groups were formed out of three
wires from the inner layer, four from the middle and five from the outer layer,
with overlap in the middle and outer layer. A track is signaled in the wedge, if
within such a group a coincidence occurs between two wires in different layers.

The TPC pretrigger. The trigger logic divides each TPC end plane in six over-
lapping supersectors of 120° by combining pairs of adjacent sectors as shown in
figure 3.14. The signals of corresponding wires in the two sectors that make up
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I.P.

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

a supersector were OR-ed together and grouped into 23 groups of eight wires,
called "majority units". A minimum number of wire signals above threshold
causes the unit to fire. This number was set to three for the data discussed here.

The signals are synchronized by an external clock signal that divides the drift
time in the TPC into discrete slices of 420 ns. The pretrigger for a supersector
is set if one of the majority units fires during the first four clock cycles after a
beam crossing. In order to keep the pretrigger rate at an acceptable level, the
eleven majority units closest to the beam line were not enabled in the pretrigger.

The pretrigger signals from IDC, ODC and TPC are finally combined to
enable the trigger: for the two charged particle trigger, the IDC is required in
coincidence with two or more pretriggers from the ODC and/or TPC. Since the
TPC supersectors overlap by one full sector, two pretriggers were counted only
for non-adjacent supersectors.

3.4.2 The ripple trigger

Once the ripple trigger for a given supersector is enabled by a pretrigger in
the same supersector or in one of the two ODC 30° segments, charged tracks
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from the interaction point are found by following the ionization information as
it comes in via the majority units. A ripple track is initiated by a majority hit
near the outer edge of the TPC (or, for tracks that exit the chamber through
the end cap, a hit somewhere in a sector), which enables the ripple logic for
the three units inwards. If one of these three fires within nine clock cycles, the
ripple is continued with the same procedure down to one of the two innermost
units. There a coincidence is required with a timing signal which selects tracks
originating from the beam crossing region.

The > 2 charged-particle trigger requires at least two completed ripple tracks
in non-adjacent supersectors. Other triggers (with corresponding pretriggers),
such as the charged + neutral trigger, require > 1 ripple track. Figure 3.15
illustrates the rippling process.
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4. Event simulation
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4.1 Introduction

Only a very small fraction (ss 1%) of the ?j"s that are produced can actu-
ally be detected by the equipment and fully reconstructed by the software. This
fraction is commonly referred to as the detector acceptance and detailed under-
standing of its magnitude and dependence on measured quantities is essential for
the determination of cross sections.

In all except the simplest high energy physics experiments, it is impossible
to describe the detector acceptance analytically because of the complexity of
the events under study, the detector equipment and the software used for event
reconstruction and analysis. Most or all of the variables involved are correlated
to an unknown extent.

Therefore numerical simulation methods have been developed to obtain ac-
ceptances. These Monte Carlo methods play an extremely important role in
modern high energy physics experiments in all stages from conception of the ex-
periment to final analysis. For this experiment the Monte Carlo studies can be
subdivided in five categories:

1) Integration of the differential cross section and generation of simulated
events.

2) Determination of the detectability of generated events: tracks of particles
are followed through a model of the detector and the particles can interact
with detector materials or decay.

3) Determination of the response of the detector components to the simulated
particle trajectories: a detector component can measure properties of the
particle to a certain accuracy, be inefficient in certain regions, or even be
(partly) inoperational during a fraction of the data taking period.

4) Simulation of the trigger decision. Although closely related to 3) because
the decision to trigger the detector on a given event is based on informa-
tion from the same detector components, the complexity of the triggering
process necessitates a separate treatment.

5) Analysis of the simulated data sample obtained.

In section 4.2 the Monte Carlo integration of the cross section and the event
generation procedure will be described. Some characteristics of the generated
events are discussed in section 4.3. Section 4.4 then gives a short description of
the tracking through a model of the detector and section 4.5 treats the modeling
of the response of the detector components. The trigger simulation procedure is
outlined in section 4.6. Since there is no distinction between Monte Carlo events
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and real data for the analysis procedure, a description of the analysis itself is
deferred to chapter 5.

Monte Carlo methods. For the integration of the cross section formula and the
simultaneous generation of a simulated sample of events a Monte Carlo method
will be used in section 4.2. The principle is outlined (for one dimension) in this
section. For a more complete review see reference 72.

Hit/miss Monte Carlos. To estimate the integral

/ f{x)dx
Ja

(4.1)

with / non-negative on [a, 6], and simultaneously generate a set of random num-
bers ('events') that are distributed according to the probability density function
/ , the following method can be used:

Fig. 4.1 Illustration of the hit/miss integration method

Let A > /max) the maximum of / in the interval [a,6j. One takes N random
numbers #,-, uniformly distributed over the interval [a, b] and for each of these
compares /(XJ) with a random number j/,- from a sample that is uniformly dis-
tributed over the interval [0,J4]. If f(xi) > j/i a hit is counted and z; is added
to the sample of 'events' being generated, otherwise a miss is concluded. The
resulting estimate for the integral is then:

,/N. (4.2)
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The procedure is equivalent to estimating the shaded area in figure 4.1 by taking
random points in the surrounding rectangle and multiplying the area of the
rectangle with the ratio of the number of points inside the shaded area and the
total number.

The hit/miss method is obviously most efficient (and thereby most accurate)
if / is constant in [a,b] and f = A. In that case the method is of course also
superfluous, since the integral is then known. For functions where a primitive
is not known, one can however try to approach this situation by factorizing out
certain features that can be integrated analytically:

Importance sampling. If / behaves approximately like g{x), where a primitive
G of g is known, then

( 4 3 )

where x = G~i(y). The integration limits are now G{a) and G{b). Such a change
of integration variable increases the efficiency if / /g varies less than / in \a,b].

As an example, events that are distributed according to f(x) = h(x)/(x2+1),
where h(x) is a slowly varying function of x, can be obtained efficiently through

/ -±-t-dx= h{x)d{a.tanx) = h (tan u) du (4.4)
J—oo X -\-I J—oo ^~5

and integrating h with the hi t /miss method.

Weighted Monte Carlo. In case it is acceptable to have events with weights, or
if only the value of the integral is desired, the hi t /miss method can be replaced
by an addition: in the example of figure 4.1 this amounts to adding the / ( x , ) , so
that

This method is slightly more accurate than the hit/miss method.
In practice, all three methods mentioned above are used simultaneously: as

many features of the integrand as can be extracted by importance sampling are
taken out (peaks, l/xn behaviour etc.); to calculate the value of the integral a
weighted Monte Carlo is performed, and to obtain a sample of events with unit
weight, a hit/miss is done on the weighted events.
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4.2 Event generation

In this section, the "event generation", i.e. the simulation of the production
and decay of »?"s, will be considered. The production is specified by (2.96), and
this integration will be discussed first.

In (2.96) the integration variables can be rewritten (using E{ = (E — w,-) »
me, so that E{ = |p;'| is an extremely good approximation) :

^ P _ = Ei sin 0,- Mi d<pi duji. (4.6)

Expression (2.96) contains one delta function which can be used to reduce the
six integration variables to five:

(4.7)

with f{Xo) — 0 the only zero point of / . Choosing u>2 to integrate over, we use
(from (2.5))

dW2

- ^ H = 4 w i + 4El sin2(itfu) (4.8)

to obtain:

a2 X

d + + + + F*(\l)

pp (q\,ql)
(4 91

The efficiency of the numerical integration of equation (4.9) can be greatly en-
hanced by extracting some features from the integrand and including these in
the integration variables: since for small q2 we have q? oc sin2(|i?j), it is ben-
eficial to integrate over dlog (sin2(!$,•)) = sini?t/sin2(|)J,) (it?,-. Similarly, since
the over-all dependence of the integrand on wt- can be approximated8 by w"1, an
integration over d log wi will further increase the efficiency.

The integration limits for wi can be found from W2^ = m2, < 4wicJ2 =*• ̂ l >
m2

l,/4E; for the upper limit the beam energy E can be taken. The change of
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variable from t?t- to logsin(|i?,) makes it impossible to take 0 as the lower limit of
the integration; therefore the actual integration has been performed by changing
variables to Iogsin(jt), + <:) with e = 10~7. This trick makes the integration more
efficient due to the fact that -q? -» rn^w?/(££<) ^ 0 for tf< -> 0.

With these changes of variables, equation (4.9) can now be used to generate
TJ"S with the correct angular and momentum distributions and to calculate the
cross section for the formation of r/'s in photon-photon collisions.

For the decay products the distributions can be derived from equation (2.42),
with equation (2.62) for the matrix element corresponding to the conventional
spin-parity assignment of the rj', and with (2.75) for the alternatives as discussed
in section 2.5. Here the integration of the former will be discussed. At this
point it should be noted that the numerical result of this integration is of no
consequence: the integration procedure is only used to obtain the proper angular-
and momentum distributions of the final state particles.

A convenient choice for the integration variables are the ones used in (2.42);
with (2.62) one has:

(4.10)

with Tp given by (2.66). A straightforward hit/miss Monte Carlo would be ineffi-
cient, so a change of integration variable from m n to atan ((ro£r — Tn*)/(mpTp))
is introduced. For the other integration variables, the angles involved in the de-
cay rj' —> p"i and in p —+ TT+K~, no changes of variables are performed and a
simple hit/miss is carried out.

The angles of the decay products are generated in the frame of the direct
parent particle: the p and the 7 in the rj' center-of-mass system and the 7r+ and
TT~ in the p center-of-mass system. Figure 4.2 gives an illustration.

In the first step, the decay 77' —» p7, the momentum of the rho in the r\'
center-of-mass system (and therefore also the photon energy in that frame) is
given by (2.63):

m\, - m\.
\if\ = \h\ = -h On the V> c.m.8.). (4.11)

In the second step, the decay p ~+ nir, the polar angle of the pions in the
rho helicity frame (i.e. the rest frame of the rho, with the z-axis pointing in the
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Fig. 4.2 Decay angle definitions for rf —* pj; p —> 7r+ir . Each decay is viewed
in the rest frame of the decaying particle.

opposite direction of the TJ') is chosen by a hit/miss Monte Carlo on sin d. The
azimuthal angle is generated with a flat distribution. These angles, together with
the momentum of the pions in the rho rest frame (c/. (2.65)):

|?;+1 = | (mj», - (2m»)2) * (in the p c.m.s.), (4.12)

completely determine the pion momenta in that frame.

To transform the momenta of the pions to the laboratory frame, first a
Lorentz transformation is performed to calculate the momenta of the pions in the
center-of-mass system of the 77'. This is a simple boost along the z-axis of this
frame, which still points in the direction of the p. A rotation in three dimensions
then transforms to the r)' center of mass system with the z-axis parallel to the
lab z-axis. Finally a general Lorentz transformation is made along the direction
of motion of the rj1 to obtain the four-momenta of the two pions and the photon
in the lab frame.

The result of the event generation is a set of simulated events with the desired
distributions, and a value for the cross section in terms of the radiative width,
expressed as:

*.+.--..+.-+,' = 357 ± 3 pb/keV x T , , ^ , (4.13)

which can be compared with the 423 pb/keV found in (2.93). Such a comparison
does not do justice to the Low formula, however, since in (2.93) the q2 dependence
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of a was ignored. A comparison of the luminosity functions shows that (2.90)
overestimates by only 8%, even when no limits on the polar angles of the outgoing
leptons are imposed.

When the integration is performed in an angular range 0-20 milliradians,
the result (4.13) reduces to 339 ± 3 pb/keV. In that case the integration using a
constant matrix element for 77 —> 77', (2.92), overestimates by only 5%.

4.3 Characteristics of generated events

At this point it is interesting to discuss some properties of the simulated
events that are generated by the methods described above. The simulated events
are lists of four-vectors (five per event in this case) and identification numbers
for the particle types.
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Fig. 4.3 a) Plot of log u>2 vs. log wi (u> in OeVj. b) Logo], projection on axis
of a).

Figure 4.3a shows a plot of logW2 versus log wi and figure 4.3b the distribution
of logw (2 entries per event). From the equivalent photon approximation (2.88)
the luminosity function is expected to be approximately constant over such a
plot. In order to form a resonance with mass mvi, all events are constrained to



74 4. Event simulation

be close to the line u>iW2 = " v / 4 - From the logw distribution it can be seen
that the luminosity function follows a (wiu^)"1 behaviour fairly well over a wide
range.

In figure 4.4 the polar angle of the outgoing electrons is shown. Again, the
(i?it?;)~' behaviour is good over several decades, with drop-off at very small
angles, as well as at large angles. From figure 4.4b one can see that a cut on •& of
the outgoing electrons does not help to increase the efficiency of the integration
significantly for no-tag purposes. It is of course extremely beneficial to make
such cuts to generate events for the determination of the cross section and of the
efficiency for tagged events.
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Fig. 4.4 a) Log <?2 versus log 1?1 ft' in radians), h) Log i', projection on axis of
a).

