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Synopsis

The WA91 Experiment is designed to study final states formed in the reaction
pp—p ;X ps, where the subscripts f and s refer to the fastest and slowest particles
in the laboratory frame respectively, and X° refers to the central system. Reactions

of this type are predicted to be good sources of non-qq final states, such as glueballs.

This thesis presents results on the X° — 77~ channel, taken during the 1992 and
1994 experimental runs. A fit to the 7t7~ mass spectrum has been performed, and
it has been found necessary to include a contribution from a state with a mass of
~ 1500 MeV/c? and a width of ~ 200 MeV /c*. A new parameterization of the 77~
angular distribution has been developed, and the partial waves contributing to the
7t7~ channel have been extracted. A fit to the S-wave using the same formalism as
that used for the mass spectrum also finds it necessary to include a state at around

1500 MeV/c2.

A novel effect is observed if the data are classified by the azimuthal angle between
the outgoing protons. Significantly larger signal-to-background ratios of standard qq
states are observed for events with a “back-to-back” configuration of the outgoing
proton pr’s. This effect is not due to the trigger or experimental acceptance, and

suggests that the exchange vertices do not factorize.



Dedicated to the memory of my father,
P.H.R. Norman,
who may not have understood much of this work,

but who would have been proud all the same.
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Chapter 1

Introduction

In this thesis, the light meson spectrum will be considered, in particular the JF¢ = 0++
(scalar) sector. It will be shown how it is possible that the lightest glueball state
may have been observed in several “glue-rich” reaction mechanisms. A study of the
centrally produced 7t7~ system from the 1992 run of the WA91 experiment shall
then be presented, and compared with a similar data set from the WA76 experiment,
who found evidence for a state with the characteristics of the lightest scalar glueball.
A description of the data selection will be given, and a fit to the WA91 77~ mass
spectrum will be presented. It shall then be shown how a new parameterization of
the angular distribution has been developed, and this is used to perform a fit. An
analysis of the 777~ system from the 1994 run of the WA91 experiment will be
given, where an unexpected new effect has been observed that may suggest vertex
factorization breaking. Finally, relevant conclusions will be drawn, and possibilities

for further studies discussed.



1.1 The Structure of Matter

According to the Standard Model, all hadronic matter is composed of quarks (q)
and gluons (g). Direct experimental evidence for the existence of quarks and gluons
comes from the analysis of deep inelastic scattering and studies of jet production
[1]. The quantum field theory that describes the interactions of quarks and gluons is
Quantum Chromodynamics (QCD) [2]. QCD is expressed mathematically as a non-
abelian gauge theory, which we interpret physically as the prediction that the carriers
of the strong force (i.e., the gluons) are self-interacting. This implies that it should
be possible to observe experimentally new forms of matter which consist either
entirely of valence gluons (i.e., gluons which determine the physical characteristics
of the state in question), or of combinations of valence gluons and quarks. These
are known respectively as “glueballs” and “hybrid states”. However, although at
present there are candidate glueball and hybrid states, there is no unambiguous

evidence that such states have been correctly classified.

1.2 The Colour Force

QCD describes all hadrons as consisting of a mixture of valence quarks (which
determine most of the observable properties of the hadron), gluons and a fraction of
“sea” quark-antiquark (qq) pairs. It is observed that the valence quark combinations
for hadrons allow them to be classified as being either mesons (e.g., 7, p), consisting
of valence qq pairs, or baryons (e.g., p, n, A%) consisting of 3 valence quarks and
no antiquarks [3]. The quantum mechanics of such bound systems leads to discrete
energy level spectra corresponding to different modes of excitations, rotations and
vibrations of the quarks. Hadrons can be further classified by their spin, J, parity,
P, and charge conjugation, C, into multiplets, which are described by group theory.
Some of the established light meson multiplets are shown in table 1.1, grouped by
their isotopic spin, I [4].



Table 1.1: The light meson multiplets.

JFC I =1 I=0 I1=0 I=3
0~ 7T n n' K
1=~ p w o) K*(892)
1+ | y(1235) | hy(1170) | hy(1380) | Kip

0T+ | ao(980) | fo(1300) | £o(980) | Kz(1430)
1+ | ag(1260) | £(1285) | £;(1510) | Kia
2T+ | ay(1320) | £,(1270) | £,(1525) | K3(1430)

—
w
]
<o

Radial excitations of a state correspond to other states (at higher masses) with the

same JFC .

Quarks carry a property analogous to electric charge known as colour charge. As the
photon mediates the electromagnetic force between electrically charged particles, so
the gluon gives rise to strong (colour) interactions between colour charged particles.
However, note that although the photon itself is electrically neutral, the gluon is not
colour neutral, that is to say, the gluon possesses its own colour charge. Hence gluons
can interact with themselves, leading to the possibility of forming gluonic bound
states. It is hypothesised that colour is confined (see [3], in particular appendix J),
so that gluonic states are overall colour singlets, ¢.e., they remain colourless under
SU(3)(colour) transformations. Thus gluonic states have no net colour, even though

the gluons themselves carry colour.

Local gauge invariance (see, for example, [2]) requires that the gluon mass is identi-
cally zero. This is not required for quarks and antiquarks, but in the framework of
QCD it is assumed that up (u) and down (d) quarks would have negligible mass if
it were possible to observe them in a deconfined state. While confined in hadrons,
u and d quarks behave as though they have a mass of approximately 300-400 MeV,
giving rise to mesonic ground states of ~700 MeV and baryonic ground states of

~1 GeV. This so-called constituent quark mass can be regarded as the effect of the



quark being surrounded by a cloud of virtual quarks, antiquarks and gluons. In the
same way, it is expected that gluons confined in a bound state such as a glueball

would also acquire a constituent mass, producing a massive gluonic state.

1.3 Further mesonic states

In addition to glueballs, QCD also predicts the existence of other mesonic states
which are not composed entirely of valence quark-antiquark pairs [5]. Hybrid states
consist of valence quarks, antiquarks and a number of valence gluons. J/—quark states
are bound states of qqqq . Also, it may be possible to observe loosely bound K* K

molecules, strongly coupled to final states containing strange quarks.

1.4 Theoretical mass predictions

In the last few years there has been enormous progress in the prediction of the
masses of gluonic states. The current predictions are based on lattice gauge theory.
This attempts to model the hadron spectrum by linking lines of flux across a 4-
dimensional lattice with periodic boundary conditions (but no edges). Typical lattice
sizes are 24* elements, with the result that ~ 107-dimensional integrals have to be
performed. Glueballs are modelled on the lattice as closed flux loops. The two most
recent predictions from the IBM Collaboration [6] and the UKQCD Collaboration

[7] of the lowest lying glueball states are

0tt 1740 £70 MeV/c*  IBM
1550 + 50 MeV/c?  UKQCD

2+ 2270 £100 MeV/c? UKQCD,

with widths in the region of 100-150 MeV/c*.
4



Although the two predictions for the 0T+ state are not identical, it should be borne
in mind that as little as 10 years ago, predictions had errors an order of magnitude
greater than those given here. Both groups employ the quenched approximation in
their calculations. This approximation means that there is no coupling introduced
between the primitive glueball state and quarks. However, as may be seen from
table 1.1, normal qq states are observed in the J'¢ = 0%+ I = 0 sector which have
masses comparable to the predictions for the lowest lying gluonic states, and hence
it might be expected that there is some mixing between the qq and glueball states in
this sector. Although this may seem problematic, we shall see that the predictions

may in fact support the experimental results.

1.5 Observable characteristics of glueball states

In this section, the possible ways of observing non-qq states experimentally are

considered.

Up to a few years ago, most hadron spectroscopy had been performed using periph-
eral reactions where the interactions are dominated by quarks, and it may be that
these channels are not sufficiently “glue rich” to produce gluonium states. In glue-
ball searches it is thought to be important to analyse channels where the converse is
the case. A resonance which appears in a reaction which is supposed to be glue rich,
but is not observed (or at least is suppressed) in a reaction which is supposed to be
dominated by other processes, would be a good glueball candidate. Using reactions
of this type, new states have been discovered which do not fit well into the standard

qq multiplets (some of which will be discussed in chapter 2, but see also [8]).

Figure 1.1 summarizes several reactions which are thought to be useful probes of
gluon rich channels and where experimental observations have been made. The

general properties of these reactions are discussed below.
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Figure 1.1: Experimental glue-rich channels.



e J/¢ decay, shown in figure 1.1 a,c has well defined initial state properties and
a relatively limited number of final states, so they do not suffer from large
backgrounds. The radiative decay mode (figure 1.1¢) is a hard gluon channel,

and hence may couple strongly to glueballs with positive C-parity (to conserve

Q).

e Double Pomeron Exchange (DPE) (figure 1.1b). The Pomeron (see section 1.6.1)
is considered to be responsible for the large cross sections of some diffractive
reactions. It is thought to be a multi-gluon state, so that Pomeron—Pomeron
scattering could be a good source of gluonic final states [9]. In the centre of
mass system, the exchange particles are required to leave the colliding particles
almost undisturbed, producing a central system which is essentially at rest.
This gives a good signal-to-background ratio, and is the process considered
in the CERN WA91 experiment, where several interesting signals have been

seen. This will be discussed further in chapter 2.

e Special hadronic reactions like that shown in figure 1.1 e, which are Zweig

suppressed [10].

e Proton—antiproton annihilation (figure 1.1 d) is a possible gluon source which
may lead to final state gluonic objects. This is the process used in the Crystal
Barrel Experiment at LEAR [11], which has recently found evidence for states
beyond the standard qq model. (See chapter 2.)

Bearing the above discussion in mind, we now proceed to consider the characteristics
of glueballs that may make them observable in experiment. Of importance here is
the property of normal qq states, discussed briefly in section 1.2, whereby hadrons

can be grouped into multiplets of J¥' values. Simple considerations [3] give
P=—(—1)k, C=(—1)t+5

for a qq state, where P and C represent the parity and charge conjugation operators

respectively, and L and S are the orbital angular momentum and spin quantum

7



numbers of the qq system. For spin—% (q pairs, some values of JF' | for example 177,
are clearly disallowed by these relationships. This is not the case for a combination
of spin-1 gluons. Thus a good search for non-qq states is to look for “oddball” states

with exotic JFC values.

Furthermore, one can look experimentally for new states which appear to fit into
already completed nonets. This is a more problematic approach, since we must be
sure that a new state has a mass low enough for it not to be a member of a radial
excitation of that nonet. The lowest lying nonets are well established [4], but the
higher mass nonets are more difficult to classify, since radial excitations become
increasingly important at high mass. Unfortunately, the lowest mass glueball states
(particularly the lowest tensor) are expected to be present in this region, where the
current multiplet grouping is less certain, and evidence suggesting that new states
should be regarded as glueball candidates because they do not fit well into the high

mass multiplets is less compelling.