The transverse momentum distributions of the r;"s and its decay products
are shown in figure 4.5.

Finally, figure 4.6 shows polar angle distributions for the decay products. In
anticipation of later fiducial cuts based on trigger acceptance and calorimeter ge-
ometry the over-all efficiency can be increased by requiring that •&ls+ > 0.45 (26°),
dn- > 0.45 and ti1 > 0.24 (14°). Only 26% of the events generated pass these
cuts; the rest does not have to be subjected to the detector simulation.
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Fig. 4.6 Theta distributions of generated events, a) pions, b) photons.
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4.4 Detector simulation

4.4.1 Monte Carlo tracking

The sample of simulated events is now processed by a program that tracks
the particles through a model of the detector. This program (GLOBAL) uses a
detailed table of the materials in the detector and a map of the magnetic field
to follow the tracks while integrating the probability for decay, scattering etc.
at short intervals along the trajectories. The output of the program consists
of lists of position vectors and momentum four-vectors of particles at specified
boundaries. In general these are surfaces in detectors, such as the front face of a
calorimeter or a wire plane of a drift chamber, but other boundaries can also be
used. For example the inner surface of the magnet coil is treated as a detector.

A significant saving in computer processing time was achieved by letting
GLOBAL follow the trajectories of the pions and the photon only, thereby ig-
noring the electron and positron. The very few (< 1%) events where an electron
or positron is heading toward the central detector are removed by a transverse
momentum cut in the analysis.

4.4.2 Detector response simulation

In the detector simulation stage the response of detector components to the
particles that hit it is mimicked, together with the response of the track- and
shower-reconstruction software. For some detector components this can simply
be a map of the efficiency whereas for others the situation is more complicated.
For instance the simulation of the Hexagonal calorimeter73 is done by using the
hits at the inner edge of the coil and projecting the track to the surface of the
calorimeter. The energy deposition and its position is then derived from tables
with results from detailed shower simulations using the program EGS74 (elec-
tron and gamma shower). The response of the calorimeter to the energy depo-
sition is determined from a table that was obtained with results from EGS and
e+e~ —» e+e~e+e~ real data. In figure 4.7 the efficiency for detection of photons
and electrons (and positrons) in the HEX calorimeter is shown. The agreement
between e data and e simulation is a consequence of the fact that the intrinsic
efficiency of the HEX was determined from e data. For the pole tip calorime-
ters the efficiency is shown in figure 4.8. The efficiency has been obtained from
e+e~ —y e+e~e+e~ data and is the same for photons and electrons/positrons.

The output of the detector simulation program is in the same format as the
output of the analysis program for the data. Therefore the real and simulated
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Fig. 4.7 Efficiency for detection of electrons and photons in the HEX calorime-

ter. The intrinsic efficiency of the calorimeter was obtained using EGS
calculations and results from e^e" —• e"*"e~ + e"*"e~ data; therefore the
agreement between e data and e sim ulation is by construction. The pho-
ton detection efficiency was obtained from the intrinsic efficiency and
EGS calculations.

data can be treated identically in the event selection and further analysis by
using the same software for both.

4.4.3 Trigger simulation

The software that simulates the trigger decision is modeled after the hard-
ware. It is based on detailed lists of hits on wires; these lists are not created by
the detector simulation program, but by a separate program that also simulates
the triggering process.

As described in section 3.4, the triggering process is started by a fast pretrig-
ger that uses hits in the inner and outer cylindrical drift chambers and the TPC
endcap. Since the coil is inside th~ outer drift chamber, some particles will range
out or interact before they can be detected in the ODC. This has a considerable
effect on the triggering efficiency and will therefore be treated in some detail
here?5

The coil consists of four layers of aluminum windings and a heat shield;
the total thickness is equivalent to 15 cm aluminum. The minimum momentum
required to traverse this amount of material due to energy loss alone41 is (approx-
imately) 140 MeV/c for muons, 200 MeV/c for pions, 400 MeV/c for Kaons and
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Fig. 4.8 Efficiency for detection of electrons and photons in the south pole tip
calorimeter (the north module was less efficient due to some broken
wires). Since there is only a small amount of material to be traversed,
the efficiencies for photons and for electrons/positrons are the same.

650 MeV/c for protons. Additionally, energy loss between the interaction point
and the coil, non-perpendicular incidence due to the polar angle (and curvature)
of the track and nuclear interactions have to be accounted for.

The Monte Carlo simulation program HETC76 (high energy transport code)
was used to determine the probability for a hit in the outer drift chamber as
a function of transverse momentum and polar angle. The results for pions are
shown in figure 4.8, together with results from real data that were obtained with
a trigger that does not depend on the outer drift chamber, namely a tag in one of
the calorimeters of the forward detector and hits in the inner drift chamber. The
data sample used consists of events with four prongs (apart from the tag) with
energy losses compatible with that expected for pions. This sample is considered
to be almost free from contamination by muons.

The efficiency curve in figure 4.9 has been parametrized and is used in the
trigger simulation to determine whether or not a hit occurs in the outer drift
chamber. Notice that the transverse momentum of the pions from the r/' decay
is in the range where the efficiency turns on, so the over-all detection efficiency
is very sensitive to the precise shape of these curves. This is one of the main
contributions to the systematic error of the measurement of r^>_>11.
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Fig. 4.9 Probability for detection in the outer drift chamber as a function of
transverse momentum for pions. The solid curve represents a simulation
using the HETC hadronic shower generation program and a momentum-
independent over-all efficiency of the ODC; the data are from a sample
ofe+e~ —> e+e~ + 4n events obtained with an independent trigger.
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5.1 Introduction

The analysis presented in this thesis is based on data taken in the first half of
1983. In this chapter we describe this analysis and the event selection that leads
to the sample of im^ events from which the r}' decays are ultimately selected.

In the analysis and event reduction chain seven stages can be distinguished,
each corresponding with a pass through the data. In the first stage the trigger
decision is verified and refined. The second stage serves as a coarse pattern
recognition and the third stage is used to determine time-dependent parameters.
In the fourth stage the track reconstruction is performed, pad information is
refined and vertex fits are made. In this stage also the calculation of dE/dx is
performed and the hits in the calorimeters are analyzed for energy depositions.
Up to this point the analysis is common to one-photon and two-photon events.
In pass 5 the two-photon candidates are selected, mainly on low visible energy
in the TPC. Pass 6 filters out TT+TT~ + N7, where N is one or more. Finally, in
pass 7 the 7r+7r~'y candidates are selected and analyzed. The following sections
provide more detailed information about each of the passes.

5.2 Pass 1 — Preanalysis

The first stage of the analysis, referred to as preanalysis for historical reasons,
is used as a verification and refinement of the trigger. During the early stages of
the experiment this was the first stage of the off-line analysis, but for most of the
data described in this thesis, the preanalysis was run on-line. The software that
is used for events triggered by the charged-particle trigger described in chapter 3,
searches for the tracks that triggered the TPC and tests whether these tracks
point back to the beam crossing region. The distance of closest approach to the
interaction point is calculated by fitting the output of the TPC majority units
and of selected pad rows. These fits allow tighter cuts on the event vertex position
than can be made in the trigger hardware, thereby improving the discrimination
against beam-gas and cosmic ray background events. The cuts vary with the
quality of the fit and the polar angle of the track, but typically require the
track to extrapolate back to within ±14 cm from the interaction region along
the beam line and ±10 cm from the beam axis in the xy-plane. Complicated
events that cannot be reconstructed from the trigger latches are kept. For the
neutral-particle triggers and the mixed neutral- and charged-particle trigger cuts
are imposed, requiring a reasonable shower shape for the energy depositions in
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the calorimeters. The fraction of events rejected in the on-line preanalysis is
approximately 30%.

5.3 Pass 2 — Pattern recognition

The next stage in the analysis - the first stage in the off-line analysis for
most of the data - is the pattern recognition based on the pad information. This
information is intrinsically three dimensional and therefore easier to interpret
than the wire information, with less chance of rinding false tracks or missing real
tracks. For the low-multiplicity events studied in this thesis such considerations
are irrelevant, but for the high-multiplicity events encountered in annihilation
physics the gain in processing speed is considerable. A disadvantage of the pad
information is the coarser granularity: the projection of a track must cross at
least two pad rows to have any chance of being found and in practice a minimum
of three pad rows is required. For the events triggered with the 2 charged-particle
trigger the latter condition is always satisfied.

The pass 2 filter discriminates against complicated events from beam-gas or
cosmic rays where particles give rise to an electromagnetic shower. The vertex
requirement is also refined: the cuts are tightened to ±10 cm in the z direction
and ±5 cm in the xy-plane for tracks crossing all 15 pad rows.

5.4 Pass 3 — Monitoring of constants

The track reconstruction and particle identification software requires a large
number of calibration constants. Some of these are determined by dedicated
runs, others can best be derived from the data itself. The procedure is one of
successive approximation: a nominal set of constants is taken and refined. The
result is used for a second iteration, etc. Some of the more important parameters
derived in this manner are:

— The precise location of the beam-beam interaction point, from the average
fitted event vertex for all multihadron events in the run,

— The variations of drift velocity with time, by recording arrival times of
clusters (cf. sec. 3.3.2) associated with tracks that cross the TPC midplane,

— Short-term variations in sector gain, by monitoring pulse heights from min-
imum ionizing pion tracks,
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Shape and size of distortions in the electrostatic field, by measuring devi-
ations of wire cluster positions from fitted tracks as a function of radius.
These distortions play an important role in the momentum reconstruction
process and limitations in the corrections are a main contribution to the
momentum resolution. One source of electrostatic distortions are inho-
mogeneities in the materials of the TPC itself. In addition, positive ions
liberated during the avalanche process drift into the main volume of the
TPC, producing a radial electric field due to their spatial distribution: most
of the ionization is formed close to the beam line. This positive charge pro-
duces the largest distortions seen in the detector and in an upgrade of the
detector the TPC has now been equipped with a gated grid that eliminates
most of the distortions.

5.5 Pass 4 - Track reconstruction

In this stage of the analysis, the pad tracks found in pass 2 are matched with
wire clusters; the wire pulse heights and the track data are then used to refine
the pad space points; the refined pad space points are refit and the refitted tracks
are constrained to come from one event vertex.

A wire cluster is associated with a track if the z position of the cluster, as
calculated from the time of arrival, is within ±1 cm of the trajectory determined
from the pad data. For the dE/dx calculation, clusters are ignored if there
is another hit on the wire within ±3 cm in z, and also if an adjacent wire is
saturated.

Figure 5.1 shows a scatter plot of dE/dx versus momentum for a sample
of two-prong events. The quantity that is plotted is the measured truncated
mean, i.e. the average of the lowest 65% of the dE/dx samplings. An expression
for the energy loss is given by the Bethe-Bloch formula41; since this relation
depends on the velocity of the particle, information for particle identification
can be obtained by measuring the momentum and the energy ioss. From these
quantities and their measurement errors a value of x2 is calculated in pass 4 for
each mass hypothesis: Xe> Xjii X%, XK an<* Xpi for electron/positron, muon, pion,
kaon and proton/antiproton, respectively.

Ambiguities occur when particle masses are similar, e.g. for the pion and the
muon, and in cross over regions, e.g. between electrons and pions with momenta
around 180 MeV/c. In many instances such ambiguities can be resolved with
information from other charged particles in the same event; for instance, an event
with one ambiguous pion and one unambiguous pion has a high probability of
being a nn event.
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Fig. 5.1 Scatter plot of dE/dx versus momentum for a sample of two-prong
events. The solid lines have been calculated with the Bethe-Bloch
formula?1

In the refining of pad spatial information, the weighted average to determine
the position of the avalanche along the pad row is replaced by a gaussian fit to
the central position, the pulse height and (in the case of three pad hits above
threshold) the width. In case of two hits a parameterized width is used?9 A
correction is applied for electrostatic distortions, as determined in pass 3.

5.6 Pass 5 - Two photon candidates

The distinction between one-photon physics and two-photon physics is made
in pass 5. A strong discrimination against annihilation events was obtained by
requiring that the total visible energy in the event be less than 12 GeV. Other
conditions imposed are:

— At least two charged tracks had to have a transverse momentum of more
than 100 MeV/c,

— If only two charged tracks survived, they had to be acolinear by at least
5°,
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In this pass other criteria could also lead to the selection of the event, such
as the presence of two neutral energy depositions and no charged tracks (for
the analysis of -77 -+ 77 —> 77), the presence of one large energy deposition, not
balanced by a colinear counterpart (for the analysis of two-photon candidates
with a high-q2 tag), etc.

The two-photon selection filter retains approximately half the events.

' + N 7 candidates

The next stage in the analysis/selection chain selects events with a charge-
balanced pion pair and at least one photon candidate. For an energy deposition
in one of the calorimeters (HEX or PTC) the following criteria had to be met
before it was considered a photon candidate:

— The energy deposition was not associated with a charged track. The asso-
ciation between charged tracks in the TPC and energy depositions in the
calorimeters was made as follows:

The helices of the charged tracks in the TPC were extrapolated to the front
faces of the HEX and the PTC. For energy depositions in the PTC a shower
was associated with a charged track if the extrapolated helix impinged on
the front face of the PTC within 15 cm from the center of the shower. If
more than one charged track came within 15 cm, the closest was taken.
If more showers could be associated with one charged track, they were
combined. For energy depositions in the HEX calorimeter the criteria were
even stricter: any energy deposition within a cone of 300 mrad (and the
origin as apex) from an impact point of a charged track was associated
with that track.

— The photon had to be isolated from other energy depositions. After the
matching with charged tracks described above, leftover showers were mer-
ged if their centers were within 10 cm for showers in the PTC, and 15 cm
for showers in the HEX.

— For photon candidates in the PTC, a minimum reconstructed energy of
150 MeV was required. No such minimum was imposed on showers in the
HEX, since the algorithms used for the reconstruction of showers in that
detector required a coincidence in three views, thus allowing very few 'fake'
photons originating from noise.

With this set of criteria for photons, still a considerable number of 'fake' photons
is taken for real. The majority of these could be associated with one of the
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charged tracks by a still looser matching algorithm, but it was found that events
with only 'fake' photons can be removed with kinematic cuts as described in
section 5.9. On the other hand, the sample of events with two or more photon
candidates has to be examined for events with one good photon plus one or more
'fake' photons.

The requirements on the charged tracks for kept events were:

— Exactly two oppositely charged tracks had to be reconstructed. They were
required to extrapolate back to the interaction point to within 13.2 cm in
the direction of the beam and to within 6.1 cm in a plane perpendicular to
the beam axis, if all pad rows had been used to reconstruct the track. For
tracks with fewer pad rows contributing, the cuts were slightly looser.

a
o

10 -

10

P (GeV/c)

Fig. 5.2 Scatter plot of dE/dx versus momentum for 7r+7r candidates as selected
in pass 6. The solid lines have been calculated with the Bethe-BIoch
formula*1

The sum of the x2 f°r the hypothesis that the positive track was a pion
and the x2 f°r the hypothesis that the negative track was a pion had to
be less than 10. This corresponds to requiring a minimum probability of
0.67% for the hypothesis that the pair is a pion pair.
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— The sum of the x2 for the hypothesis that the positive track was a positron
and the x2 for the hypothesis that the negative track was an electron had
to be more than 10. This cut removes a considerable amount of background
and virtually no »?"s, because in general at least one of the pions from r?'
decay has a momentum higher than that of the cross-over region between
electrons and pions in the dE/dx plot.

Figure 5.2 shows a scatter plot of dE/dx versus momentum for a subset of
the events that satisfy these criteria.

5.8 Pass 7 — jr+7r~7 candidates

In the final step of the selection, only events with one charged pion pair
and one photon candidate were kept. The number of events thus selected was
sufficiently small to allow storage on disk of a subset of the information from each
event, including the results of a kinematic fit to the hypothesis that the event
can be described as e+e~ —> e+e~7r+7T~7 with the e+ and e~ in the final state
going along the beam line. This fitting procedure will be described in section
5.11.

5.9 Analysis — kinematic cuts

The result of all passes above is a sample of 13075 7r+7r~7 candidates. To
reject background, a number of cuts is applied. These cuts are all based on
properties of the desired 77 —+ r)' events:

— The 77 center of mass moves along the beam axis with on the average
negligible transverse momentum. A cut on the total transverse momen-
tum of the decay products, Px{^+'n~l)i c a n therefore discriminate against
background, e.g. from incompletely reconstructed events with higher mul-
tiplicities.

— The least well measured quantity is without doubt the energy of the pho-
ton. Therefore the transverse momentum of the 7r+7r~7 system can be
decomposed into two components, one parallel and one perpendicular to
the direction of the photon. The latter, indicated here by p_i_,-L p±{"y), can
be expected to be closer to zero than the former.

— The 7T+7r~ sytem moves in a direction opposite the 7 in the 77' center-of-
mass system. Combined with the near-zero transverse momentum of the
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77', this translates into near-colinearity in the plane perpendicular to the
beam line in the lab: A<p(Tt+Tr~ <-» 7) =s TT. A cut on this angle is of course
strongly correlated with the cuts on p± and on its component perpendicular

Since the photon has to have non-zero transverse momentum to be detected,
the 7r+7r~ system also has non-zero transverse momentum: PJ_(W+JT~) > 0.
It also follows that the two pions cannot be coplanar with the beam axis
(i.e. their momentum vectors in a plane perpendicular to the beam axis
cannot be back to back): Atp(n+ <-> ir~) < ft. These two cuts are also
strongly correlated.

P± (""*")

(7r+jr 7)

Fig. 5.3 Definitions of quantities for kinematic cuts. View perpendicular to the
beam line, a) pj_ ( T + T ~ 7) and &p{ir+ir~ «-» 7). b) p±[ir+ir~) and
Ap(T+ <-> T~). c) p x , _L px(7) (indicated as pXJJ.

The properties described above lead to a set of 'kinematic cuts' that strongly
reject background from processes such as:

— Exclusive n+ir~ and n+fi~ final states with 'fake' photons,

— Final states with unreconstructed tracks and/or showers, and

— Genuine 7r+7r~7 events with a high transverse momentum from a q ! ^ 0
virtual photon.

The latter is of course only background in a certain sense.
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The variables to which the kinematic cuts are applied, are defined in figure
5.3; the set of cuts is presented in table 5.1 and illustrated in figures 5.4a-f and
5.5a-d. In each figure the left histogram shows the distribution of one of the
variables for the 13075 events in the sample, while the other histogram shows
the same distribution for the Monte Carlo simulated events in the same stage of
the analysis. Arrows indicate at what value the cuts were set.

PJ^TT+TT -7) <

A^(7T+7r~ <-> 7) ;

p±(w+n~) ;

Aip(5r+ *-* n~) <

P±. -L P±(T) <

C 300 MeV/c

2.4

> 40 MeV/c

; 3.15

; 50 MeV/c

figure 5.4a, b

5.4c, d

5.4e, f

5.5a, b

5.5c, d

Table 5.1 Kinematic cuts that are applied before the kinematic Suing procedure
is performed.

A sample of 1481 events passes the kinematic cuts. In the Monte Carlo,
1742 out of 2897 simulated events pass. The combined effect of the kinematic
cuts is therefore a loss of 40% of 7/' events. The invariant mass distributions for
these samples are shown in figure 5.5e and f. The invariant mass resolution is
insufficient to allow the distinction of an r\' resonance.

5.10 Improvement of the mass resolution

Methods to improve the mass resolution are based on the observation that the
transverse momentum of two-photon produced final states is sharply peaked at
zero. The measurement error in the transverse momentum of the photon is much
greater than the average transverse momentum of the ?7"s and also much greater
than the measurement errors in the transverse momenta of the pions. Therefore,
an improvement in the energy resolution for the photon can be obtained by
adjusting the measured photon energy to minimize the transverse momentum of
the event. As a consequence, the effective mass resolution is greatly improved.

Such an adjustment method is used by the PLUTO23 and the CELLO22 col-
laborations: they scale the measured shower energy by a factor Pj_(7r"")/px('7)'
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Fig. S.4 Kinematic cuts:
a) The transverse momentum of the event, data, b) Idem, Monte Carlo,
c) The difference in azimuth between the n+tr~ system and the photon,

data, d) Idem, Monte Carlo,
e) The transverse momentum of the ir+ir~ system, data, f) Idem, Monte Carlo.
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Their procedure leaves the component of PJ.(TT) perpendicular to Px(7) unaf-
fected, thereby ignoring the fact that this component too is sharply peaked at
zero.

The mass-resolution improvement method to be followed here minimizes both
components of pj_ by means of a more general kinematic fit. One of the reasons
such an approach is indicated is the poorer momentum resolution of the TPC due
to the low magnetic field and the amount of material the pions have to traverse
(beam pipe, pressure vessel). The measursment error in the component of pj_
perpendicular to px(7) is not neglible with respect to the r. m. s. of the transverse
momentum of the r/"s produced in 77-collisions; therefore an improvement to the
measurement can be achieved by fitting this component to p_i_=O as well.

5.11 Kinematic fitting procedure

A kinematic fit is performed, based on the program SQUAW77. The program
fits momenta and energies to hypotheses for the complete final state. In the case
of untagged two-photon produced TJ"S, there is of course only one hypothesis to
test, namely whether

(p, E) = (0,2EJl!om) = p(e+) + p(e-) + p(n+) + p{n~) + p(7) , (5.1)

with the outgoing leptons close to the beam line, can describe the event. No
constraints are imposed on the ir+ir~ invariant mass. Input for SQUAW are the
observed momenta of the pions and the photon, plus assumed momenta for the
undetected leptons, all with errors:

7r±: tf
*7: i?

curvature
E
E

For the pions, the error matrix was calculated in pass 4 and can be passed on
unchanged. For the photon an empirical error is assigned to the energy:

0% = (0.17\/E)2 + (0.15 GeV)2 (7 in HEX),
<r| = (0.25\/!)2 + (0.1 GeV)2 (7 in PTC).

These errors were derived from comparisons of measured energies of electrons
and positrons with measured momenta in the TPC. They are considerably larger
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than those quoted in table 3.1, where the PTC value of 0.11\/E is applicable
to higher energies only, and where the HEX value of 0.14\/E does not include
effects due to energy losses in the coil. The errors in the angles are derived from
a measured position resolution of 1 cm for each of the calorimeters.

For both undetected leptons the angles t?z and tiy were set to zero and E to
Eteom, with o(tix) = a(i?y) = 1 mr, o(E) = Ebeam. The energies of the outgoing
leptons are of no consequence except to balance the longitudinal momentum of
the 9r+jr~7 final state. The polar angles, however, determine the amount of
transverse momentum allowed for the ir+n~i state. A value of 1 mr is used as
a compromise between resolution and fit efficiency; one sigma corresponds to
approximately 40 MeV/c p± (namely \/2 x 0.001 x E per lepton; the energy
of each lepton is approximately the beam energy and the azimuthal angles are
unrestricted, so the fitting procedure tends to make them equal).

0.25 0.5 0.75 1

Fit p robab i l i ty

Fig. 5.6 Kinematic fit: the probability distribution for fitted events, a) Data, b)

0.5 0.75

Fit probability

Monte Carlo.

The result of the fitting procedure is for each event a set of fitted momenta
and a probability. The probability distributions for data and Monte Carlo events
are shown in figure 5.6. The distributions are not flat as a consequence of the
tight kinematic cuts that were applied before the fit was performed. The peak at
low probability in the data is assumed to be caused by background events, such
as incompletely reconstruct; i svents or events with a 'fake' photon. Because of
the low energies of the photons involved and the large errors assigned to them,



96 5. Data analysis and event selection

a fraction of these two contributions to the background will still give a non-
zero probability. For incompletely reconstructed events this can occur when the
transverse momentum of the missing particles points in approximately the same
azimuthal direction as that of the photon or when it points in approximately the
opposite direction. In the former case the photon energy is incorrectly increased
by the fit, in the latter case the photon energy is decreased. For events that
actually consist of only two pions and a 'fake' photon and that have passed the
kinematic cuts, the photon energy tends to be reduced by the fit.

100

I
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-

-

. . . J I - . . . 1 . . . .

m _ (fitted), GeV/c2 m _ (fitted), GeV/c2

Fig. 5.7 Kinematic fit: invariant mass plot for a) Data, b) Monte Carlo. The
dotted spectra are obtained for events with 0.5 < mXT < 0.85 GeV/c1.

A reduction of the background in the data can therefore be achieved by
requiring the fit probability to be greater than 5% and the fitted photon energy
greater than 100 MeV. If these requirements are imposed, samples of 1240 data
events and 1696 Monte Carlo events remain. The invariant 7r+7r~7 mass is plotted
in figure 5.7. A clear v' mass peak can be distinguished now. There is also a
secondary peak around 1.3 GeV/c2, ascribed to the process -77 —» A2 ~> p1 ir3 •->
n±w°n^, with one of the photons from the decay n° —> 77 undetected.

In figure 5.8a the invariant mass of the TT+W~ sytem is shown. There is a
clear resonance peak due to the p, although the distribution peaks at 700 MeV/c
instead of at the nominal p mass of 770 MeV/c. This shift is due partly to
the acceptance of the detector, but mainly to the limitations imposed on the r/'
decay by kinematics and the factor \q^\ in (2.62). The slight excess of data in



5.11 Kinematic fitting procedure 97

100

75 -

.2
a

I

0.25 0.5 0.75
(fitted), GeV/c2

50 100 150

<?„, degrees

Fig. 5.8 Kinematic fit: a) ir+ir in variant mass piot for data (points) and Monte
Carlo (histogram). In both cases the n+n~*i invariant mass is restricted
to theintervalO.se < mr+r-7 < 1.04 OeV/c2. b) Distribution of polar
angles for data (points) and Monte Carlo (histogram) for events with
0.5 < m** < 0.85 GeV/c2 and 0.88 < m T + T - 7 < 1.04 GeV/c2.

the region 700-900 MeV/c can be ascribed to contributions from background,
especially from events with greater invariant mass than the TJ' mass, which were
not completely reconstructed. The n+w~ mass spectrum will be subjected to a
detailed analysis in chapter 7.