Since gluons carry zero electric charge, they do not couple directly to photons. For

the reaction

g8 — 7Y

to proceed, the gluons must first convert to qq pairs, as shown in figure 1.2. This
reaction requires additional coupling vertices, and is hence heavily suppressed. Ap-

plying time reversal symmetry, we see that the reaction

v 88

is also strongly suppressed, and thus one should not expect to see gluonic resonances
produced in v~ collisions. An observation of a glueball candidate in such a process
would be strong evidence of a quark content, which implies the candidate is either

a standard qq state, or possibly a hybrid.



o]

Figure 1.2: Coupling of gluons to photons.

However, the coupling of gluons to quarks should in principle be essentially flavour
independent, that is a glueball state should have equal branching ratios to any com-
bination of flavour (up to phase space factors). Compare this with the case of a
standard qq state. The typical example is the ¢(1020)/w(783) system. Experimen-
tally [4], it is found that

»(1020) — KK 84%
— T 15%
w(783) — mmw 90%
— 7w,y 10%

Although there is more phase space for the three pion decay of the ¢(1020), the KK
channel is clearly dominant, but the same channel is absent from the w(783) decay.
The reason for this is the quark content of the ¢(1020) and w(783). In this nonet, the
mixing between u + dd and s§ is almost ideal, which is to say that the ¢(1020) is
close to pure s5 , while the w(783) is essentially u@ 4+ dd . Thus the ¢(1020) couples
very strongly to states with a large strange content, and only weakly to final states
without a strange content, with the converse for the w(783). A glueball would not
be expected to show this flavour dependence. There is, however, a caveat to this

assertion, and that is that mixing between the primitive glueball and the ¢q states

9



may affect the coupling to some channels, as will be discussed in chapter 2.

To end this section, a summary of possible experimental signatures of glueball states

is given below.

e Production in glue-rich processes.

o JPC values not allowed for a standard qq state, e.g., 17%.
e Extra states in already completed nonets.

e Suppressed coupling to photons.

e Flavour independent coupling to quarks (but see chapter 2).

1.6 Pomeron Scattering

1.6.1 The Nature of the Pomeron

At low momentum transfers, perturbative QCD becomes unworkable. Instead, we
may appeal to Regge Theory [12], which describes scattering processes in terms
of trajectories, a(t), corresponding to the exchange of virtual mesons. Tradition-
ally, this has been applied to peripheral processes, but it may be expected that it
is also applicable to central production. At low energies, Regge Theory has had
some phenomenological success in predicting observed cross sections for a variety
of reactions. However, the situation becomes problematic at high energies, where
it is observed that total and elastic cross sections become essentially constant (or
rising very slowly). This is shown in figure 1.3 for pp and pp interactions. In Regge

Theory, total cross sections are expected to behave as

o7 ~ Soz(O)—l7

where (0) represents the dominant elastic Regge Trajectory at high energies. The

approximate independence of s of total cross sections at high s therefore implies

10
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the existence of a trajectory with «(0) ~ 1 (all known meson trajectories have
a(0) < 0.5). The exchange particle is termed the Pomeron. As may be seen from
figure 1.3, the behaviour of cross section as a function of /s is approximately inde-
pendent of hadronic flavour at high /s, and so it may be supposed that the Pomeron

corresponds to gluon exchange [13].

Donnachie and Landshoff [14] have fitted the /s dependence of the total cross-
section for pp and pp scattering from ~ 5 GeV to ~ 2000 GeV using a term to
describe Pomeron exchange, and a second term to describe Reggeon exchange (where
the Reggeon corresponds to trajectories with poles at the masses of known mesons).

The results of this for the Pomeron trajectory give o(0) = 1.0808.

Recently, some progress has been made on understanding how the phenomenolog-
ical Pomeron fits into the framework of QCD. The observation of high pr jets in
diffractive pp interactions [15] is suggestive of a partonic structure. H1 and ZEUS
at the HERA collider have recently presented results [16], [17] which show evidence
for a flux of colourless objects associated with the proton. When the virtual pho-
ton in Deep Inelastic Scattering (DIS) interacts with these colourless states, large
“rapidity gap” events are observed, that is events where there is no hadronic en-
ergy in a large region of pseudo-rapidity close to the final state proton or its rem-
nant. H1 find that the states responsible for the rapidity gap events in DIS have
a(0) = 1.1040.03 £ 0.04, while ZEUS find o(0) = 1.154£0.047032. These results are
consistent with the expected Pomeron trajectory. Assuming, then, that the rapidity
gap events can be ascribed to Pomeron exchange, H1 and ZEUS have studied the

partonic nature of the Pomeron. They define a structure function for the Pomeron,

PP, by
@z/memm

where Q* = —¢*, = Q*/2p- q, representing the proportion of the proton’s momen-
tum carried by the Pomeron, 3 is the fraction of the Pomeron’s momentum carried

by the struck quark, and the integration is performed over the entire range of z

12
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measured. The H1 results are shown in figure 1.4. To first order, FQD shows Q? scale
invariance, suggesting a partonic structure. Deviations from this are accountable to
log Q? scaling violations. The 3 dependence at fixed Q? is inconsistent with the form
(1—73)° expected for a fully evolved meson [19], but can be described by either a flat
or hard (8(1 — 3)) dependence. This is consistent with a pomeron valence structure
of a gluon pair evolving a parton sea at low 3. However, the fact that FQD rises with
increasing Q? for all 3 may be explained in terms of a gluon dominated structure
function. Fits using standard “next-to-leading-order” QCD evolution find that the
data are well described with a hard (3 & 1) gluon dominated structure, although the
confidence level of this description is currently limited by the experimental accuracy

of the results.

1.6.2 Double Pomeron Exchange

The reaction

pp—ps(X%)ps,

(figure 1.5) can proceed by a number of different exchange mechanisms. In general,
there will be contributions from Reggeon-Reggeon, Reggeon-Pomeron and Pomeron-
Pomeron. However, theoretical considerations [20] suggest that these mechanisms

have different energy dependences, and specifically

ORR ™~ 8_2,

orp ~ s,

opp ~ ¢,

where orpr, orp and opp represent the cross sections for Reggeon-Reggeon, Reggeon-

Pomeron and Pomeron-Pomeron exchange respectively and ¢ is a constant. Fur-

PL

max

thermore, for fixed Feynman x, xp, defined as , where pr__ is the maximum

longitudinal momentum available for a particle, it may be shown [20] that the DPE
14
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Figure 1.5: The central production mechanism in the centre-of-mass frame.

signal-to-background ratio varies as ~ e~ where t represents the sum of the 4-
momentum transfer at the two vertices, and hence more DPE is expected at low

2].

[sospin conservation implies that DPE cannot produce isospin 1 states. Hence a
decrease in the signal-to-background for isospin 1 states is a good indication of DPE

becoming important.

The WAT76 collaboration [21] took data on the reaction

pp—psm TP,

at beam momenta of 85 GeV/c and 300 GeV/¢, corresponding to centre-of-mass
energies of 12.7 GeV and 23.8 GeV. The mt7~ mass spectra obtained by WAT76
at the two energies are shown in figure 1.6. Clear p(770) and f5(1270) signals are
observed in the mass spectra; however the p(770) signal in particular is substantially
reduced in the higher energy data. Since the p(770) is an isospin 1 object, it cannot
be produced by DPE, and hence the decrease in the size of the p(770) signal at high

energy is an experimental indication that DPE becomes more important at high

15
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Figure 1.6: 7t7~ mass spectra obtained by the WA76 Collaboration (from [22]).

energy compared with the Reggeon-Reggeon and Reggeon-Pomeron contributions.

A similar effect is observed if the WAT76 data at either energy is divided into a sample
with |{| < 0.3 GeV? and a sample with |¢| > 0.3 GeV?, confirming the prediction
that DPE is dominant at low 4-momentum transfer. This effect will be shown for

the WAO91 1992 data sample in chapter 4.

Thus experiments designed to search for non-qq states in DPE should be optimised

to take data at

e high energy,

e low 4-momentum transfer.
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Chapter 2

The 071 Sector

Recently, there has been considerable interest in the lowest lying scalar states. Al-
though table 1.1 lists the established scalars from the Particle Data Group, the
grouping is in fact far from certain. In this chapter, the members curently assigned
to this nonet will be discussed, and experimental results showing the validity of
these assignments will be given. Models which attempt to describe the nonet will
be considered, and how this may predict that one of the members in particular is
either an extra state or possibly a mixture of a primitive glueball and a standard qq

state will be shown.

The members of the 071 sector shown in table 1.1 are the ag(980), f5(1300), {5(980)
and K§(1430). Pennington [23] asserts that the fact that there is only one K state
below 1800 MeV/c? is a good indication that there is only one qq multiplet in this
mass region. The Kg(1430) is observed cleanly by the LASS collaboration [24] in
K~p interactions, decaying to Km with a total width of about 300 MeV/c?*. The
a0(980) decaying to nm is observed by the WAT76 Collaboration [25] and the Crystal
Barrel Collaboration [26] with a width of around 70 MeV/c?. Although this width
is narrow compared with the K§(1430), it must be remembered that the ag(980) is
essentially at KK threshold, and coupling to this channel may affect the width at

resonarce.

17



The f, states are more problematic. In fact, the 1994 edition of the Review of Particle
Properties lists three fy states, the f5(980), the fy(1300) and the fo(1590). However,
the situation is rather more complicated than this, with several other candidate fy
states observed around this mass region. The f5(980) is observed in 77 scattering
experiments and in central production, and like the ag(980) has a narrow width of
about 50 MeV/c?. Weinstein and Isgur [27] have proposed that the ag(980) and
f5(980) are KK molecules, based on their coupling strengths to KK and their small
~~ partial widths.

The status of the fp(1300) is rather unclear. Recent Crystal Barrel results on the

79797%, pn7® and 57° channels in proton-antiproton annihilation find a state at

around 1370 MeV/c? with a width of about 350 MeV /c? [28]. In multi-channel fits
to rm — 7w, mm — KK and central production, Morgan and Pennington [29] add
an elastic background term in the 1300 MeV /c? region which may be interpreted as
a very wide (~ 700 MeV/c?) resonant state. However, Bugg, Sarantsev and Zou [30]
claim that the {; state at this mass is in fact rather inelastic. It is not clear with
present data how many states are present in this region, and in particular whether
the broad state required in multi-channel fits at around 1300 MeV/c? is the same
state as the fo(1370).

2.1 The 1500 MeV /c? Mass Region

Most of the recent interest in the scalar nonet has been centred on the 1500 MeV /c?
mass region. The Crystal Barrel Collaboration report a state with a mass of
1509 & 10 MeV/c? and a width of 116 & 17 MeV/c¢? decaying to 7°7°, nn and nn’ in
proton-antiproton annihilation [31], [32], [33], [34], and evidence for the same state
in 47° [35]. The Dalitz Plot for pp — 7%z [31] is shown in figure 2.1. In this
figure, the area of increased plot density labelled A corresponds to the 1500 MeV /c?

mass region (B is the result of interference effects in the cross channel).

18
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Figure 2.2: E760 nn mass spectra at 3.0 GeV and 3.5 GeV (from [36]).

E760 [36] report a resonant state decaying to nn with mass and width around
1488 MeV /c? and 148 MeV /c? respectively, also in pp annihilation. The nn mass
spectra at beam energies of 3.0 GeV and 3.5 GeV are shown in figure 2.2. A partial
wave analysis of this reaction is in preparation, but E760 claim that only even spin

particles can be seen in their nn data.

A recent reanalysis by Bugg et al. [37] of radiative J/¢ decay to y4m using data
taken by the Mark III Collaboration and by the DM2 Collaboration finds that it
is possible to describe the data with a scalar state of mass ~ 1500 MeV/c? and
width ~ 100 MeV/c?, which was previously misidentified as a 0~ state. The mass

spectrum together with a fit to the scalar contribution is shown in figure 2.3.

The GAMS Collaboration [38] have observed a state which they call the G(1590),
with mass 1592 4= 25 MeV/c? and width 210 &40 MeV /c? decaying to nn in 7" p—

nnn, with a similar peak in n'n. A partial wave analysis of the nn channel at a

20
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(from [37]).

beam momentum of 100 GeV/c¢ produces the S-wave spectrum shown in figure 2.4.
The peak at around 1600 MeV/c* labelled G is clear, together with a peak at
1300 MeV /c? labelled e, which the GAMS Collaboration identify with the f(1300).
Similar results are obtained at a beam momentum of 230 GeV/c. Furthermore,
GAMS see the same signal in the central production reaction 7~ p— 77 (X%)p at
a beam momentum of 300 GeV/c in the nn mass spectrum [40]. In the charge
exchange reactions, GAMS quote

o(m~p — G(1590)n) 1
o(r—p — £(1270)n) 25

for beam momenta of both 40 GeV/e¢ and 100 GeV/c. For the central collisions,
GAMS give

o(r~p — G(1590)7p)

~ 10
o(r~p — £,(1270)7~p)

for a beam momentum of 300 GeV/c. [39] claims that the G(1590) is not seen in 40

GeV/c data for central collisions, suggesting that it is formed by DPE.

The WAT6 collaboration [21] reported the observation of two previously unobserved
states, the X(1450) and the X(1900), in the #*7 =77~ channel of

pp—p (X %)p,
21



1200

800

Events

400

Figure 2.4: GAMS S-wave nn mass spectrum (from [39]).

at 300 GeV/c. Neither state was observed in the 85 GeV/c data of the same exper-
iment. The increase in cross section with incident energy is again consistent with
the formation of these states by DPE. The WA91 collaboration studied the same
channel at 450 GeV/c and assigned the J'Y values 0+ to the X(1450) and 2F+
to the X(1900), suggesting that the correct nomenclature for these states should
be f5(1450) and f5(1900) [41]. The combined WAT6 and WA91 47 mass spectrum
is shown in figure 2.5 a. Figure 2.5 b shows the combined spectra with the re-
quirement [¢| < 0.15 GeV? at both exchange vertices. The mass spectra clearly
show the fp(1450) and f2(1900) signals, together with an f;(1285) signal. The WA91
Collaboration note that relative to the f;(1285), the fy(1450) and f3(1900) were
both produced predominantly at low |¢|. The masses and widths were found to be
1445 + 5 MeV/c? with width 65 4+ 10 MeV/c*, and 1918 4+ 12 MeV/c* with width
390 £ 60 MeV/c? respectively. Furthermore, the WA76 collaboration [43] analysed
the centrally produced 777~ channel, where they found evidence for a further new
state with a mass of 1472 & 12 MeV /c? and a width of 195 4 30 MeV /c*. Although
the state in 777~ appears to be consistent with those so far discussed, the scalar

state in 777~ 777~ has too low a mass and too narrow a width to be consistent with

22



5000 F
2500
2000
1500 r
1000

500

Fvents / 0.02 GeV

O

0o 1 15 2 250 5 3.5

Mass (' i) GeV

Fvents / 0.02 GeV

0 1 15 2 25 5 3.5

Mass (7t i) GeV
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the other observations. However, a further analysis [44] of the 7t7~ 7T 7~ data has
shown that it may be possible to describe the scalar state as being an interference
between two scalars parameterized as the 1370 MeV/c? and 1510 MeV/c? states

observed by Crystal Barrel.

2.1.1 Summary of Experimental Results

There is evidence for a scalar state with mass 1500-1600 MeV/c* and width
100-200 MeV/c? in several channels of pp annihilation, radiative J/¢ decay and
central production, all of which are predicted to be possible sources of gluonic states.
In order to further understand the properties of this state, it is important to consider
its decay branching ratios, especially in light of the naive expectation that gluonic

states decay in a “flavour-blind” way.

2.1.2 Branching Ratios and Theoretical Expectations

Close and Amsler [45] note that the Crystal Barrel data and bubble chamber data
[46] show peculiar decay rates for the fo(1500). They define the ratios

R, = 2 We(500) — ym)
v2(fo(1500) — 77)
R, — 2-(o(1500) — )
Y2 fo(1500) — 77r)
g, — 2Us(1500) — KE)

where ~? is essentially the matrix-element squared for the interaction, weighted by
the sum over the various charge combinations, namely 4 for KK , 3 for 7, 2 for nn’

and 1 for nn. The experimental values of the ratios are found to be

Ry = 027+£0.11
Ry, = 0.19+£0.08

Rs < 0.1(90% C.L.).
24



The small decay rate for KK does not seem to suggest that the f5(1500) decays in a
flavour independent way. However, Close and Amsler have developed a model of the
scalar sector using perturbation theory. This model contains nine primitive qq states,
and one primitive glueball gg state. In this model, the glueball state is allowed to
mix into nearby qq states with the same quantum numbers. If the primitive glueball

is |Glo), then the observed glueball state |7) is, using simple perturbation theory,

lutt + dd) |s5) )

G = |Go) + € (E(GO) T T

with ¢ being the mixing between the primitive glueball and the q states. If flavour
were a perfect symmetry, then E(dd) = F(s3), and |Gp) would mix into [uT4dd+s5).
However, since in reality £(ss) > F(dd), the flavour symmetry is broken. The case

of the primitive glueball mass lying midway between E(ss) and E(dd), that is

E(Gy) = = [B(s5) — E(dd)] + E(dd),

(NN

gives the mixing to be between the primitive glueball, |Gy), and the state [uT + dd — s5).
The minus sign for the s§ term implies destructive interference in channels with a

strong ss component, such as KK.

Although Close and Amsler’s treatment is non-relativistic, it appears to provide a
consistent description of the scalar nonet. A more sophisticated relativistic treat-
ment has been given by Toérngvist [47]. This uses six parameters to describe the
whole nonet, and predicts the masses of each scalar state. A primitive gg state is
not included in Tornqvist’s treatment, all primitive states being qq . A discussion
is given by Pennington in [23], where he compares the observed 0%* states with
those predicted by Tornqvist’s and Close and Amsler’s models. This is shown in
figure 2.6. If it is assumed that all the scalar states in the 1500-1600 MeV /c* region
are in fact the same state, then Tornqvist’s picture, using only primitive qq states,

cannot include the fy(1370), the ag(1430) (not discussed here) and in particular the
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[45] (from Pennington [23]).
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fo(1500) state.

The Amsler-Close scheme, using nine primitive qq states and one gg state, requires
10 states into the scalar multiplet, one of which is an s§ scalar above 1700 MeV /2.
In fact there is a state coupling strongly to KK at this mass, the f;(1710). This
state is seen in radiative J /1 decay [48] and in central production [43]. However, the
spin assignment is uncertain, with Mark III favouring spin 0, and WA76 favouring
spin 2. High statistics data taken by the WA91 collaboration on central production
reactions may help to clarify this problem. Also in the Close-Amsler scheme, the
fo(1500) is included naturally as a mixture between the primitive glueball and the
qq states. The fy(1370) is the isospin 0 partner of the fy(1500), and turns out to be
composed predominantly of (u@ + dd). The ag(980) and the f5(980) in this model

are excluded, and Close and Amsler identify these with KK molecules.

2.2 Summary

The JFC = 01+ sector is not well understood, even though it is probably not influ-
enced by radial excitations in this mass region. Several states have been identified in
glue rich reactions at around 1500 MeV /% If these states are in fact all the same,
then they may be described by two independent models. In the Tornqvist picture,
the state cannot be included into the nonet as a standard qq object. In Amsler
and Close’s description, the state is naturally included as the tenth member of the
multiplet by starting from nine primitive qq states and one primitive gg state, and

allowing these to mix to produce the observed mesons.
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Chapter 3

WA91 Experimental Details

3.1 Introduction

Experiment WA91 is designed to observe centrally produced hadrons formed at
450 GeV/c in the reaction

pp—psXps,

where the subscripts f and s refer to the fastest and slowest particles respectively
in the laboratory frame, and X° represents the neutral, centrally produced system.

The reaction is shown in the centre-of-mass frame in figure 1.5.

As discussed in chapter 1, DPE is expected to be dominant at high /s and low [¢].
WAOIL1 is designed to take data in this kinematic region, and bearing in mind the fact
that Pomerons are supposed to have a large gluonic content, the WA91 experiment

is thus well suited to search for non-qq objects.

The successful WAT76 and WAT6' programmes ran similar studies at 85 GeV/c
and 300 GeV/c respectively. The main motivation of the extension to WA91 at

450 GeV /¢ was to study final states produced at higher centre-of-mass energies, and
28



to increase the efficiency for detecting neutral channels. The experiment was carried

out at the CERN € spectrometer using the H1 beam line [49] of the CERN SPS.

In this chapter, the details of the experiment as used in the 1992 data taking period
are described. The main elements of the detectors are discussed, and a description

of the WA91 trigger is given.

3.2 The 2 Spectrometer

The Q spectrometer is a multi-user detector which is designed to take data on
reactions which produce many particles in the final state. The spectrometer consists
of two superconducting Helmholtz coils that produce a magnetic field of up to 1.8 T
at the centre of the field region. For the WA91 programme, the central field used
was 1.35 T. This allows accurate reconstruction of the fast and medium tracks, and

also gives good acceptance for the slow tracks.

The standard € configuration consists of 15 multiwire proportional chambers (MWPCs),
described in subsection 3.2.4, with a total of approximately 37,000 wires inside the
volume of the spectrometer field region, and two large drift chambers (section 3.2.6)
outside the magnet and downstream of the interaction region, which are used to
increase the precision of the measured track parameters. The layout for the 1992

WAOIT run is shown in figure 3.1.