The distribution of the polar angles of the pions is shown in figure 5.8b.
The striking differences with the theta distribution of figure 4.6a are, apart from
the absence of acceptance outside 35°i?T < 145°, the reduced efficiency in the
region covered by the coil (45°-135°) and the dip in efficiency around 90°. Both
effects were discussed in section 4.4 and the comparison with the Monte Carlo
simulation shows good agreement.

Another distribution that merits a meticulous comparison between data and
Monte Carlo is the photon energy distribution. Figure 5.9a and b show the
photon spectra for events with the photon in the hexagonal barrel calorimeter and
the pole-tip calorimeter, respectively, each with the corresponding Monte Carlo
prediction. A slight shift towards lower energies in the data can be detected. A
detailed comparison will be made in chapter 6 to determine its bearing on the
systematical error of the 77 width of the r)'.

To demonstrate the difference between measured photon energy and fitted
photon energy, figure 5.10 shows scatter plots of measured energy as simulated by
the Monte Carlo versus generated energy and of fitted energy versus generated
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Fig. 5.9 Kinematic fit: a) Photon energy spectrum for data (points) and Monte
Carlo (histogram) of photons in the HEX calorimeter for events with
0.5 < m , , < 0.85 GeV/c2 and 0.88 < 171,+,-, < 1.04 GeV/c2. b)
idem for photons in the PTC.
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Fig. 5.10 Kinematic fit: a) Monte Carlo simulated 'measured' photon energy ver-

sus generated energy, and b) fitted photon energy versus generated en-
ergy. (In both cases for events with 0.5 < m*T < 0.85 GeV/c and
0.88 < m , + , - , < 1.04 GeV/c2 (fitted quantities)). Energies in GeV.

energy. Clearly the fitted energy is closer to the generated energy than the
simulated measurement from which it is derived.
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Generated events

0T+ > 0.45, 0 , - > 0.45 and #7 > 0.45

Accepted events (before trigger)

Accepted and triggered events

After kinematic cuts (table 5.1)

After kin. fit (prob > 5%, E7 > 100 MeV)

In ri' peak

Monte Carlo

190153

50000

16525

2897

1742

1696

1696

Data

-

-

-

13075

1481

1240

321

Table 5.2 Overview of the event selection. Left column: Monte Carlo, right col-
umn: data.

Finally, table 5.2 gives an overview of the selection process for simulated
and real events. The last entry, the number of events in the r/' peak, has been
obtained by a comparison of data and Monte Carlo in a fitting procedure; this
procedure will be described in the next chapter.



101

6. The radiative width of the rj'



6.2 Procedure 103

6.1 Introduction

The sample of n+n~~i events as selected in the previous chapter can now be
compared quantitatively to the Monte Carlo simulation of the process e+e~ —*
e+e~e+e~"7*7* —> e+e~rj' —• e+e~ir+n~i. From the number of 77f's observed the
77-width is derived in this chapter.

For the determination of the 77-width, the conventional assumption is made
that J^ = 0~ for the r\' and JF = 1~ for the p. Alternative assumptions, as
discussed in section 2.5, lead to different distributions of the decay products and
a different experimental acceptance. These alternatives will be compared with
the data and conclusions about the spin and parity of the rj' will be drawn in
chapter 7.

In this chapter, the procedure to obtain the 77-width from the observed
7r+7T~7 mass spectra is outlined in section 6.2 and applied to two subsets of the
data: the data with the photon detected in the hexagonal barrel calorimeter
in section 6.3, and the data with the photon detected in one of the pole tip
calorimeters in section 6.4. A discussion of the contributions to the systematic
error is presented in section 6.5 and the results from sections 6.3-6.5 are combined
to a best value for T^t^^ in section 6.6. A comparison of the value and the
errors with results from other experiments is given in section 6.7, and physical
implications in terms of the models presented in chapter 1 are discussed in section
6.8.

6.2 Procedure

For a given process, the number of events that are produced can be expressed
as

^produced = a£, (6-l)

where a is the cross section and £ the integrated luminosity. The number of
events that can be observed is

^observed = ^productd, (6-2)

where e is the detection efficiency for the process. This efficiency is deter-
mined by Monte Carlo methods as described in chapter 4, and calculated as



104 6. The radiative width of the r?

e = NMC, accepted/' NMC, generated- If. by a fitting procedure, one can establish the
ratio r = Notlerved/NMC, accepted, the result is

_ ^observed _ r -"AfC, generated /„ „»

From this cross section, the 77 width can then be calculated using the result of
the Monte Carlo integration described also in chapter 4:

<Te+e--,e+e-+,' = (357 ± 3 pb/keV) x r , , ^ . (6.4)

Since only the decay mode 77' —• p7 is observed in this experiment, both sides of
this equation have to be multiplied by the branching ratio 5,/_,p7.

The factors needed to calculate r,/_,71 from r are given below; a discussion of
the contribution to the systematic error from these factors is presented in section
6.5.

Background. The main source of background for the process e+e~ —> e+e~ -f-
7T+ir~7 is from incompletely reconstructed events of the type e+e~ —• e+e~ +mr.
Apart from a continuum, there is a contribution due to the formation of the A2
resonance with a mass of 1320 MeV/c2 and spin 2. The dominant decay mode
for this resonance is A2 —> p^ir* —> ir^ir0. Such events are classified as 7r+7r~7
candidates if one of the photons from the decay TT° —> 77 remains undetected.

Number of events generated, detection efficiency. The number NMC, generated
of simulated r)1 events generated in the Monte Carlo, is 190153. As mentioned in
section 4.3, only 26% of these (50000 events) have been subjected to the detector
simulation. The numbers of accepted events are 1256 with the photon in de HEX
calorimeter and 440 with the photon in one of the pole tip calorimeters. The
over-all detection efficiency for the process is therefore 0.89% after all cuts.

Integrated luminosity. The integrated luminosity is determined from an anal-
ysis68 of elastically scattered e+e~ pairs (Bhabha scattering), detected in the
PTC's. These events are very convenient for such a measurement, because of
their high rate and experimentally easily accessible signature: colinearity and
high energy of the outgoing leptons. During datataking a sealer counted the
number of events with colinear high energy depositions in the calorimeter. The
sealer was gated with the 'live' time of the detector. A conversion factor between
the number of counts and the integrated luminosity has been determined from a
detailed study of samples of such events and a comparison with a Monte Carlo;
a cross-check was done with luminosity measurements using the Nal scintillator
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arrays in the forward detectors?8 The higher rate in the angular region covered
by the Nal and the higher resolution of that calorimeter allow determination of
the integrated luminosity with an accuracy of 3.5%. Due to limited statistics
of the cross-check (statistical error « 4%), the error assigned to the integrated
luminosity as determined with the PTC's is 5%.

Several data taking runs in which problems with the hardware may have
affected the data quality were removed from the sample. The total integrated
luminosity for these 'suspect' runs is approximately 2 pb"1. For the remaining
sample the integrated luminosity is found to be

£ = 74±4pb~1 . (6.5)

Branching ratio r/' —» p7 The value used for the branching ratio r\' —> p~/ is41

Bn,.*n = 0.300 ± 0.016. (6.6)

The rather large error on this value constitutes a contribution to the systematic
error in the measurement of T^i-,^.

In the following sections, the procedure outlined above is applied to the data
sample, separated into two parts: events with the photon detected in the pole tip
calorimeter, and events with the photon detected in the hexagonal calorimeter.
For each of these sets of events, the spectrum of the fitted n+ir~'y mass is fitted
to a sum of the r}' peak from the Monte Carlo simulation, a Gaussian for the
contribution from the process 77 —> A2, and a third order polynomial for the
remaining background. For the Gaussian, the free parameters are the position,
the width and the amplitude; in total there are eight parameters to be determined
in the fit. All fits are performed using the CERN program library HBOOK79

6.3 Results for the HEX calorimeter

The results of the fit for events with the photon detected in the HEX are
presented in figure 6.1. The points represent the data and the solid curve is the
best fit to a sum of an 7/' peak from the Monte Carlo simulation, a Gaussian for
the A2, and a third order polynomial for the remaining background. The latter
is represented by the dashed line.

The chi squared of the fit is 86 with 75 bins contributing to the result. The
result for the ratio of data events over Monte Carlo events is 0.177 ± 0.015; with
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m ^ (fitted), GeV/c2

Fig. 6.1 Kinematic fit: H^TT^T mass spectrum for events with the photon de-
tected in the hexagonal calorimeter. The points represent the data; the
solid curve is the best fit to a sum of Monte Carlo simulation, a Gaussian
for the A2, and a third order polynomial for the remaining background.
The latter is represented by the dashed line.

1256 events in the Monte Carlo peak, this means that 222 ± 19 77"s are observed.
With this result the T^t^^ for events with the photon detected in the HEX
becomes

= 4.2 ± 0.4 keV, (6.7)

where the error given is statistical only, in the sense that it is a combination of the
error due to the finite number of events observed, and an error from uncertainty
in the background subtraction, estimated to be 5%.
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Fig. 6.2 Jfinematic fit; n+n~~f mass spectrum for events with the photon de-
tected in the pole tip calorimeter. The points represent the data; the
solid curve is the best fit to a sum of Monte Carlo simulation, a Gaussian
for the Ai, and a third order polynomial for the remaining background.
The latter is represented by the dashed line.

6-4 Results for the pole tip calorimeters

In figure 6.2 the data and the results of the fit are presented for events with
the photon in the pole tip calorimeter in the same fashion as in the preceding
section.

The chi squared for this fit is 47 with 61 bins contributing. The ratio r =
0.223±0.027, corresponding to 98± 12 observed »/'s with 440 events in the Monte
Carlo peak. The value for the 77-width obtained from events with the photon
detected in the PTC is then

(6.8)
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where the error given is statistical only, in the same sense as indicated in the
preceding section.

6.5 The systematic error

In the combination of the results for T^,_t^1 in the two preceding sections,
care has to be taken in the treatment of the errors.

The dominant contributions to the systematic error in F^/_,77 are from the
uncertainty in the trigger efficiency and the uncertainty in the photon detection
efficiencies of the calorimeters. Other contributions to the systematic error are
due to the uncertainty in the integrated luminosity and to uncertainties intro-
duced in the event selection and kinematic fitting procedure.

6.5.1 Trigger efficiency

One of the reasons the uncertainty in the trigger efficiency is a major con-
tributor to the over-all systematic error is the lack of redundancy in the event:
the trigger requires evidence of at least two charged tracks, and only two charged
tracks are available in the event to satisfy these requirements. Hence the relative
uncertainty in the efficiency per track to be detected by the trigger electronics
leads to double that uncertainty per event.

The transverse momenta of the pions from the decay of r/"s are of the order
of 250 MeV/c. This low transverse momentum gives rise to an unfavourable
trigger efficiency, mainly because of the use of the outer drift chamber in the
pretrigger. A Monte Carlo test shows that the probability to trigger on r]' decays
that would otherwise be detected by the equipment and selected by the analysis,
is only 22%.

The most sensitive part in the simulation of the trigger process is the mod-
eling of the ODC pretrigger.

From a comparison of figures 4.5 (transverse momentum cf pions in simulated
events) and 4.9 (probability for a hit in the outer drift chamber as a function of
transverse momentum for pions), it is clear that the efficiency threshold for this
component of the trigger setup is close to the peak of the transverse mcmentum
spectrum.

The effect of the coil is very distinct in figure 5.8b (theta distribution of polar
angles of pions). The relative uncertainty in the trigger efficiency is estimated
to be 5%. This uncertainty is taken to be identical for events with the photon
detected in the PTC and for events with the photon detected in the HEX.
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S.5.2 Photon detection efficiency

The uncertainties in the photon detection efficiencies for the HEX and the
PTC are intrinsically independent. Both are estimated to be 10%, although the
iituation for the PTC is more favourable for two reasons: there is no coil to
je penetrated and the photon energies are higher than for the HEX. On the
)ther hand, the response of the HEX was simulated in great detail, the HEX is
nore sensitive to low-energy photons, and there was a considerable number of
lead channels in the PTC's. Furthermore, the efficiencies were obtained using
!+e~ --> efe~e+e~ data, and the greater angular coverage of the HEX made the
letermination more accurate than for the PTC. The combination of these effects
iffsets the complications caused by the presence of the coil.

The photon energy spectra (figure 5.8) for HEX and PTC show a tendency
owards lower energies in the data than in the Monte Carlo. To account for the
lossibility that these differences are caused by errors in the determination of the
ihoton detection efficiencies, the errors in the photon detection efficiencies of the
IEX and PTC are treated as if they were 100% correlated: the contribution
rom the errors in the photon efficiencies to the combined result is estimated to
e 10%.

.5.3 Cuts, kinematic fit

The dependence of the final result for r,,/_,77 on the cuts applied in the
nalysis can be investigated by varying them and recording variations in r. This
fas done in two ways: by varying the kinematic cuts one by one and by applying
n entirely different set of cuts, much looser than the ones in table 5.1.

Since there is considerable correlation between the kinematic cuts themselves,
s well as between the kinematic cuts and the requirements imposed on fitted
vents, the outcome of this investigation is only an indication of the absence of
trong dependence of the final result on the precise values of the kinematic cuts.
or example, loosening the requirements on p± beyond 500 MeV/c has no effect,
nee the kinematic fit either fails or gives an extremely low probability for events
ith p ± > 500 MeV/c.

However, when a cut is tightened and the ratio between data and Monte
arlo remains constant, the independence of T^i^^ on the cut value in that
;gion is established.

Figure 6.3 shows the values of r that are obtained if the kinematic cuts of
ible 5.1 and the fit probability requirement are varied one by one for the data
:t with the photon detected in the HEX calorimeter. Each point was obtained
y analyzing both data and Monte Carlo with all other cuts fixed and then fitting
le mass spectrum from the data.



110 6. The radiative width of the

0.225

0.200

0.175

0.150

0.125

Mil <

1 1 1 1

i.... i.... i.... i.... i 
,i

I]
. i . . . 1 1 .

ii i|
i

0.225

0.200

0.175

0.150

0.125

T T

"I!
1 . . .

it) min, GeV/c

T T

IIM
. i . . . . i

3.2 3 2.8
A<t>(ir «•+ JT) m a x , rad.

600 400 200 0

Px(*"H) max, GeV/c

2 3
<-+ i) min, rad.

150 100 50
max, GeV/c

0 5 10
min. fit prob., %

Fig. 6.3 Effect of variations of the kinematic cuts on r for events with the photon
detected in the HEX. Top row: Px ("•"•), A^(JT «-> it), Px(tfJH),' bottom
row: A(/>(TTV «-» 7), p±(irir),± pxh) , fit probability. (The zero of the
vertical scale has been suppressed). Note: The errors are statistical
only; since each fit uses a subset of the same event sample, there is An
almost 100% correlation between the errors in all plots.

In section 5.9 it was already mentioned that there is considerable overlap
between the kinematic cuts; there is also a strong correlation between the cuts
and the fit probability. Therefore, the loosening of cuts does not have much
effect: the maximum increase in number of events in the Monte Carlo is 10%
when the px (ITJT), J_ PX(T) CU* is changed from 50 MeV/c to 150 MeV/c. In that
case, the total number of data events increases by 23%; the ratio between the
numbers of events in the r\' peak in the data and the Monte Carlo, as determined
by the fit, shows an insignificant increase of 1%.

The tightening of the kinematic cuts leads to a loss of events, both in the data
and in the Monte Carlo, of up to w 30%. The tightening of the fit probability
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requirement from 5% to 11% leads to less than 1% reduction in the number of
Monte Carlo events and 5% in the data. For all cuts except two the change in r
is insignificant. The exceptions are A<£(TT <-> TT) and pj.(»"H')- In both cases, the
value at which the cut is set in table 5.1 is in a region where r does not change
when the cut is varied, and the maximum variation is never more than 1.3 a
from the value obtained with the 'standard' set of cuts.
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Fig. 6.4 Effect of variations of the kinematic cuts on r for events with the photon
detected in the PTC. Top row: Pj.(jrtf), A^(JT <-> n), p_L('"n); bottom
row: A<j>[in «-» 7), px(irjr), J. pj.(ir), fit probability. (The zero of the
vertical scale has been suppressed). Note: The errors are statistical
only; since each fit uses a subset of the same event sample, there is an
almost 100% correlation between the errors in all plots.

In figure 6.4 the results of the same procedure, performed on the data with
the photon detected in the PTC are shown. Due to the limited statistics it is
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difficult to draw firm conclusions: no significant variations in r occur, except
when the cut on PX(T7T) is varied. The 'standard' cut is again in a region where
r is insensitive, but if the cut is tightened, more events are lost in the data than
in the Monte Carlo.

In a separate fit, using the combined sample of events with the photon
detected in either calorimeter, a rather loose set of kinematic cuts was ap-
plied: PX(JT7T7) < 600 MeV, A<j>(irn <-+ f) > 1.7 and no cut was made on
P± ("•"•) >-L P±(7)- The cuts pj_ (TTTT) > 0.04 and A<£(TT <-» JT) < 3.05 were un-
changed, as were the fit requirements: probability > 5%, fitted photon energy
> 100 MeV. In this case 5551 events pass the kinematic cuts, as opposed to 1481
with the 'standard' cuts set from table 5.1. However, now only 1658 (30%) pass
the kinematic fit criteria; with the standard set, 1240 events (84%) pass the fit
requirements. Clearly there is considerable overlap between the fit requirements
and the kinematic cuts, as expected. In the Monte Carlo the number of events
that passes all cuts increases by 11% when this loose set of cuts is used. How-
ever, the ratio between the number of r;' in the data and in the Monte Carlo as
determined in a fit changes by less than 0.8%.

The total contribution of uncertainties due to the model used for the genera-
tion of simulated events, differences between the modeled and the actual detector
response - other than the trigger efficiency and the photon detection efficiency -,
and other small effects is estimated to be 5%.

6.5.4 Dependence on g2

A small extrapolation has been made to extract rt)i_>77 from the data: in
chapter 2 the p-pole form factor was adapted to describe the g2-dependence
of the cross section. This assumption is justified experimentally from the in-
dependence of the r\' form factor as determined in a separate analysis of the
same process e+e~ —> e+e~T)', with one of the outgoing leptons detected in one
of the calorimeters of the forward detector. This analysis is summarized in section
6.7. The data can be described quite well by a p-pole form factor, and any errors
introduced by the extrapolation from < -q2 > « (20 MeV/c)2 to < -q2 >= 0 are
negligible.

6.6 Combined result for T,,,^^

With systematic errors of 5% due to uncertainty in the trigger efficiency, 5%
in the integrated luminosity, 5% in the modeling, analysis and fitting, and 10%
from the photon detection efficiency, the total systematic error that has to be
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assigned to the combined result for 5 , ' - . ^ -r,i_,77 is 13%. If the branching ratio
is divided out, the systematic error in r,i_,77 is 14%.

The combined result for the quantity B^i_,p^ • Tni_,^ from both calorimeters
is

£„'-*„., • IV- ,^ = 1.35 ± 0.11 ± 0.18 keV, (6.9)

with the first error statistical, based on a total of 320 ± 18 events and 5% from
uncertainty in the background subtraction, and the second error systematical.

The weighted average of (6.7) and (6.8), with the systematic error from the
preceding section, is

r , ,_7 7 = 4.5 ± 0.3 ± 0.6 keV. (6.10)

Since the branching ratio for the decay TJ' —* 77 is known to a better accuracy
than the total width Ttot of the 77', this result also constitutes a meaningful
determination of the latter: using41 -B,'-,^ = 0.019 ± 0.002 one gets

Ttot = 237 ± 16 ± 40 keV. (6.11)

A comparison of these values with results from other experiments is given in
section 6.8. In section 6.9 the results presented here are combined with results
from other experiments to calculate new values for the total width and the 77-
width of the r)', and draw physical conclusions from these.

6.7 Measurement of the q2 dependence

A separate analysis73 was performed to obtain the q2 dependence of the
cross section for formation of rj' mesons in two-photon collisions. The analysis
was based on data taken with a trigger that required the coincidence of an energy
deposition in one of the forward calorimeters and evidence of a charged track in
the inner drift chamber. The integrated luminosity for this tagged event sample
was 50 ±2 pb"1.

In the analysis of this sample, the energy deposition (the tag) had to be
greater than 5 GeV if detected in the Nal calorimeter, and greater than 10 GeV
if detected in the lead-scintillator shower counter; evidence that the tag was
charged was required by demanding that a track, detected by the drift chambers,
could be associated with the energy deposition. The decay products of the r)'
had to be detected in the TPC or the forward detector, but at least one of the
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Fig. 6.5 The fitted m , t , r spectrum for tagged events. The solid histogram is

for events where the jr+-n~ invariant mass is in the p range (500-750
MeV/c2); the dashed histogram for all mTT.

two pion candidates was required to be identified as a pion by dE/dx within
the TPC fiducial volume. For the photon, the minimum reconstructed energy
required was 50 MeV in case of detection in the HEX, or 150 MeV in the PTC,
or 300 MeV in the Nal or 500 MeV in the lead-scintillator shower counter.

Further cuts in this analysis were, as in the analysis of the untagged sample,
based on conservation of momentum and the assumption that the undetected
outgoing lepton has nearly zero transverse momentum: a total missing transverse
momentum of less than 500 MeV/c was required and the event was fitted to an
een+ir~r) final state with one of the outgoing leptons close to the beam line. A
minimum fit probability of 5% and a minimum fitted photon energy of 100 MeV
were required.

One extra cut was necessary in order to achieve sufficient suppression of the
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Fig. 6.6 The q2 dependence of the cross section for t}' formation in two-photon
collisions. Plotted versus —q2 of the tagged photon is the quantity
™% ^2(g2,0)/(64 JT), which at q2 = 0 is equal to !>_, , . , . Tie solid

curve corresponds to a p-pole form factor, the q2 dependence expected
from the vector-meson dominance model.

background: |cost?J| < 0.75 was required, where •&*„ is the polar angle of either
pion in the p helicity frame. This cut is effective in removing events with 'fake'
photons from energy depositions that should have been matched with one of the
pions, and also in removing bacground from QED events where an electron emits
a photon. Due to the sin2 tf*-like distribution of the polar angle, the loss of good
events due to this cut is only 5.7%.

Figure 6.5 shows the jr+n~'y mass spectrum from the single-tag sample of
213 events, together with the same spectrum when the n+n~ invariant mass is
within a p-window of 500-850 MeV/c2. The q2 dependence is shown in figure
6.6, where rn?, F2(q2,0)/(64 ir) is plotted versus — q2 of the tagged photon. At
q1 = 0 (GeV/c)2 the result of the analysis of the untagged sample as given in
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section 6.6 has been included. The solid curve represents the expectation from
/•-dominance: F2(q2) = F2{O)/(1 - g2/m2)2.

Although the statistical errors are large, the data support the ^-dominance
hypothesis.

6.8 Comparison with other experiments

For a comparison with other experiments, only those analyses are considered
that use a Monte Carlo cross section with a matrix element in agreement with
(2.62). The only other experiment that has measured the q2 dependence curve
is PLUTO23.

6.8.1 PLUTO

PLUTO's result for T, /^^ from a data sample of 46 pb"1 is 3.8±0.26±0.43
keV, where the first error is statistical and the second systematical. The statis-
tical error is based on « 240 events above background. Their estimates for the
contributions to the systematic error are: trigger efficiency 6%, photon detection
efficiency: 6% due to the photon energy cut and 4% for residual electronic losses,
luminosity 3%, remaining effects 2%, in total 10%.

Some of the differences between the analysis by the PLUTO group and the
analysis presented in this thesis can be related directly to differences in the detec-
tors. For example, their trigger for the 17' analysis uses the central drift chamber
inside the magnet coil, and they can comfortably require a polar angle of more
than 45° for the pions in order obtain good momentum resolution. The PLUTO
superconducting magnet generates a magnetic field of 1.65 T; the resolution at
the T)' invariant mass peak is « 40 MeV/c2, as opposed to ss 50 MeV/c2 for the
TPC.

The <jr2-dependence of the cross section for the formation of ??"s in photon-
photon collisions was determined by the PLUTO group in the range — g2 = 0 to
—q2 = 0.8 (GeV/c)2; the measurements agree well with the prediction from the
p-meson dominance model.

As in the data presented in this thesis, the distributions of the photon energy
and of the ir+w~ invariant mass show a slight shift: the data tend to have lower
photon energies than the Monte Carlo predicts and the n+n~ invariant mass is
-marginally- higher in the data than in the Monte Carlo.
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6.8.2 TASSO

The TASSO group reports24 on a sample corresponding to 66 pb"1 for the
liquid Argon barrel calorimeter and 76 pb"1 for the hadron arm shower counters.
Their result for r,<_77 is 5.1 ±0.4±0.7 keV, based on « 240 events. They extract
F̂ r̂ -y-y from the | X^P-lJ2 distributions instead of from the mT+^-7 distributions,
citing better understanding of the background in the former. The systematic
error is nevertheless dominated by uncertainties in the shape of the background
and in the detection efficiency for low energy photons. The mass resolution in
their m ^ , ^ spectrum is s» 65 MeV/c2, which is quite good considering that
they do not perform a kinematic fit. In the photon energy and m^+n- spectra
there is a discrepancy between data and Monte Carlo, similar to the discrepancy
in figure 5.7a and 5.8 in this thesis: the photon energies in the data tend to be
lower than the energies predicted by the Monte Carlo simulation, whilst in the
mn+n- spectrum the Monte Carlo tends to be lower.