A description of the components shown in figure 3.1 is given below in more detail.
For a discussion of the general construction and properties of detectors similar to

those utilised in WA91, the reader is referred to [50], [51].
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Figure 3.2: The numbering of the target box elements

3.2.1 The Beam

The H1 beam is a 450 GeV/c proton beam extracted from the CERN SPS. No

secondary targets are used, and hence the beam is essentially 100% protons.

3.2.2 The Target

The target is a 60 cm long cylinder of liquid hydrogen, representing 15% of an
interaction length (see A.1), contained within a mylar and aluminium canister. It
is common to use beryllium targets to give a similar interaction length in a shorter
physical distance (which enables the interaction vertex to be reconstructed more
easily). However, this is not done in WA91 so as not to introduce nuclear effects,
and to ensure that only pp interactions can occur. The interaction vertex can be
reconstructed accurately in the beam direction by the slow proton detection system

(see sections 3.2.4 and 3.2.5).

3.2.3 The Target Box (TB)

The target box consists of 10 scintillator slabs surrounding the target on 4 sides

and numbered as shown in figure 3.2. The box is left open at the upstream and
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downstream ends in order to let through the beam and forward particles. The box
is 60 cm long, 28 c¢m high, and slabs 1 and 2 are 0.5 cm thick, all other slabs being

1 cm thick. It is used in the slow particle trigger, as described in section 3.3.3.

3.2.4 The Multiwire Proportional Chambers (MWPCs)

The MWPCs are labelled A; B and C in figure 3.1. The A and B chambers are
located downstream of the target and are used to define the medium momentum,
forward-going tracks. The C chambers are positioned on either side of the target, and
are used to measure the the slow particle tracks. The left C chambers are mounted
with their planes parallel the optical bench, and the right C chambers are mounted
perpendicularly to this. The reason for this arrangement is shown in figure 3.3. It
may be seen that because of the sense in which positive particles are bent in the
Q magnetic field, in order to get the best acceptance for slow particles the two C
chambers must be mounted at right angles to each other. However, the acceptance
of the right C chambers is still limited, as may be seen by closer examination of
figure 3.3. Particles travelling to the left from any origin along the length of the
target have a high probability of traversing all or nearly all of the planes in the left
C chambers, but those moving to the right in the magnetic field will only traverse a
significant number of planes in the right C chambers for a more limited set of origins
along the length of the target cylinder. This is an important effect, as may be seen

from the results presented in section 3.3.5.

The A chambers consist of 7 modules, each containing 3 planes of wires, labelled Y,
U and V. The Y planes are inclined to the vertical in the Q system, and the U and
V planes are inclined at £10.14° to the Y planes in order to facilitate the tracing
of tracks as they pass through the system. The B and C chambers have 8 modules,
each consisting of 2 planes, one Y and the other alternately U and V. In all cases,
the wire spacing is 2 mm. The chambers are filled with a mixture of isobutane and

alcohol.
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Figure 3.3: Mounting of the C chambers

In addition to the standard €2 chambers, WA91 also uses 3 further sets of MWPCs
with a wire spacing of 1 mm. The first of these is located downstream of the target
between the vertex microstrip detector and the B chambers. It has 4 planes, Y, Z,
U and V, where the Z direction is perpendicular to both Y and the beam direction,
and is used to give extra points for track reconstruction for the fast track and for
centrally produced tracks. The other 2 chambers are placed at 16.5 m and 17 m
downstream of the Q centre. They each have 4 planes (ZYUV and ZYZY) and are

used to provide extra information for accurate reconstruction of the fast track.
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3.2.5 The Slow Proton Counters (SPCs)

There are two slow proton counters, one on either side of the target and after the
C chambers, labelled SPC(L) and SPC(R) in figure 3.1 to denote the left and right
sides relative to the beam direction. They both are composed of 14 scintillator
slabs held in an aluminium frame in such a way that the entire assembly is vertical.
SPC(R) has a slab width of 7 ¢cm, and SPC(L) has a slab width of 6 cm. SPC(L)
has an active length of approximately 1 m, and SPC(R) approximately 70 ¢cm, and
both are used for slow proton identification in conjunction with the C chambers.
Slow pions are antiselected by consideration of the pulse heights of the signals in
the SPCs. At this point, it is appropriate to digress briefly from the discussion of

the detector layout to describe how this is done.

The Bethe-Bloch formula [4],

LB 521 (1 2me BT, _ﬁz_é
dx A2 |2 2 2]’

gives the energy loss of a charged particle travelling through a dense medium. K /A is
a measure of the energy deposited per unit mass of absorber with unit area, and can
be calculated to be 0.307 MeV g=! cm? [4]. The charge of the incident particle is z in
units of the electron charge, 7 is the atomic number of the medium, I characterizes
the binding energy of the atomic electrons in the medium in units of eV, and ¢
represents corrections due to density effects. A total pulse height versus momentum
plot for SPC(L) is shown in figure 3.4. The maximum on the plot corresponds to a
particle just being stopped in the medium and giving up all of its energy. The broad
band labelled p at the top of the distribution is due to slow protons, and the region
with increased density labelled 7 in the lower portion of the plot is due to pions
stopping in the scintillator. By carefully adjusting the discriminator for each slab in
the SPCs, or by using a software cut, the pion signals can be essentially completely

removed. Thus protons can be selected from the total slow particle spectrum.
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Figure 3.4: Pulse height versus momentum for SPC(L).

3.2.6 The Drift Chambers (DC(1) and DC(2))

Immediately outside the {2 magnet, at 3.27 m and 4.41 m from the centre of the field
region, are situated two high-precision drift chambers, marked DC(1) and DC(2)
in figure 3.1. Each chamber comprises 4 planes, Y, U, Y and V, using the same
notation as that for the MWPCs in subsection 3.2.4. Each plane has a 2.5 cm
spacing between the sense (where the liberated electrons are collected) and field
wires (used to stabilise the field across the volume of the chamber, see [50]), and
the drift time is ~5 cm/us. The drift chambers are used to reconstruct the tracks

of medium momentum particles.

3.2.7 Microstrip Detectors

Five separate sets of silicon microstrip detectors are used, labelled BEAM, VERTEX,
5m, 10 m and 12 m in figure 3.1. They consist of silicon strips of several different

pitches held at a bias voltage of ~50 V. Their high spatial accuracy is useful in
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WA9I in two important respects :

e Beam reconstruction 10 planes, grouped into pairs, are used to define the

direction of the beam. All the pair modules are attached to a rigid optical

bench. The optical bench serves as a coordinate reference for all the microstrip

planes. The modules are positioned on the bench in 3 groups, labelled BEAMI,
BEAM?2 and BEAM3, as tabulated in table 3.1.

Table 3.1: Details of the microstrips used in the 1992 run.

Name Planes Pitch | Channels | Dimensions (mm) X position (m)
BEAM1 4 (ZYZY) | 20 pm 512 10.24 x 10.24 —3.998, —3.998, —3.942, —3.931
BEAM?2 2 (ZY) 20 pym 512 10.24 x 10.24 —3.326, —3.315
BEAM3 4 (ZYYZ) | 20 pm 512 10.24 x 10.24 —2.729,-2.718, —2.686, —2.676
VERTEX | 4 (ZYYZ) | 25 pm 2048 51.2 x 51.2 —0.969, -0.944, —-0.919, —0.894
5m Al 4 (ZYZY) | 25 pm 2048 51.2 x 51.2 5.330,5.335,5.380,5.405
10m A2 4 (ZYZY) | 25 pm 2048 51.2 x 51.2 10.462,10.487,10.512, 10.537
12m A2 2 (YY) 50 pum 2048 51.2 x 51.2 12.501, 12.553

e Fast track reconstruction Four sets of microstrips (labelled VERTEX, 5 m,

10 m and 12 m) are used, positioned as shown in table 3.1. The VERTEX de-

tector is also used to help reconstruct the tracks from medium momentum

particles, which gives an improved efficiency in locating V® decays. Further-

more, the downstream microstrips are also used to identify beam particles

which have not interacted in the target.

3.2.8 The Electromagnetic Calorimeter (OLGA)

Some particles produced in the interaction region may decay electromagnetically to

photons. These decays are detected by the Omega Lead Glass Apparatus (OLGA)

calorimeter. A schematic diagram of OLGA is shown in figure 3.5.
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Figure 3.5: Schematic diagram of OLGA

37



OLGA has three modules :

1. Lead glass blocks These are arranged in an array of 18x19 blocks, each with
an area of 14 x14 cm? and a depth of 47 cm. This corresponds to approximately
18.5 radiation lengths. For the 1992 run, the central block was removed in
order to allow the beam and fast track particles to pass through OLGA.

2. Samplers These are large slabs of lead glass with area 14x145 cm? and depth
10 ecm, corresponding to 3 radiation lengths. They are arranged in columns
of 19 slabs down the right and left halves of the front face of the calorimeter.
The amount of energy deposited by an electromagnetic shower in the samplers
gives an estimate of the energy of the initial photon causing the shower. This

energy is measured to higher accuracy in the lead glass array.

3. Positional detector This consists of fingers of scintillator material arranged
in four half-planes. Two of these are horizontal, made up of 180 fingers of
dimension 147 cmx1.53 cmx1 c¢m, and the remaining two are vertical, con-
sisting of 180 fingers of dimension 152 emx1.53 cmx1 cm. An electromag-
netic shower in the fingers allows the position of the incident photon to be

established.

The front face of the samplers was located 6.1 m downstream from the centre of ).

3.2.9 Downstream Scintillation Counters (A1, A2, A2(L),
A2(R))

Al and A2 are used in the definition of the WA91 trigger, as will be described
in section 3.3. Al is a square slab of scintillator of side 2.5 ¢m, positioned 4.9 m

downstream of the ) centre, and A2 is a square slab of side 5.0 c¢m, positioned at

10.8 m. A2(L) and A2(R) are located immediately behind A2, to the left and right
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Figure 3.6: Positions of beam counters in relation to target

sides of the beam direction, as shown in figure 3.1, and are used to find the fast

track direction (see section 3.3.5).

3.2.10 Beam Counters

Not shown on figure 3.1 are 4 scintillation counters used to define a beam signal
before interactions with the target, as will be discussed in section 3.3. These are
shown in figure 3.6, where the labels B and V designate the beam and vertex detec-
tors. Two detectors (52 and S4) are beam signal counters, and the remaining two
(V2 and V4) are beam vetos. S2 is a square slab of scintillator of side 2.5 cm and
thickness 0.5 ecm. S4 is also a square slab of side 0.8 cm. V2 and V4 are similar
slabs of side 17 e¢m, but each has a small hole for the beam to travel through. For
V2, this hole is of diameter 1.5 cm, and for V4, 0.8 cm. Both V2 and V4 are 1 cm

in thickness.

3.3 The Trigger

In any high-multiplicity high energy physics experiment, an efficient trigger which

selects only those events which are of interest is vital. For WA91, the most important
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trigger conditions are to select those events which have one fast proton, one slow
proton, and two or more medium momentum particles. In this section, a description
of the various trigger elements which are required for this task is given. A full trigger

diagram is shown in figure 3.7.