6.8.3 Mark II

The Mark II group has published two results19'21 for the "n-width of the 77',
both using data taken at the SPEAR storage ring. In both cases an incorrect
matrix element was used for the decay rj' —> P7, making it difficult to compare
the results (5.9 ± 1.6 ± 1.2 keV and 5.8 ± 1.1 ± 1.2 keV, respectively) with the
results presented in this thesis. Here, a preliminary third result25 from the same
group is discussed, based on 230 pb"1 of data, taken at PEP and analyzed with
the correct matrix element.

The group observes three decay modes: rj1 —- pf, with the result F,,/_,77 =
3.8 ± 0.5 keV, ij' —* r)n+n~ where the r) decays in two photons, with T^i^,^ =
4.3 ±0.8 keV, and rj' —> rin+7T~ with the r\ decaying into 7r+7r~7r° or W+TT~~I. For
the latter mode, the result is F,/_,77 = 3.6 ± 1.0 keV. In all three cases the error
is a combination of statistical and systematic errors. The TPC has no acceptance
at the r/' mass for the decay mode 77' —> r)ir+7r~, but the combination of a low
magnetic field (0.23 T) and good trigger efficiency from their chambers allows
the Mark II detector to observe these as well. The best statistics are obtained
in the decay mode r)' —» /ry, with approximately 310 events above background.
In spite of the low field, their mass resolution is excellent: 23 MeV/c2 at the r/'
mass, due to the use of the vertex chamber in the momentum determination.

They use an adjustment procedure to minimize the transverse momentum as
described in section 5.10. To minimize QED background, a cut on i?£, similar to
that used by the TASSO group, is made: |cosr)*| < 0.8 was required.

In the distributions of the photon energy and the TT+TT~ invariant mass, again
a slight excess of data with respect to Monte Carlo at low photon energies and
at high TY+TV~ mass can be observed.
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6.9 Physical implications of IV_,77

6.9.1 World average

If the results from the decay mode TJ' —> pi of the three experiments described
in the previous section are combined with the TPC/Two-Gamma result from sec-
tion 6.6, the weighted average for the 77-width of the 77' is F^/_,77 = 4.09 ± 0.35
keV, obtained by adding statistical and systematic errors in quadrature. Care
has been taken to first subtract (in quadrature) the error in the branching ratio
Bqi-tpi where appropriate, then average, and then add in (in quadrature) that er-
ror again. Without the TPC/Two-Gamma result, the average is 4.00 ± 0.37 keV.

If the measurement of Ttot = 280±100 keV by Binnie et ai.18 is combined with
the current best value of fl,r_,77, 0.0187 ± 0.0016, and included in the average,
the result is

r , ! . ,^ = 4.13 ± 0.34 keV. (6.12)

This value will be used here as the current world average.
Starting from the same experimental results (including ref. 18), the world

average for the total width of the rj' is

Tut = 223 ± 26 keV. (6.13)

Both the 77-width and the total width are considerably lower than the val-
ues reported by the Particle Data Group41 (5.4 ± 0.9 keV and 290 ± 50 keV,
respectively). The latter value has been obtained from a fit of the one direct
measurement mentioned above, several measurements of branching ratios and
only one partial decay width, rrfi_>77. Included in the latter were the 77 widths
reported by earlier experiments (references 20, 22, 21), all of which used an
incorrect* matrix element for the decay rj' —> P7.

Considerably lower values for both Ttot and IV_,77 can be anticipated in
the 1986 edition of the Particle Data Book. In the update80 of november 1985,
the results of PLUTO and TASSO have been included; the values given are:
T^i^^ = 4.55 ± 0.50 keV and Ttot = 245 ± 33 keV.

Some remarks are in order here: the result is not totally dominated by the
PLUTO measurement, since the Particle Data Group chooses to add statistical

t Namely equation (2.62) without the factor mTT \q^\.
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and systematic errors linearly. The PLUTO result entered into the fit was 3.80 ±
0.69 keV and the resulting 4.55 keV is an unfortunate mixture of analyses with
an incorrect matrix element and analyses with the correct matrix element.

Using the Particle Data Group method of adding errors linearly, the combined
result of PLUTO, TASSO, Mark II and TPC/Two-Gamma is r , r_ 1 7 = 4.04 ±
0.35 keV, which is lower than the value found above, mainly because of the
greater weight assigned to the Mark II result in this approach.

It is worth noting that the Particle Data Group so far has not paid attention
to the fact that all groups use the same value for the branching ratio J9^i_n7, so
that their errors cannot be considered independent.

6,9.2 Nonet mixing

The -77-width for the r)' and for the 77 can now be combined to calculate SU(3)
mixing angles under various assumptions. For r,<_,77 the value 4.13 ± 0.34 keV
will be used as the world average and for rv_,77 the world average is r,,_,77 =
0.54 ± 0.05 keV, the weighted average of the two-gamma results from the Crystal
Ball, JADE and TPC/Two-Gamma as listed in table 1.1*.

Solving (l.ll) for the mixing angle i?p and the ratio rv = Fg/F\ of PCAC
constants, one obtains*

rp = 0.94 ±0.04 and
(6.141

•dp = -19.3° ±1.9°, ^ '

or, in the alternative terms of strange- and non-strange quark contents of (1.14):

ay =0.58 ±0.03 yv> = 0.81 ± 0.02

i , =0.81 ±0.02 yn = -0 .58 ±0.03. *• * '

The situation is graphically depicted in figure 6.7a. Also indicated in this fig-
ure are SU(3) results from other transitions between vector mesons and pseu-

The results obtained from the Primakoff effect have not been included since they are
inconsistent with each other and with the Tjr-results. The Particle Data group does
not include the result of Bemporad et al.13, quoting an apparent underestimation of
uncertainty resulting from the separation of the Coulomb and nuclear amplitudes. The
only remaining result from the Primakoff effect is then that of Browman et al.14: 0.324 ±
0.046 keV.
Ambivalences due to the square in (l . l l) and the goniometric nature of the equation are
resolved by retaining the answer closest to the 0p obtained from the Gell-Mann-Okubo
mass formula*1



120 6. The radiative width of the r\'

1.0

0.5 -

0.0

-0.5 -

-1.0

-

1

V
VB

J
V

1.0

0.5 -

0.0

-0.5 -

-1.0

•

•

\ Vi

i . i . .

• - -

Va

/ V

Fig. 6.7 rj and rj* mixing. Plotted vertically is the strange-quark amplitude,
horizontally the non-strange-quark amplitude. 171 and rig are the SU(3)
singlet- and isoscalar states, respectively.

a) No giuonium admixture assumed. Allowed bands are derived from 77-
widths and ratios of vector meson/pseudoscalar meson transitions (see
textj.

b) Assuming a giuonium admixture of 37% in therf as found from i/> decay
branching ratios (allowed bands and circle segment).
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doscalars; they are*: \xn\ = 0.72 ± 0.10, derived from rp-,,n/rw_,,r°.T, and
\yv\ = 0.65±0.06, derived from r^_^7/rw^,ro7. A third result, |z,,/| = 0.54±0.06
from the ratio r,i_>p^/ru,-,^7, is also marked, but this does not constitute an
independent measurement, since T^i^p^ is derived directly from r^<_,77.

From figure 6.7a the conclusion can be drawn that the results from electro-
magnetic transitions between vector- and pseudoscalar mesons are consistent.

6.9.3 Gluonium

If the description in (1.13) is expanded to accommodate a possible admixture
of gluonium81

r , ,uu + dd, , , , _.
\i) =xr, I—75—> +vn N +*, \G)

V i _ (6.16)
,. ,uu+ dd. , . . _.

W) = v 1 r2 ) + v M +vlG) .
where |C?} does not couple to 77, the normalization x2 + y2 = 1 of (1.13) is
replaced by x2 + y2 + z2 = 1, and two new parameters are introduced. Their
effect is a reduction of the 77-width by a factor (1 — z2). The relations (1.11)
are still applicable, but now for F77/(l — z2). Similarly, (1.14) gives x/y/\ — z2

and y/Vl- z2 from T77/(l - z2).
The extra information needed to determine two more parameters can be

taken from radiative ij> decays. The Mark III collaboration determined from a
global fit82:

xn, =0.34 ±0.05 yv, = 0.72 ±0.12
xv =0.64 ±0.06 y, =-0.84 ±0.12; ^' '

this leaves little or no room for gluonium admixture in the ij: x2 + y2 = 1.1 ±0.2,
but could indicate a substantial gluonium admixture in the 77', where x2, + y2, =
0.63 ±0.18 according to these results.

Values for the widths are taken from reference 41Values for the widths are taken irom relercnce 41.
The ratio r^_, r j 1 / r a J_ ro 1 contains, apart from phase space factors, a factor m\jm\ to
take into account that the strange quark has a smaller magnetic moment than the d quark
(SU(3) symmetry breaking). For this factor the value (0.62)2 was taken from reference
43.
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With no gluonium in the r) and a 'corrected' 77-width for the r/' of (4.13 ±
0.34)/(0.63 ± 0.18), (6.14) and (6.15) change to

rp =1.11 ±0.13
t?p =-16° ±3° ,

(6.18)
xn, = 0.50 ±0.03 yn, = 0.62 ± 0.02
xn = 0.78 ± 0.03 yn = -0.63 ± 0.04 .

These results and the regions allowed by (6.17) are plotted in figure 6.7b.
This is not a satisfactory agreement yet, and more precise determination

of both the V> branching ratios and the icy-widths of the pseudoscalar mesons
remains desirable. More complicated models to describe the contents of the
77 and the 77' may be necessary to account for the experimental results if the
inconsistency persists.
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7.1 Introduction

The determination of the radiative width of the TJ1 is the measurement of a
quantity obtained by integration over the energy- and angular distributions of
the T)' decay products, and is therefore dependent on the correct normalization
of the data and on the knowledge of the magnitude as well as the energy- and
angular dependence of the efficiencies for triggering on, and the reconstruction
of, the final state particles!

Considerable additional information is contained in the shape of the angular
and energy distributions of the final state particles. From these, conclusions can
be derived concerning the nature of the matrix element that describes the decay
of the rj' into 7r+7r~7, without recourse to absolute normalizations. Figure 2.2,
for example, shows that the angular distributions of the photon in the r}' rest
frame and of the pions in the p rest frame are different for different hypotheses
concerning the spin and helicity of the ij' and the angular momentum of the
n+ir~ system.

In the following it is examined to what extent the functional form of the ma-
trix element is reflected in the decay distributions of events as they are accepted
by the detector and by the different cuts made in the analysis programs.

The first issue is the choice of variables with which to work. We note that
in equation (2.75) with (2.63) and (2.64) the matrix element factorizes into a
product fi{0-i) /2(0£) /3(wiirir) a nd hence that its dependence on one variable is
obtained by integration over the other two. For data taken with the actual
detector, however, the trigger and geometry introduce correlations between the
variables. The procedure adopted was therefore to generate events distributed
according to phase space, i.e. (2.42) with |T|2 set to unity, subject them to the
detector simulation and analysis and then weigh them with the matrix elements
of (2.75) discussed in section 2.5. These distributions are then compared to the
corresponding data distributions by a straightforward x2 procedure.

Before the result of this procedure is presented, it is of interest to inspect
the data and to indicate how the acceptance and the various cuts imposed affect
the distributions in t>7, i?J and mwir. Figure 7.1 shows the 7r+jr~7 mass plot,
figure 7.2 the cosi?7, cost?J and mTr distributions and figure 7.3 the Dalitz plot
of the kinetic energies of the pions in units of the Q-value of the decay. The
acceptance affects the data in several ways:

t Chapter 7 was written in collaboration with J. C. Sens?6
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GeV/cz

Fig. 7.1 The ir+ir 7 invariant mass from the data. The shaded region corre-
sponds to events for which 0.5 < m** < 0.83 GeV/c2.

1. Photons with polar angles > 45° are detected through « 15 cm Al resulting
in a cut-off on the photon energy and large errors.

2. The momentum distributions of charged particles are affected by the trigger
and by the effect of curl-up in the magnetic field.

3. Events with photons close to charged tracks tend to be rejected in the
analysis.

Points 1. and 2. tend to narrow the kinematic limits for the ro,™- distribution
(from above and below respectively) and thus lead to peaking. Point 3 affects
the region near tf*n = 0° and 180° when the photon-pion angle is small also in
the lab system. As a result a flat distribution in cost?J. will be depleted near
costfj. = — 1 and costf* = 1 by the acceptance and will appear as a sin2 i?*-like
distribution. Thus, the acceptance both in mww and cos JJJ. tends towards a /j-like
appearance of the data, even if the ir+n~ system were not a resonance.
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Events/0,

- 1 -0.5 0.5
cos 0,

- 1 -0.5 0 0.5 1
cos e" .