3.3.1 Clean Beam Signal

A beam signal is defined by the condition that S2 and 54 fire, but V2 and V4 do not,
i.e., the beam particle has passed through the material of S2 and S4, but through
the holes in V2 and V4. Clean beam is then defined by requiring that only one
particle has passed through S2. In order to understand this, consider the diagram
shown in figure 3.8.  An extra signal (S2P) is taken from the S2 counter. This
signal is split into a shaped pulse, and an inverted pulse. Clean beam (CB) is then
defined by coincidence between S2, the inverse of 52P, the shaped S2P pulse and a
beam signal. Careful choice of the delays brings the signals into the configuration
shown in figure 3.9. Note that S2P starts just after the end of S2P, and only S2P
updates. Because of this timing, the coincidence will, in general, be satisfied for one
particle passing through the system. However, if after a time At, a second particle
arrives (as shown by a dashed line in figure 3.9), S2P will have a longer duration,
and the coincidence condition will not be satisfied. Hence events where more than

one particle arrives within the pulse width of S2P will be rejected.

3.3.2 Fast Particle Trigger

This is done by asking for coincidence between signals from the Al and A2 counters,

described in section 3.2.9.
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3.3.3 Slow Particle Trigger

The trigger for slow protons requires a coincidence between a signal from one side of
the target box (either TB1(L) or TB2(R), see section 3.2.3) and a signal from only
one or two slabs in the slow proton counter (section 3.2.5) on the same side; that is,

coincidence is required between TB1(L) and SPC(L) or TB2(R) and SPC(R).

A competing process with central production is target diffraction. A typical target

diffraction event is shown in figure 3.10. Several slow particles in the laboratory

Pbeam Ps

Single
Pomeron
Exchange

Several slow particles

ptarget

Figure 3.10: A typical target diffraction event

frame are produced, and the trigger must be required to antiselect such events. In
order to do this, it is verified that no other slabs fire in the target box. The require-
ment that only one or two slabs fire in the SPC further reduces target diffraction
effects by removing those events that have several slow particles going through only

one slab of the target box.
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Table 3.2: Event classification for the 1992 run

Trigger | BEAM | sPO(L) | sPO®) | a2(L) | A2(r) | FasTRO | oLGA | Class Proportion(%) |

Yes Yes No Yes No - - LL 64.0

Yes No Yes No Yes - - RR 6.6
LEVEL1 Yes Yes No No Yes - Yes LR&OLGA 8.8

Yes No Yes Yes No - Yes RL&OLGA 4.0

Yes - - - - - - BEAM 6.6
LEVEL2 Yes Yes No No Yes Yes No LR&FASTRO 10.0

3.3.4 Neutral Particle Trigger

OLGA is used to select neutral particle decays. A neutral trigger is defined as having
at least 2 GeV deposited in any OLGA block.

3.3.5 Classification Of Events

Events which pass the trigger conditions are classified according to the scheme shown
in table 3.2. The first letter of the class assignments denotes which SPC was trig-
gered, the second letter shows which of A2(L.) and A2(R) fired. The so-called LEVEL
1 triggers are the fast triggers on an event, LL, RR, LR and RL being assigned in
125 ns after the initial S2 pulse, and the extra OLGA decision coming within 190 ns.
The low relative proportions of events relying on triggering in SPC(R) may be in-
terpreted as being due to the low acceptance of the right C chambers, as remarked

on in section 3.2.4.

Events which have their origin in elastic scattering of the pp system can be largely
eliminated by selecting only those events where the fast particle and the slow particle
are both on the same side of the detector system, if there are no signals in OLGA.
The LEVEL 2 trigger requires that only one or two wires fire in planes 5 and 7
of the left C chambers, or planes 7 and 9 of the right C chambers, assuming the
appropriate LEVEL 1 conditions were satisfied. This results in a significant increase

in track reconstruction efficiency. Furthermore, LEVEL 2 uses the Fast Readout
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(FASTRO) trigger to check those events where the fast and slow particles go in
different directions and there is no energy deposited in OLGA, but there is still a
reasonable number of hits the the A chambers. FASTRO requires that there be
two or more hits outside the beam region in the third plane of the A MWPC. This
has the effect of increasing the reconstruction efficiency for channels such as 7t7~,
where the particles do not decay electromagnetically. FASTRO reads A3 in groups
of 8 wires at a time (this decreases the readout time by a factor of ~ 10 from ~ 100

ps for individual wire readout).

3.4 Event Statistics For The 1992 Run

The beam flux from the SPS for the 1992 run was approximately 5x10° protons
per second, with a burst time of 2.4 s. Around 500 events were recorded per burst,

leading to 8.4 x 107 events over 43 days of data taking.

3.5 Event Reconstruction

The experimental data taken were processed through a track reconstruction pro-
gram, TRIDENT, which attempts to reconstruct events by track recognition, mo-
mentum calculation and the production of fits to primary or secondary vertices.
Wire hits in several planes at different inclinations are combined to provide a large
number of constraints to the fitting procedure and to help reduce chamber ineffi-

ciencies.

The z coordinate of the primary vertex is found by intersecting the beam track with
the slow proton track. The beam track is then retraced to this x position to give
the y and z coordinates of the primary vertex. Forward going tracks are traced
back from the drift chambers where they have been well separated by the bending
effect of the magnet through the A and B chambers, and a fit is made to find the
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best track hypothesis. At this stage, tracks coming from the decay of a V° near the
primary vertex may be incorrectly assigned as originating at the primary vertex. In
order to overcome this, after the initial TRIDENT run the events are run through
a V° recovery program [52]. This takes all combinations of positive and negative
tracks that have not been assigned to a V® by TRIDENT. The combinations are
required to trace to a vertex at least 3 cm downstream from the primary target,

with an impact parameter greater than 0.05 cm at the primary vertex.

3.6 Summary

The main elements of the WA91 set up used during the 1992 run of the experiment
have been described. The trigger has been discussed in some detail, and a brief

description of the event reconstruction has been given.
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Chapter 4

The 1992 w77~ Mass Spectrum

4.1 Introduction

The WAT6 observation of a state compatible with the fo(1500) in the central 7 7~
channel (see section 2.1) is clearly interesting, and prompts further analysis. In par-
ticular, a full spin analysis of this mass region is required, which has not previously
been attempted for central production at this energy. In this chapter, the selection
of 7t7~ events from the WA91 1992 data is described, leading to a high statistics
data set. The formalism used to fit the mass spectrum is discussed, and a fit pre-
sented, where it will be shown that a term is needed in the fit parameterization to

describe the contribution of the fy(1500) to this channel.

4.2 Selection of the w77~ channel
The reaction
pp — ps (7F77) ps
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Figure 4.1: Missing momentum distributions for WA91 events with 4 outgoing
tracks. Figure a) shows the missing transverse momentum distribution, and b)

the missing longitudinal momentum.

where the subscripts f and s refer to the fastest and slowest particles respectively
in the laboratory frame, was selected from the sample of WA91 events with four
outgoing tracks by applying the following cuts to the missing momentum components

for each event :

|missing p,| < 14.0 GeV/e,
|missing p,| < 0.16 GeV/c,
|missing p,| < 0.08 GeV/e.

Figures 4.1 a and b show the missing transverse and longitudinal momentum dis-
tributions before the cuts are made. A clear signal of events having good p,, py, p.
and energy information can be seen at low missing transverse momentum, py (“4C

events”).

The Ehrlich Mass squared [53] (see appendix A) was calculated for each event in

order to select those tracks compatible with being #*7~ . A plot is shown in
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figure 4.2. Visible are a clear peak at the 7 mass squared, together with a shoulder
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Figure 4.2: The Ehrlich mass squared for WA91 77~ events.

at the K mass squared. Cuts were made on the Ehrlich Mass squared such that

events were only accepted in the mass squared region between —0.3 GeV?/c* and

0.2 GeV?/ct.

The variable Feynman x, xp, is defined by the relation

PL

Tp =
mea.r’

where pr__ represents the maximum longitudinal momentum available for a parti-
cle. In the centre of mass frame, the fast proton will have essentially p = +1, the
slow proton xp = —1, and the central 777~ system xp ~ 0. The xp distribution is
shown in figure 4.3. The 3 structures are clearly visible, but there is also a broad
smearing between xp = 0 and xy = +1. In order to understand this effect, it is nec-

essary to consider the psm™ mass spectrum, shown in figure 4.4. A clear AT+ (1232)
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Figure 4.3: xp for WA91 77~ events, before the cut on the A** signal in the 7% p;

channel.

signal is observed in this channel, and can be removed from the 777~ channel by
requiring mp, > 1.5 GeV/c?.  In reconsidering the xp plot for the 717~ system, it
is observed that most of the smearing in the positive x5 region has been eliminated,
and the central system at r & 0 is unambiguously identified, as may be seen in

figure 4.5.

4.2.1 Cuts on 4-momentum transfer

Using the cuts described above, the 7t7n~ mass spectrum obtained is shown in

figure 4.6. It consists of 289 459 events.

The 4-momentum transfer at the pye,n,,—ps vertex is defined to be ¢y, and that at the
Prarget-Ps vertex to be 1,; the total 4-momentum transfer, ¢, is then given by the sum

of t; and t5. Since double Pomeron exchange is expected to be dominant at low ¢,
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Figure 4.6: The WA91 7t7~ Mass Spectrum for all ¢.

the cut [t| < 0.3 GeV? is imposed. The final mass spectrum with this requirement
is shown in figure 4.7a. This consists of 165 841 events. Shown in figure 4.7b is
the equivalent spectrum for [¢| > 0.3 GeV?. Visible on the plots are clear p(770)
and f5(1270) signals. The drop at ~1 GeV is attributed to the f,(980) . The rapid
decrease of phase space in this region is due to the coupling of the f5(980) to the
KK channel, which has its threshold mass at approximately this point. The p(770)
and f5(1270) signals are suppressed at low ¢; this is consistent with the proposition
that they are formed by Reggeon exchange, which is supposed to be the dominant

production mechanism at higher ¢.

4.3 Parameterization of the w7~ mass spectrum

In order to fit the mass spectrum, it is appropriate to use a relativistic spin-1 Breit—
Wigner function [54] to describe the p(770) resonance, and a relativistic spin-2 Breit—
Wigner function to describe the f3(1270) . However, the description of the f5(980)

is more complicated since its mass is close to that of the KK threshold mass, and
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it has a large coupling to this channel in addition to 777~ . In this case, a coupled
channel formalism must be used. Two functions, F(m) and Fx(m), are defined to

describe the f5(980) mass region,

Fw(m) _ momm

ma —m? —imo(L'r + Tx)’

mo\/r_iv I'x

m2 —m? —imo(L'r + Tx)’

F]{(m) =

where I'; is the (unknown) coupling of the exchange particles to the central system,
and 'y, I'x represent the f5(980) partial decay widths to the #+7~ and KK channels.
These are the Flatté functions [55] for the #T7~ and KK channels. I'; and I'x may
be interpreted in terms of the squares of the couplings, ¢, and gx, of the f,(980) to
rt7~ and KK , by writing them as

I, = gr\| —— — Mz,

. m2 m2
= 2 (e B )
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Figure 4.8: The 7t 7~ 7% mass spectrum.

The individual couplings for KK~ and K°K® are incorporated into a single KK
coupling by averaging over the charged and neutral kaon masses. The background

for the #*7~ channel may be parameterized as

where myy, is the 7t7~ threshold mass and a, 3,~ are free fit parameters.

In the 7t7~ 7% channel there is a strong w(783) signal, as may be seen from the
mass spectrum shown in figure 4.8. This can appear as a reflection in the 777~ mass
spectrum if the 7% is inside the missing pr cuts for 77~ event selection. The w(783)
events are simulated by making Monte Carlo w(783) events and decaying these to
7tn~ 70 in their rest frame. If this satisfies the same momentum balance cuts as are
applied to the 7t7~ system, then the mass of the 77~ system is histogrammed.
This histogram represents the shape of the contribution of the w(783) reflection in
the 77~ channel, and is shown in figure 4.9. This histogram is included in the fit

with a free amplitude.
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Figure 4.9: Simulated 7t7~ events coming from the w(783) in the 77~ 7" channel.

With the above discussion in mind, the parameterization of the 777~ mass spectrum

at this stage is

= Auom) - Gom) [1+ Ao Felm) [+ A, (m) + A B, (m)]
where A;, B; represents the normalization and |amplitude|? respectively of the Breit—
Wigner functions used to describe the resonances, G(m) is the background param-
terization, and w(m) is the contribution of the w(783) reflection from 7+t7~7° This
parameterization was used in a mass fitting routine using the CERN library program
MINUIT [56] to minimise the y? value in the region from the 7+~ threshold mass
to 2.2 GeV.

Using this parameterization, a typical fit is shown in figure 4.10. It is clear from
figure 4.10 that the fit is poor, especially around the f,(980) mass region. The
background parameterization does not vary steeply enough to take into account the

extremely rapid decrease of phase space in this region. Several ideas were employed
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Figure 4.10: Fit to the mass spectrum.

in order to take the f3(980) drop into account. Convoluting the f,(980) region with
a Gaussian of width 10 MeV to represent the experimental resolution did not pro-
duce a significant improvement. Introducing interference terms between the f(1270)
and the f,(1525) (which has a strong coupling to the related KK channel) made a
reasonable fit impossible. It was thought possible that introducing an incoherent
free Breit—Wigner function at ~1.1 GeV with width ~200 MeV could decrease the
background around the f3(980) region, but this also made the fit impossible. The

same was found if an incoherent Breit—Wigner was introduced at a lower mass of

~0.8 GeV.

However, it may be supposed that the background at low mass will have a large
S-wave component (see chapter 6 for confirmation of this expectation). Therefore,
it might be expected that the background will interfere coherently with other spin 0

objects. In order to take this into account in the parameterization, the substitution

14 Af0(980)|F7r(m)|2 —>|1 + Af0(980)F7r(m)€i51|2 = Bf0(980)
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Figure 4.11: Fit to the 777~ mass spectrum using interfering formalism.

is made, where d; represents the phase angle describing the interference between the
f0(980) and the S-wave background. This parameterization gives a good fit at both
low mass and the 1 GeV/c? region. However, it suffers from a poor y? around ~1.5
GeV, as may be seen in figures 4.11 a and b. In common with the parameterization
used by WAT6 [43], a further S-wave interference term is introduced with another
Breit—-Wigner function of mass 1.472 GeV/c? and width 195 MeV/c*. The S-wave

term is then

Bf0(980)—>|1 + AfO(QSO)FW(m)eiél + AXFXGM2 |2,

where Ax, F'xy are the amplitude and shape respectively of the Breit—Wigner function
described above, and 0, is the phase angle describing the interference. Using this
formalism, the fit shown in figures 4.12 a and b is obtained. The x? per degree of

freedom using this parameterization is ~ 104/81.
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Figure 4.12: Fit to the 777~ mass spectrum using interfering formalism and term

at ~ 1500 MeV/c%.

If the parameters of the state at ~ 1500 MeV/c? are left free, the x? per degree

of freedom is found to be ~ 104/79, and the fit parameters for the new state are
m = 1490 + 10 and [' = 150 £ 25.

The final fit parameters are shown in table 4.1.

In the complex s plane, the poles of the f,(980) are given by

m%o(%o) — S — imfo(ggo)r = 0

This has more than one solution depending on the signs of the imaginary parts of
the breakup momenta to 7+7~ and KK in the expressions for I'; and I'x (i.e., the
square roots in these expressions lead to more than one solution). By convention
[57], sheet 11 is taken to be the sheet on the complex s plane which has the imaginary
part of the breakup momentum to KK positive, and sheet I1T has the imaginary part
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Table 4.1: The parameters for the fitted 777~ mass spectrum.

Fit Parameter Value
o 0.62 + 0.01
¢ (4.4 £ 0.1) GeV~1c?
5y (-0.3 £ 0.3 ) GeV~2¢t
A, 0.04 + 0.03
Ay, 0.15 + 0.01
Agx 0.13 £ 0.01
Ax 0.025 + 0.001
A, (7.5 £ 0.7)x107°
o (13 £ 4)°
o (50 £ 2)°
Mg, (980) (0.978 4+ 0.005) GeV/c?
Jr (0.20 £ 0.01) GeV/c?
JK (0.1 &£ 0.1) GeV/c?
M1500 (1.49 £ 0.01) GeV/c?
500 (0.15 £ 0.025) GeV/c?
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of the breakup momentum to KK negative. In this convention, the sheet II pole
of the f5(980) is calculated to be ((982 4+ 2) — (42 + 2)) MeV/c?, and the sheet III
pole ((969 + 2) — (51 4+ 2)). The width is given by twice the imaginary part of the
sheet II pole [43], giving ' = 84 + 4 MeV/c?. These values are consistent with the
f0(980) parameters quoted by the Particle Data Group [4], although they note that

the width determination is highly model dependent.

WAT6 found it necessary to include a contribution from the f;(1710). However, for
the WA91 data, there appears to be little activity in this mass region. Including a
term to represent the f;(1710) does not result in any significant improvements to

the fit quality.

It is interesting to note that the WA76 Collaboration used the formalism discussed
here to fit the 777~ mass spectra from the AFS Experiment and from hadronic
J/1 decay, with the parameters of the 1500 MeV /c? state fixed. They found good

agreement with the data in both cases.

4.4 Conclusions

It has been shown that in order to obtain a good fit to the WA91 717~ mass spec-
trum, a formalism must be used in which the S-wave contributions to the spectrum
interfere coherently. In effect, this results in an interference between the phase space
background (supposed to be spin 0), the f,(980) and another Breit-Wigner function
with parameters consistent with the f5(1500).

Ideally, however, in order to fully describe the properties of the states observed, a
partial wave analysis must be performed in order to extract in particular the S-
wave. This will enable the f5(980) and 1500 MeV/c? state to be examined, without
interferences from other resonances. The formalism used in order to do this is
described in chapter 5, and the application of this parameterization is given in

chapter 6.
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Chapter 5

A Partial Wave Analysis of the
1992 77~ Data

5.1 Introduction

The angular distribution of the decay products in any specific reaction is determined
by the spin quantum numbers of the resonances and backgrounds involved in that
process. Spin 0 states will in general decay isotropically in their centre-of-mass;
higher spin states will decay according to some more complicated angular distribu-
tion. If it is understood how an object of a specific spin decays, then in principle
the spin of that object may be determined from the angular distribution of its decay
products. However, the situation is generally complicated by interferences between
resonances and background terms, or between several resonances, which may be of
different widths. For systems such as 77~ in central production, the complications
may be to some extent overcome by performing a Partial Wave Analysis (PWA) [58],
that is the average is taken over the incoming spin states and the sum is taken over
the outgoing spin states involved in the interaction in order to produce an expression

for the angular distribution.
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Although such analyses have been discussed in detail (e.g., [59]), there is compar-
itively little literature on the application of PWA to centrally produced 2-body

channels, and much of the following work will appear in [60].

5.2 Choice of Axes

The choice of axes for a PWA of central production reactions is more complicated
than the usual choices made for peripheral reactions, such as the so-called Gottfried-
Jackson axes [61]. In the peripheral case it is easier to define a plane which con-
tains the 3-momenta of all the particles being considered, but for reactions such as
pp—ps(mT 7~ )ps there is no plane which will in general contain the 3-momenta
of all the particles. However, the problem may be simplified by considering the

reaction
ab — M, (5.1)

where a and b represent the exchange particles and M represents the 7T 7~ system
(M could be used to represent any 2-body central system). The momenta p, and
Py are trivially defined by the momentum change at each vertex. In the (ab) rest
frame, the vectors p,, ps, pr+ and p,- are coplanar, and it is thus possible to define

a set of axes.

The z-axis is chosen to be along the direction of p;. In principle it is irrelevant
whether a or b is chosen to define this axis, but in practice the slow vertex is better
measured than the fast. For the same reason, the y-axis is defined to be p,;, X ps,

and then z is defined by X = ¥ x z. This is illustrated in figure 5.1.
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Figure 5.1: Definition of axes for partial wave analysis.

5.3 Helicity Amplitudes

The amplitudes for equation 5.1 may be written as
£ = (0. 41U IPo: Jus Ao Py o M) (5.2)

where 6 and ¢ represent the scattering angles (figure 5.1) for the decay of M, and
pi, Ji and A; represent the momentum, spin and helicity of the exchange particle 7.
Equation 5.2 may be expanded in terms of the angular momentum states, J and A,

of M, that is the basis of equation 5.2 is changed by writing

£20 = (0, ¢S, AY (S, AU P, Jas A Py o, M) (5.3)

The overlap integrals are given by
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2J 4+ 1
47

<07¢|‘]7 A> = DEXJ)O*(Qb?ev_Qb)v (54)

where the DEXJ)O*(qb, , —¢@) are the Wigner-D functions (see, e.g., [62, 63]). Then

2J—|—1
ia:{bb Z Qb, 7_¢)<J7A|U|pa7‘]a7)‘a;pbv‘]bv)‘b>7 (55)

and the intensity 1(€), where 2 represents (6, ¢) will be given by

1 1 N
[Q)= ) — > —(fud £ 7), (5.6)

n n
Ja Jo b o

where nyis 1if J = 0and nyis 3if J > 1. Note that at this point the assumption is
made that the helicities can be only 0 (proton non-spin flip) or 1 (proton spin-flip).
Expanding this in terms of the amplitudes given by 5.5,

2J+1 2J'+1) T J'
o) =y Loy VA DY ()DL (9)
Ja,Aa "y J A
Jp, A J! A’
<J,A|U|pa,Ja,)\a;pb,Jb,)\b><pa,Ja,)\a;pb,Jb,)\b|U|Jl,A/>. (57)

The density matrix for the interaction is defined by

JJ'

PAN = E
Jasha
Jp, A

<J7 A|U|pa7 Ja7 )\a; Py, Jbv )\b><pa7 Ja7 )\a; Pb, Jbv )‘b|U|le A/>7 (58)

nJaan

and it follows that
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10 = 3 BV D o . )

Thus the intensity of the decay products is parameterized as a function of €.