0 0.2 0.4 0.6 0.8 1
irv«- (GeV/c2)

Fig. 7.2 cost?^, cos t?^and mm- /or events in the mass range
0.88 < m T + T - 7 < 1.04GeV/c2 (data).

These observations are borne out by the Monte Carlo simulation for flat
phase space, as shown in figure 7.4. In this figure the generated distributions are
also shown. The following features can be distinguished:

1. Figure 7.4 shows that the phase-space generated distribution in cost?-, is
depleted near tf = 0° and 180° by the acceptance of the detector. There
is also a forward/backward asymmetry. These features follow from the
fact that most r?"s are generated forwards or backwards as a result of
the Lorentz boost of the 77 center-of-mass frame. Photons emitted at
small angles in the rj' center-of-mass frame with respect to the r\' direction
are therefore at small angles in the lab system where the acceptance is
low. Photons emitted forward with respect to the TJ1 direction have higher
energy than photons emitted backwards; they are therefore accepted with
larger efficiency, resulting in the observed forward/backward asymmetry.
Separation of the data sample in events with the photon in the HEX and
events with the photon in the PTC shows that the asymmetry is due to
the latter sample, as expected.

2. The costJJ. distribution of phase-space generated events is also depleted
near 0° and 180°, reducing the distinction between accepted events from flat
phase space and accepted events from the decay of aligned p's (figure 7.6,
top row). The reason for this depletion is the low efficiency for triggering on
pions with low transverse momentum: around cos t>* = 90° the two pions
have approximately the same transverse momentum, but near cos d*^ = 0°
and 180° the pion emitted backwards with respect to the direction of motion
of the p has a very low transverse momentum and the acceptance is sharply
reduced.

3. The last histogram in figure 7.4 shows that the ir+n~ mass spectrum of
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Fig. 7.3 Dalitz plot (data). TT = Er - mK and Q = m^+T-n - 2m r , all in

the «•"*" ir~ 7 rest frame. The contour is the phase space limit for rf' —>

phase-space generated ir+ir 7 events, limited by kinematics to 2m r <
"l)Dr < rnt)>t is further constrained by the acceptance of the detector and
results in a peak near the p mass even in the absence of any p's.

The next step is to introduce the matrix elements. The 'standard model' as
used in chapter 6 is the matrix element for the transition 77' 7r+7r~-y with

J,,/ = 0, 3p = 1, with the photon multipolarity 1=1 and n+n~ relative orbital
momentum L = 1 (= Jp). Integrated over all variables except tfj. this gives the
sin21)* distribution calculated in (2.62) and listed in table 2.3. Integrated over
all variables except »?-,, the distribution is uniform in cosi?7.

Other options for the matrix element have been discussed in section 2.5 and
are summarized in table 2.1. The possible values of the spin are J,/ = 0 or 2, the
possible values of the total angular momentum of the TT+TT~ state are J ^ = 1
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Fig. 7.4 cos $.,, cos •d"rand m*T from Monte Carlo - Sat phase space. Top row:
(a fraction of thej generated events; bottom row: accepted events.

or 2, or a mixture of 1 and 2. Pure JTT = 1 implies the T)' to have C= +1 (for
either J,< = 0 or 2), pure JTn- = 2 implies C= —1 (for either A possible
Jn-ir = 2 admixture to the standard Jnn = 1 state may be a resonance with a
given mass and width, or a continuum. In either case the relative strength and
phase difference between the 3wn = 1 and Jnw = 2 amplitude must be defined.
In the case J,/ = 2 there is a dependence on the rj' helicity. Since the 7/"s in this
experiment are produced in 77 —> 77', the helicities for J,,/ = 2 are restricted to
\qi = 0 and Xqr = ±2, with relative strength determined by the (unknown) 77*77
coupling dynamics. The Xvi = 0 and Ani = ±2 contributions add incoherently
and hence there is no relative phase.

In the following the options have been limited to the cases of arbitrary mix-
tures of a JJI-JT = 1 p meson and either a resonant J ^ = 2 amplitude with
mres = nip and T®e3 = F^ (see equation (2.66)), or a continuum J f̂f = 2 am-
plitude. The relative strength has been parametrized by means of a 'C-parity
mixing angle' a, and the relative phase has been set to zero. For the rj' helicities
the cases J,< = 2, A,,/ = 0 and J î = 2, Xqr = ±2 have been calculated.
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Fig. 7.5 costf.,, costfj. and m*r for J^i=0, generated MC.
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Fig. 7.6 cos Ay, cos i?J. and mTT for J^i =0, accepted MC.
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Fig. 7.7 cost?.,, cost?J and mT1r for J^i=Z, X^t = 0; generated MC.
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Fig. 7.9 cost?.,, costfj. and mrT [or J^i=2, Â r = ±2; generated MC.
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In summary, the following cases have been calculated (c/. eq. (2.80)):

|TO|2 = |cosa2>(-V> V -* l~)+smaTD(Jn,,Xn, -> 2+)|2

where
Tp = the Breit-Wigner amplitude for the p (P-wave n+ir~).
Tjy = the amplitude for the D-wave 7r+ir~, either resonant with mre3 = mp and

F°ea = T°, or non-resonant.
J,,, A,, the spin and helicity of the r)': (0, 0), (2, 0), (2, ±2).

a = the C-parity mixing angle; mixing parameter a = 0, TT/8, TT/4, 3JT/8, OTTV/2.
the cases a = 0 and a = TT/2 correspond to r\' decay to a 100% P-wave,
respectively a 100% D-wave 7r+7r~ final state.

The expressions for the T are given by (2.75) and (2.76).
For the resonant admixtures the results are shown in figures 7.5- 7.10. The

continuum admixtures are not shown, since the angular distributions do not differ
strongly from those obtained with the corresponding resonant admixtures. The
simulated data show the following features:

1. The distributions generated in the case of a spin 0 77', decaying to a mixed P-
and D-wave resonance at the p-mass show the expected pattern (figure 7.6):
the cosi?7 distribution is flat, the cost?*, distribution is a sin2 t?J. for pure
P-wave (a = 0), oc sin2 t?* cos2 i?J. for pure D-wave (a = n/2) and exhibits a
forward/backward asymmetry for the mixed amplitude. Neither the cos #-,,
nor the m^n distribution is very sensitive to the admixture of D- to P-wave.
The costf* distribution, on the other hand, shows the largest variation
around i9* ss 90°, where the acceptance is optimum. The main sensitivity
to D-wave admixtures is thus in this variable.

2. The cost?* distribution for J /̂ = 2, X^i = 0 resembles the J,,; = 0 distribu-
tion, while the cos •Q^ distribution is different.

3. The case J,; = 2, X^i = ±2 differs strongly from the J /̂ = 0 case in the
costfjj. distribution, but the cost?^ and m^n distributions are similar in
shape.

7.2 Fit of Monte Carlo distributions to data
In fitting the MC distributions to the data the normalization was treated in

the following manner: for the case a = 0, i.e. pure P-wave decay, as well as for
a = TT/2, i.e. pure D-wave decay, the generated distributions were normalized to
the original number of flat phase-space generated Vs (188623). The factors that
had to be introduced in this procedure are of order one. Once the constants to
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Transition

P-wave.. .D-wave

flat phase space

0-> 1 . . . 0 - + 2

2-> 1 . . . 2 - > 2

2 -> 1.. .2 -» 2

A,-

0

0

±2

cosi?7

cost?;

cost?7
cost?;

COS 7?^

cost?;

COS1?7

cost?;

X2/D.F.

a = 0

1.62
1.63
8.10

1.31
1.37
2.08

4.22
1.30
1.82
1.29
3.92
2.46

TT/8

1.61
7.13
2.57

3.68
1.43
1.92
1.16
4.38
2.51

TT/4

1.82
12.63
3.50

2.57
1.72
2.22
1.17
5.61
2.65

3TT/8

1.84
11.52
4.61

1.85
1.93
2.55
1.67
6.98
2.83

V2

1.64
10.52
4.96

1.66
1.99
2.69
2.05
7.58
2.92

(Degrees of freedom: 19 for cosi?7 and cosi?;, 14 for m^w).
Table 7.1 Chi squareds From the fits of the data to the hypotheses for rj1 decay.

normalize for a = 0 and for a = TT/2 are included, the mixtures are automatically
normalized.

In table 7.1 we list the x2 values obtained by fitting the distributions of
accepted Monte Carlo events in figures 7.5-7.10 to those of the data in figure 7.2.
We make the following observations:

1 The best fit in all three variables combined is for the 'standard model', the
case J,/ = 0 and decay into a P-wave p. In particular the cos t?J. distribution
strongly favors J,i = 0 over J^i = 2, A,/ = ±2 for the case a = 0.

2. There is strong preference for a = 0, i.e. decay to a pure P-wave ir+n~
state, especially for i^i = 0. For Ĵ » = 2 the preferred solution is also
a = 0, but with a smaller difference in x2- The cosi?; distribution is the
most sensitive to a, as discussed before.

3. Flat phase space is rejected on the basis of the mffff distribution. Angular
distributions give only slightly higher x2's than the standard model.

An attempt was made to correct the data for background by assuming flat-
phase-space-like distributions for background events: the distributions from fig-
ure 7.4 were normalized to 89 events, subtracted from the data and the results
were compared with the Monte Carlo distributions. The set of chi-squareds ob-
tained in this manner shows the same patterns as described above, but the values
were larger. Larger x2 are expected for two reasons: the "background" subtrac-
tion introduces correlations and the "background" does not include feeddown
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from higher-mass states. The latter influence the mWT distribution in particular:
from a scatter plot of mff+,.-7 versus m, , the background in the n+n~ spectrum
can be seen to increase with the 7r+?r~ mass.

It should be noted that the cases considered so far for Ĵ / = 2, i.e. Â ; = 0 or
\v> = ±2, are not the only possible states produced in 7 + 7 —> rj', but that an
arbitrary mixture of the two cannot be ruled out without making assumptions
about a relative amplitude. If one were to assume that these amplitudes are
equal, then they would enter into the matrix element (2.75) multiplied with
Clebsch-Gordan coefficients. For the formation of r\' from two photons these are
equal to 1 for Xq> = +2 and for A,,; = - 2 , and equal to 1/3 for A,< = 0. However,
if scalar photons are admitted, the latter coefficient becomes 1 and the weights
are equal. A consequence of this is that for equal production amplitudes one has

I p 2 | 2 . I p2 I2 . I p2 I2 _ 1 . 1 . -I (-7 1 \
I Jo I • | J + 2 | • K - 2 I - 3 • l • L • y'A)

Thus, in the "mixed" case the A,/ = ±2 part dominates unless the production
amplitude for helicity zero is considerably (ss 6x) larger than for helicities ±2
combined. The most likely alternative for the "standard assignment" J,,/ = 0,
A,,* = 0 is therefore the case Ĵ / = 2, An> = ±2 which, as pointed out above, is
firmly rejected by the data.

In order to test the sensitivity of the results to possible effects due to sys-
tematic errors the data in table 7.1 have been recalculated for subsets of the
real and simulated events which satisfied additional requirements: the minimum
transverse momentum of each pion, the minimum fitted photon energy and the
width of the TT+7T~7 mass window were varied over a suitable range of values. It
was found that the conclusion derived from the full set of data is not affected
by these cuts, although the differences in x2/D.F. diminish when the cuts are
tightened and the number of events decreases.

7.3 Comparison with literature.

The possibility of C-parity violation was first introduced in the context of
CP violation in KL —» 2ir decay. Prentki and Veltman?3 as well as Lee and
Wolfenstein84 have suggested that the decay may be mediated by a new interac-
tion which violates C and T but conserves parity and strangeness. The strength
of this interaction is then of the order of that of the electromagnetic interaction,
and in some models85 the two interactions are identified with each other. This
new interaction can be tested in 7? —> 3TT, t\ —* n + w~'y and 17' --• n&n~") decays,
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which can proceed through a mixture of the electromagnetic and the new inter-
action and, as a result, exhibit observable interference effects in the form of an
asymmetry in the n+ and it~ energy distributions.

Table 7.2 summarizes the observed asymmetries in ij and r)' decays. They

decay

T) —̂  TT+n~x0

V —* 7r+7r~7

quantity

N+ -N~
N+ + N~
N+ -N-
N+ + N-

result

A -0.12 ±0.17%

A = 0.88 ± 0.40%

AB =0.19 ±0.16%

.4, - -0.17 ±0.17%

/? = 0.047 ± 0.062

A =0.1 ±4.9%

Table 7.2 C-parity tests in r) and tj' decays (data from ref. 41, p. S95-S96 and
S149).

indicate that C is conserved in these decays to the level of one to two standard
deviations. In table 7.2 the asymmetries A3 and Aq refer to sextant and quadrant
asymmetries in the r\ —* 3ir Dalitz triangle. Our conclusion on the absence of
D-wave ir+ir~ final states is in accord with these results.