5.4 Parity Constraints

At this stage, a choice of phase is required which describes the eigenstates of the par-
ity operator. Following the convention of Jacob and Wick [64], the parity operator
P acts on a helicity state |.J, A) such that

PIJ,A) = (= 1) =A™ ]J, —A), (5.10)
while for the Hermitian conjugate,

1 .
(J,AIPY = (J, —A|U—J(—1)A—Je—””y, (5.11)
and for a two particle state |J,, Ay Jp, Ap),

P|Ja, )\a; Jb, )\b> = Uanb(—l)Ja-I_Jb_/\a-l_/\bemJy |Ja, —)\a; Jb, _)\b>- (512)

Combining equations 5.12 and 5.11 gives

<J7 A|PTUP|J(17 )‘a; Jbv )‘b> = M(_l)A_J+Ja+Jb_/\a+/\b<J7 _A|U|Ja7 _)‘a; Jbv _)‘b>

nJ
(5.13)
Parity conservation implies that
PIUP =U =P 'UP, (5.14)
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since P is a unitary operator. Hence defining hﬁ‘;‘ibb as (J,A|U|Jay Aa; Jo, Ap), then

JJaJ, Na b JatJo—J+A+(Np—Aa J Jg J
Ry, = . (—1)fetemF T )h_A_Aa_Abb- (5.15)

Equation 5.15 can be simplified by noting that in the (ab) rest frame, A = A, — A,.
Furthermore, defining the naturality of the exchange such that

= (-1)7 corresponds to natural parity exchange, while

= (—1)7+! corresponds to unnatural parity exchange,

then for natural-natural (or unnatural-unnatural) exchange, the product n,n,(—1)7=+%
must be positive, while for natural-unnatural exchange 7,1,(—1)7**7 must be neg-

ative. If these conditions are put into 5.15, then

ol g Ja
hivay, = Thoa 3o (5.16)

for natural-natural or unnatural-unnatural exchange, and

JJoJ, J Ja J
hA/\a/\bb = _h—A—/\a—/\bb (5-17)

for natural-unnatural exchange. This may now be applied to the density matrix

elements, where for natural-natural (or unnatural-unnatural) exchange

JI
Pan = E

<J7A|U|pa7 Ja7 )\a; Py, Jbv )\b><pa7 Ja7 )\a; Pb, Jbv )‘b|U|J/7A/>

nJaan

1
= Z <J7 _A|U|pa7Ja7_)‘a;pbv‘]bv_)‘b> X

nyn
Jaha Tl b
Jp, A

<p37 Ja7 _)\a; Pb, Jb? _)‘b|U|le _A/>

= p 4. (5.18)

For natural-unnatural exchange, 5.17 requires that all terms with A =X, =X\, =0

vanish.
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5.5 Moments

Equation 5.9 may be rewritten by using the identity

J)x J! ! ! ! L)x
DS () DY) = Y ()N Ch D Q) (5.19)
L(M)

where the C{J/k are Clebsch-Gordan coefficients. This gives

(2J—|—1)(2Jl‘|‘1) / / / * /
oy = 30 3 YRIENCIEN ey v cont D@t 20

For the case of natural-natural exchange with zero helicity, this simplifies to

2J 4+ 1)(2J" + 1 / N /
o) = Y YCLRVCIA D comepr@ypr. s
JJ!
L

Furthermore, the CP of the initial state is positive, and hence CP conservation for

~, KTK~, ete., implies that the final state must have JY =(even)**. Hence

1 * *
19) = —{Du"(Q)p3 + V(T35 DL (D)8 + (C550) Do ()]
+ 5[(CE DR (g + (Ca) DR ()0
+ (3D (3]} (5.22)

and using Dé%)*(ﬂ) =1 and p2) + poa = 2Repa, this gives

L (08 4 25D ()2Rep2 + 5(DR(9))2022). (5.23)

1) =—
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since the Dé‘é)(ﬂ) are real.

This approach is applicable at very high energies where the production mechanism
should be essentially pure DPE. However, in the more general case of J < 2,|A| < 1,
the procedure becomes more complicated. To overcome this, the method of moments
may be used. The moments H(L, M) are defined as being the expectation values of
DE\%(Q), that is,

H(L,M) = <Dg§g<m> - / (D (Q)d0. (5.24)

These are determined experimentally as

N
H(L,M) =Y Di(Qacer", (5.25)
=1

where ace; is the acceptance in that bin. Using the orthogonality of the DE\%(Q),

Y 4
substituting into 5.20 and 5.24 gives
' 1 1 (2J‘|‘1)(2Jl—|—1) 1
JJ!
AN

Using this form for the moments, a set of coefficients for each of the density matrix
elements may be calculated. Only moments with M > 0 need be considered as

independent, since
H(L, M)+ (-D)MH(L,—M) = 2ReH (L, M). (5.28)
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The parity conditions 5.18 are applied. This leads to the parameterization shown in

equations 5.29.

H(0,0) = pog+ poo + Poo + 2p11 + 2011

H(1,0) = 1.1548pps + 1.7888p17 + 1.0328p52

H(2,0) = 0.8944pgs — 0.4p17 + 0.4pg0 + 0.2858p7; + 0.2858pg0

H(2,2) = —0.4899p;", — 0.3499p3* | (5.29)
H(3,0) = —0.7688p17 + 0.6640p:2

H(3,2) = —0.6998p1%,

H(4,0) = 0.2857pz2 — 0.381p%7

H(4,2) = —0.3012p3,.

5.6 Phase Coherence

If phase coherence [65] is assumed, that is that all the amplitudes giving rise to
a given J,A are coherent (as might be expected if they are all associated with a
common production mechanism), and therefore their sum can be written as
' JodJ, .
Prr = Z(l + eAa/\bb(‘]v A)hrhir, (5.30)
Ja,Aa
b, b
then the indices J,, A,, Jp, Ay in expression 5.5 can be dropped. Thus equations 5.29

may be rewritten as
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H(0,0) = [Sof* + [Pl + | Dol|* + 2| Py |* + 2| D4 |*

H(1,0) = 1.15485, Py + 1.7888 Py, D%, + 1.0328 Py D;;

H(2,0) = 0.89445,D5 — 0.4 Py |* + 0.4| Po]? 4 0.2858| D1 | + 0.2858| Do

H(2,2) = —0.4899P;, P*, —0.3499D,, D*, (5.31)
H(3,0) = —0.7688P4; D%, + 0.6640P, D

H(3,2) = —0.6998P, D",

H(4,0) = 0.2857]|Do|*> — 0.381| Dy |?

H(4,2) = —0.3012D,,D* .

So, Py and Dy refer to the helicity 0 spin 0, 1 and 2 waves respectively, and Pyq,
D, refer to the helicity £1 spin 1 and 2 waves respectively. In practice, this means
that there are 8 moments to fit, but 14 free parameters (real and imaginary parts
of So, Po, Do, Pr1, P-1, Dy1, D_1). Since the overall phase cannot be determined,
one reference phase may be chosen in the definition of the complex quantities. In
an attempt to further reduce the number of free parameters, a similar method is
followed to that used by Estabrooks and Martin [66] in fitting the moments for
peripheral reactions. Here, since the helicity 41 and helicity —1 amplitudes are
expected to be small (supposing that the #*7~ channel is dominated by S wave),
then P.y ~ Py = P, and Dy ~ D_y = Dy. Furthermore, the phases are chosen
such that Dy and D; are both real, and Fy and P; both have the same phase, ¢p,

relative to the D-wave. The phase of the S-wave is denoted ¢s.

This means that a fit may now be performed to seven free parameters, |Sg|, ||,
| Dol, |P1], |D1], ¢s and ¢p, in each mass bin using the measured values of H(0,0),
H(1,0), H(2,0), H(2,2), H(3,0), H(3,2), H(4,0) and H(4,2).

70



5.7 Fit Ambiguities

In performing the fits to the mass bins, an ambiguity arises that results in fits of
equivalent quality being produced for different values of the S and P-waves [67].
To see how this occurs, consider equation 5.5 rewritten with the phase coherence

assumption explicit, that is,

/1 /3 1 /5 9
f= ESO + EPOZ + 3 EDO(?)Z —1), (5.32)

where z = cos # and the D matrix elements are written in full. Note that the helicity
one terms are are assumed to be negligible; a full analysis including the helicity one
terms leads to further ambiguities, but this is unnecessary in this simplified case,
since the helicity one terms have already been assumed to be small in order to reduce

the number of free parameters.

Now f may be written as

1
f = ay+az+ §a2(322 - 1) (5.33)
3, 1
= 5@22 + a1z + (Clo — 5@2). (534)

Since this is just a polynomial in z, it could be written in terms of its roots, z;, ¢.e.,

f= CH(Z - z), (5.35)

with ¢ complex. For L < 2 the zeros are given by

—a; £ \/a% — 4(%@2(610 — %Gz))
2(§a2) '

2

(5.36)

21,2 =
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However, it is not f that is observable, but the differential cross section, 3—?2, which

is given by

do 2 2L ' x
99 i = e (= - 2z - =), (537)

=1

This expression is clearly invariant under z; — 27, and hence it is not possible to
know a priori which zero (z; or zF) is the correct one to associate with f. Thus a
new set of solutions for f can be written by swapping, for example, 27 for z;. This

leads to

f = e(z—2))(z— ) (5.38)
= czfzg— (2] + 29)z + e’ (5.39)
(5.40)

Now since Di(a, 8,7) = 1, Dyg)(a. 8,7) = = and Di)(a,8,7) = 4322 — 1), it
follows that

2 1
f = czfzzpé%) — (2] + ZQ)D&) + c(gpé%) + g) (5.41)
2 1
ché%) —c(z7 + ZQ)D&)) + (2722 + g)Dé%). (5.42)

Comparing this with our original expression for f leads us to conclude that a new

set of amplitudes,

1
Sy = Vime(2iz + g) (5.43)
, AT
PO = — ?C(Zl —|— 22) (544)
2 |dr
D, = —\/— 5.45



can be generated which will provide identical values of |f|* and hence identical fits

to the angular distribution.