The spin/parity of the r\' has been the subject of a number of experiments.
From the fact that the rj' decays predominantly into TJTTIT we have, with Jp =

Ptf) = -1,1+L =T+L (7.2)

where I and L are the relative orbital angular momenta in the r?' and ir+n
decays. The options are thus 0~, 1+, 2" • • •. Formation of 77' in 2-photon col-
lisions limits the choice to 0~, 2~. With J p = 0~ the r)' qualifies as the ninth
member of the pseudoscalar nonet, with Jp = 2~ as a Regge recurrence of the
r\. An assignment JP, = 2~ would imply correlations for forward T/'S between
production and decay angles, while for JP, = 0 these are absent. Such correla-
tions were found86 in a BNL-Michigan experiment on K~p —» A77', and in an
LBL experiment at pK- = 2.1 GeV/c in both r\' —> r?7T+7r~ and TJ' —• 7r+7r~7.
The LBL data at other momenta are consistent with isotropy. The combined
BNL-Michigan and LBL data (all momenta) exhibit a two standard deviation
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effect and have a probability of a few percent to be in agreement with isotropy.
The production/decay correlations are shown in figure 7.11. Data obtained by
a Columbia University/State University of New York group87 show isotropy, see
figure 7.12.

A spin/parity analysis in K~p —» ATJ', with T}' —* n+n~rj and using the A
polarization as an indicator for the orbital angular momentum involved in the
production has been performed by Cerrada et al88 The choice J,< = I + L = 0
implies I = L = 0, while for Jn< = 2 both the I = 0, L = 2 and the I = 2, L = 0
final states contribute [L = 1 is ruled out, since the isotopic spin of the TT+^~
system is zero). Figure 7.13 shows the distributions for m*T, cosi?/> (the n decay
angle in the 7r+7r~ rest frame), the Euler angles a, /?, 7 specifying the orientation
of the decay plane and py = sin •&' sin ip' (with t?' and ip' the polar and azimuthal
angles of the proton from the decay of the A in the A rest frame with the target
proton direction as z-axis), in comparison with the predictions for Jp = 0~ (solid
line) and the "best" combination of / = 0, L = 2 and I = 2, L = 0 for J p = 2~
(dotted line). In spite of the apparent lack of sensitivity of these variables to the
value of the 77' spin, the authors conclude from a statistical analysis that JP, = 0~
is favoured over Jp, = 2~ with confidence level ratios « 3 x 1010 for the entire
sample (1043 weighted events) and in the range 8.5—7400 for three subsamples.

20

10

n

.

0.5

l7-K|

Fig. 7.11 Anisotropy in V x r\ and r)' —• p^: The production and decaypy V \ ) p p y
correlation (h • K and 7 • K) distributions for r/1 —» ir+n~ri (left) and
I1 —* P°7 (right) measured by KalbBeisch et o/.86 Isotropic assignment
predicts uniform distributions; the solid lines are predictions made with
a model that allows anisotropy (figure from reference 86).
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Fig. 7.12 Anisotropy in ftf —* TT^IT rj and rj1 —* py: polar (cos^&j and azimuthal
(<p) angular distributions for rj1 decay vectors discussed in reference
87. Alt distributions are calculated in the coordinate system whose
z axis is chosen to be the beam direction in the rjr rest frame, while the
production plane normal is chosen so as to make the coordinate system
right-handed. The top row refers to the direction of the rj in the rj' rest
frame for the 7r+ir~r} decay mode, the second row refers to the normal
to the rf rest frame for the TT+ TT~ r\ decay mode and the third row refers
to the 7 direction in the rf rest frame for the po*y decay mode (Bgure
from reference 87).
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K)
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Fig. 7.13 Anisotropy in >/ —» jr+jr r; and rp' —• pf: results of Cerrada et al.8s in
K~p —> Ar;', with rjf —• 7T+5T-T;. The continuous (dashed) line corre-
sponds to the 0~ (2~) best fit (figure from reference 88),



7.4 Conclusions. 143

7.4 Conclusions.

The conclusions of this investigation are:

a. A spin/parity analysis of r\' decays produced in 77 collisions shows that the
Tj' spin is zero. For the combined cosi?7, cosi)^ and mn7! distributions the
confidence level favours the spin zero assignment by a factor of 1.5 x 103.

b. The data exclude admixtures of D-wave n+n~ final states and therefore
rule out the possibility of C-parity violation in electromagnetic rj' decay.
This is valid for either choice of Jvi.

The first conclusion is valid, whether or not C-parity is violated. The second
conclusion is weaker than the first, since it depends on the way C-violation is
modeled. The models discussed in this paper, a D-wave component in the p and a
non-resonant D-wave amplitude, favour C-parity conservation, but other models
can conceivably be constructed that would admit a C-violating amplitude and
not be in conflict with the data.
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Summary

This thesis describes an experiment performed at the positron electron stor-
age ring PEP at the Stanford Linear Accelerator Center on the formation of the
Tj' resonance in the process

e+e~ —> e+e~7*7* —> e+e~r)'.

The r/' resonance is observed in its decay mode p°7, where the p decays into a
TT+IX~ pair. The specific purpose of the experiment is twofold:

1. From a measurement of the cross section for the formation of the r\' meson
in 77 collisions the partial decay width F^/^^ can be determined. This
quantity describes the coupling of the photon to the constituents of the
resonance. In the quark model the coupling of photons to mesons can
provide information about the quark contents of those mesons.

2. From a measurement of the angular distributions in the decay T?' —> 7r+jr~7,
hypotheses concerning the spin and C-parity assignment of the rj1 and the
interactions involved in its formation and decay can be tested.

Experimentally, the observation of a low-mass resonance produced in photon-
photon collisions with electron positron colliding beams is difficult due to the low
transverse momenta of the decay products in the laboratory. This gives rise to a
low detection efficiency (of the order of 1%) which may be difficult to determine
with sufficient accuracy.

In chapter 1 some general features of the relatively new subject of photon-
photon physics are introduced. The T)' and the coupling of photons to the rj' are
discussed in the context of the quark model. It is shown how the mixing angle
in the nonet of pseudoscalar mesons can be derived from ratios of 77 widths.
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The kinematics of the two-photon exchange process, the formation of the rj'
resonance by the two virtual photons and its subsequent electromagnetic decay
into p°~f are the subject of chapter 2. Alternatives for the standard assignment
0 h —> 1 for Jjpc —• J]r+>r- a r e discussed and the corresponding decay matrix
elements are calculated explicitly. In particular the angular dependences provide
a means for testing these alternative hypotheses.

Chapter 3 gives a description of the TPC/Two Gamma detector facility with
emphasis on the components of the detector used for this work, in particular
the Time Projection Chamber itself and the electromagnetic calorimeters. The
charged-particle trigger used for this study is explained in some detail.

In chapter 4 the expression for the cross section for r}' formation is integrated
with Monte Carlo methods to provide a sample of simulated events with which
the detection efficiency can be determined. The integration also results in a
simple linear relation between the cross section and the 77 width of the rj'.

Chapter 5 describes the event analysis and selection process. Although the
final state 7r+7r~7 is dominated by the r/' resonance, there is a severe background
from other processes, such as 77 —> n-n, with n > 2. To eliminate such back-
ground, the events are constrained to satisfy a tight set of kinematic cuts. In
order to improve the mass resolution, and hence the ratio of rj' signal to back-
ground, a kinematic fit is performed on the events that pass the cuts. Both the
fit and the cuts are based on the fact that the total transverse momentum of
the final state (not counting the outgoing electron and positron) is near-zero for
two-photon events.

In chapter 6 the selected sample of events is used to determine the 77 width
of the ?}' under the conventional assignment J p = 0~ for the 77' and Ĵ " = 1~
for the p. The result is combined with measurements by other experiments to a
world average, which is used to determine the mixing angle for the pseudoscalar
nonet under various assumptions.

The decay angular and energy distributions are investigated in detail in chap-
ter 7. The distributions that follow from the alternative assignments discussed
in chapter 2 are compared to the corresponding data distributions with a x2

procedure and the findings are compared with results from experiments in the
literature.
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Samenvatting

Dit proefschrift beschrijft een meting, uitgevoerd aan de positron electron
opslagring PEP van het Stanford lineaire versnellercentrum, aan de formatie van
het 77' meson in het proces

De IJ' resonantie wordt waargenomen in de vervalswijze 77' —» p°~f, waarbij het p°
vervalt naar een ?r+7r~ paar. Het doel van het experiment is tweeledig:

1. Uit een meting van de werkzame doorsnede voor de formatie van het rj'
meson in foton-foton botsingen kan de partiële vervalsbreedte r,/_,77 wor-
den bepaald. Deze grootheid beschrijft de koppeling tussen het foton en de
bestanddelen van de resonantie. In het quarkmodel kan uit de koppeling
tussen fotonen en mesonen informatie afgeleid worden omtrent de quark-
inhoud van die mesonen.

2. Met metingen van hoekverdelingen in het verval rj' —> 7r+7r~7 kunnen
veronderstellingen worden getoetst omtrent de spin en de C-pariteit van
het rj' en de wisselwerkingen die een rol spelen in de formatie en het verval
ervan.

Experimenteel gezien is het moeilijk een resonantie met een relatief lage
massa waar te nemen in foton-foton botsingen met botsende elektronen- en
positronenbundels vanwege de geringe transversale impuls van de vervalspro-
dukten in het laboratiorium. Het kan moeilijk zijn de hieraan verbonden geringe
waarnemingskans (rond 1 %) met voldoende nauwkeurigheid vast te stellen.

In hoofdstuk 1 van dit proefschrift worden enige algemene kenmerken van
de natuurkunde van foton-foton botsingen beschreven. De rj' en de koppeling
tussen fotonen en de rj' worden besproken in het kader van het quarkmodel en er
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wordt aangegeven hoe de mengverhoudingshoek in het nonet van pseudoscalaire
mesonen kan worden bepaald uit verhoudingen van gamma-gamma breedten.

De onderwerpen van hoofdstuk 2 zijn de kinematica van het twee-foton pro-
ces, de formatie van de 77' resonantie uit de twee virtuele fotonen en het daarop
volgende elektromagnetische verval naar p°^. Alternatieven voor de gebruike-
lijke classificering 0~+ —> 1 voor J^,c —» J%+r- worden besproken en de
overeenkomstige vervalsmatrixelementen worden expliciet berekend. Met name
met de hoekafhankelijkheden kunen deze alternatieve veronderstellingen getoetst
worden.

Hoofdstuk 3 geeft een beschrijving van de TPC/Two Gamma detector, met
name van de onderdelen die in dit werk gebruikt worden, zoals de tijdprojec-
tiekamer en de electromagnetische calorimeters. Het triggersysteem wordt in
enig detail uiteengezet.

In hoofdstuk 4 wordt de uitdrukking voor de werkzame doorsnede voor de
formatie van r\' mesonen geïntegreerd met gebruikmaking van Monte Carlo meth-
oden, teneinde een staal van nagebootste gebeurtenissen te scheppen waarmee
de waarnemingskans vastgesteld kan worden. De integratie levert ook een een-
voudige lineaire betrekking tussen de werkzame doorsnede en de gamma-gamma
breedte T ,^ 7 7 .

Hoofdstuk 5 beschrijft de analyse en het selectieproces. Hoewel de eindtoe-
stand 7T+JT~7 volledig gedomineerd wordt door de 77' resonantie, is er een sterk
achtergrondsignaal, afkomstig van andere processen zoals -77 —> nn, met n > 2.
Teneinde deze achtergrond te onderdrukken worden strenge eisen gesteld aan de
kinematiek van de gebeurtenissen. Om hel oplossend vermogen in het massaspec-
trum, en daarmede ook de verhouding tussen signaal en achtergrond te verbeteren
wordt een kinematische aanpassingsprocedure toegepast op de gebeurtenissen die
aan de eisen voldoen. Zowel de eisen aan de kinematiek als de aanpassingspro-
cedure zijn gebaseerd op het feit dat de totale transversale impuls van de ein-
doestand (waarin niet meegerekend het electron en het positron) bijzonder klein
is.

In hoofdstuk 6 worden de geselecteerde gebeurtenissen gebruikt voor de
bepaling van de gamma-gamma breedte van de rj' onder de gebruikelijke aan-
name dat j ' = 0~ voor het JJ' and JF = 1~ voor het p meson. Het resul-
taat wordt gecombineerd met metingen door andere experimentele groepen tot
een wereldgemiddelde, dat gebruikt wordt om de mengverhoudingshoek voor het
pseudoscalaire nonet te bepalen onder verschillende aannames.

De hoek- en energieverdelingen in het verval van het 77' worden onderzocht in
hoofdstuk 7. De verdelingen die volgen uit in hoofdstuk 2 besproken alternatieve
classificeringen worden vergeleken met de overeenkomstige meetgegevens in een
X2 test en de conclusies worden vergeleken met resultaten uit de literatuur.
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