In this method, Dy will not change, because it has been chosen to be real. However,
the Sp and Py, waves can alter (although unitarity implies that |S5|* + |Pj|* =
|S0]?+|Po]?). In general, this will lead to 4 solutions, i.e., 21,22 —> 21, 22, 21 — 27,
29 —¥ 25, 21,22 — 27, 25, all of which provide identical fits. However, only two of
these are independent, since the remaining pair can be trivially obtained by complex

conjugation.

Note that, since in the PWA formalism the helicity one amplitudes are included, a
full ambiguity analysis would lead to further ambiguities. However, since the helicity
one amplitudes have been assumed to be small, it is only necessary to calculate the
ambiguous solutions using the method discussed above. In mass bins where the
helicity one waves are non-zero, the ambiguity will in general be resolved (i.e., the
solutions generated above will not provide identical fits to the moments). However,
in bins where the helicity one terms are close to zero, the ambiguous solutions will
provide very similar fits to the moment distributions. The appropriate solution is

chosen by using the following prescription.

1. Find one set of solutions, Sy, Fy, Do, Pi, D1, ¢s, ¢p, by fitting the moments.

2. Generate new Sy and Fy solutions (by making the substitution z; — 27, for

example).
3. Constrain the parameters to vary by small amounts and refit.

4. If this fit 1s better than the original fit, then assume the new parameters are

the correct values, otherwise allow the fit to return to the old values.
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5.8 Conclusions

In summary, a new method has been developed of parameterizing the angular dis-
tribution of the centrally produced 7+ 7~ channel in terms of the partial waves. The
parity constraints for this case have been determined, and these have been included
in the parameterization. Furthermore, a discussion has been given of the problem of
ambiguities in the fitted parameters which means that another set of solutions can
be generated which provide the same (in the case of pure helicity 0) or very similar
(in the case of small helicity 1 amplitudes) fits to the moments. This now allows a
fit to the angular distribution for WA91 data to be performed, and this is discussed

further in chapter 6.

74



Chapter 6

The 1992 777~ Angular
Distribution and Fit

In this chapter, the application of the formalism described in chapter 5 to the 1992
7tr~ data is discussed. It was noted in chapter 3 that the data taken during the
1992 run were classified by the directions taken by the outgoing protons into four

trigger types, namely

slow proton left, fast proton left (LL),
slow proton right, fast proton right (RR),
slow proton right, fast proton left (RL),
slow proton left, fast proton right (LR).

Since the majority of the 1992 data are LL triggers, and since the trigger type can
have an effect on the states observed in the 7t7~ mass spectrum (see chapter 7),

only the LL trigger types are discussed here.

Using the axes discussed in chapter 5, a set of angular distributions are produced as
a function of mass. The definition of the polar angles § and ¢ is shown in figure 5.1.

For each event, # and ¢ are calculated and then each event is weighted by the
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reciprocal of the acceptance for that event.

6.1 Calculation of Acceptance Weight

In order to calculate the appropriate weight for each event, it is necessary to sim-
ulate a data set. A “traditional” Monte Carlo method could be applied to do this,
i.e., a simulation where a model is used to describe the exchange processes in cen-
tral production and tracks are generated at random according to this formalism.
However, although such models exist (e.g., [68]), it is unclear how to incorporate
DPE, Reggeon-Reggeon and Reggeon-Pomeron exchange into a single description of
central production. Furthermore, trial runs using the CERN routine FOWL [69] and
a formalism to describe DPE only [68] were found to take prohibitively long runs of
computer time, but with limited statistics the results were found to be essentially

the same as those from the method discussed below.

A sample of events is generated by taking a sample of 30,000 real events and choosing
one beam and two fast tracks at random from different events in this sample, i.e., a
beam from one event, a py from another event and a second p; from another event
are chosen. The second fast track is used to simulate a slow track. This is because
in the experimental data the slow proton momentum spectrum does not extend to 0,
since the reconstructed slow track must have sufficient momentum to leave the target
(typically, this means that the slow track must have [p| > 0.3 GeV /¢, as may be seen
from the plot of reconstructed slow proton momentum shown in figure 6.1). Since it
is required in the simulation that the fast and slow ¢-distributions are the same at
input, slow tracks are simulated by transforming fast tracks into the centre-of-mass
rest frame, reversing the three-momentum components of the resultant vector, and
then boosting back to the lab frame. The combined tracks are then rotated around

the beam axis by random polar angles, ¢;.

A 717~ system is then made in such a way as to balance momentum and energy
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Figure 6.1: Reconstructed slow proton momentum.

exactly, assuming that the target proton is at rest in the laboratory system. If there
is not enough available energy in this event to give an invariant mass greater than
or equal to the mass of two pions, then the event is rejected at this point. The 77~
system is decayed isotropically in its rest frame, and then the resulting tracks are

boosted back to the centre-of-mass frame and then to the laboratory frame.

This method of simulating data has the advantage that the details of the kinematics
at input do not need to be known, that is to say a formalism to describe the exchange
mechanism is not needed. Furthermore, it is relatively fast, allowing a few hundred

million events to be to be generated in a few hundred hours of computer time.

A set of acceptance tables is calculated using the measured positions of the detectors
by tracing tracks generated in bins of momentum, p, polar angles § and ¢, and vertex
x-position, v,, through the detector planes. In the case of the slow proton, the energy
losses experienced in the target and box counter are taken into account. A plot of
the momentum loss, dp, predicted for the slow proton against its final momentum
is shown in figure 6.2, where it is seen that the energy loss primarily affects the low

p region. The “band” structure in this plot is due to the effect of binning the data
7
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Figure 6.2: Predicted momentum loss experienced in target against final momentum.

in cos §. Fach simulated event is required to satisfy the same trigger conditions as
the real data, i.e., the fast track must trace through Al and A2, and a slow proton
must trace through TB(1), CL(5), CL(7) and SPC(L). In order to be reconstructed,

each pion must trace through at least 4 B chambers.

In liquid hydrogen, for momenta less than a few hundred GeV, pions lose about
4 MeV/g cm™% above 3y ~ 3 [4]. For ~50 cm of hydrogen target material the energy
loss is a few hundred MeV for all p being considered. This small correction can be
taken into account in the Monte Carlo, but is found to have little effect on the final

results.

Using the acceptance tables, the generated tracks are traced through the detector
planes. It has been found necessary to include two efficiency corrections which are
functions of momentum. The first of these corrects for the efficiency of the SPC(L)
slabs. To see how this comes about, consider the slow proton momentum spectrum
for each slab, normalized to slab 7 (this slab is used because it has the largest
pulse height for a given momentum of all the slabs in SPC(L)). A sample of these
plots, smoothed by the 353QH algorithm [70], are shown in figure 6.3. It may be
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Figure 6.3: Slow proton momentum normalized to slab 7.
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seen that while some of the slabs exhibit a fairly flat efficiency as a function of
momentum (figures 6.3 a and b), others show a drop in efficiency at a momentum
of approximately 0.5 GeV/c (figures 6.3 ¢ and d). This efficiency is due to the
discriminator cut placed at trigger level on each slab pulse height. Efficiency curves
such as the ones shown in figure 6.3 are made for all the slabs in SPC(L) and are

used as corrections in the Monte Carlo procedure described above.

The second correction as a function of momentum applies to the central tracks.
Here it is found that the efficiency of TRIDENT for reconstructing a vertex is
correlated with the momentum of the pions, particularly at low momentum, where

the reconstruction efficiency is poor.

In addition to these corrections, the same cuts are applied to the Monte Carlo data

as are applied to the real data, namely the diffractive mass cuts on the pr systems.

A comparison between the kinematic distributions produced by the simulation and
those observed in the data is given in chapter 7, where it is shown that good agree-
ment is produced between the predicted behaviour of the 4-momentum transfer at

both the fast and slow vertices and that observed in the data.

For the simulated data, values of § and ¢ are calculated in 100 MeV bins of 77~
mass, both before and after the acceptance corrections are applied. The output of
these divided by the input produces a set of corrections which describe the inverse
of the acceptance weight in each mass bin. These are shown in figures 6.4 and 6.5,
where it may be seen that the corrections are smoothly varying functions of cos 8,
¢ and 777~ mass. The majority of the structure observed is due to the diffractive

cuts.

The acceptance weight for each event is then found by taking the reciprocal of the

acceptance for those values of m, cosf and ¢.
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6.2 Moments

The moments are calculated according to the prescription discussed in chapter 5,

that is

H(L,M) =Y D (Q)ace

are found for each L, M. For the 1992 data, the moments are shown in figures 6.6
and 6.7. Other moments are generally consistent with being zero for all m; in

particular, very little activity is seen in moments with L > 4.

In order to understand the error calculation on each bin, consider a histogram bin

with x entries, filled such that

N
T = E ws,
=1

i.e., the ith entry is weighted by w;. Then # = N{w), where (w) is the mean value
of the weight for that bin. Assuming that N and w are independent, then

() =)+ (%)

Now for Poisson statistics, oy = v/ N. Furthermore, the error on (w), o,y is simply

Tw 2

2 N
Nk where o2 = > ", 0., and hence

O\ 2 1 UZU
(=) 4o

X

Then

and thus,

0.2 = N{w?) = wa. (6.1)
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Figure 6.6: Acceptance corrected moments.
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The effect of the w(783) reflection from the channel pp—s 7T7~ 7% discussed in
chapter 4 is taken into account by generating w(783) events, calculating the angles ¢
and ¢ in the PWA axes for decays of the simulated particles, and then generating a
set of moments for these # and ¢. The fit discussed in chapter 4 gives the amount of
w(783) reflection needed to fit the 77~ mass spectrum as being (7.5 +0.7) x 107,
Taking into account the number of events generated by the w(783) simulation, this
corresponds to 3.040.4% of the total number of events in the 777~ mass spectrum.
This value is used to normalise the w(783) moments, which are shown in figures 6.8
and 6.9. These are then subtracted from the 77~ moments, resulting in the 77~

moments shown in figures 6.10 and 6.11.

The imaginary parts of all moments are found to be consistent with zero in all mass
bins. Furthermore, if a set of data are generated using this simulation technique
(i.e., flat in cos f and ¢ for all masses), then applying the acceptance tables to these
data and correcting them using the acceptance weights, produces moments which

are again found to be consistent with zero in all mass bins.

6.3 Fitting procedure and ambiguities

The moments are fitted to the parameterization developed in chapter 5 indepen-
dently for each mass bin. The fitting is performed by minimising y? in each mass
bin using MINUIT [56]. All the parameters are constrained to be positive, with
the phase angles further restricted to less than 27. This results in the fits shown
in figures 6.12 and 6.13.  The fit parameters as a function of mass are shown in

figures 6.14 and 6.15, together with the minimized x? value for each mass bin.

It may be seen that the quality of the fit is reasonable in most mass bins. An
examination of the fit parameters shows that the S-wave clearly dominates at low
mass, although there is some P-wave below 1 GeV/c?. The D-wave activity is

consistent with being close to zero at low mass, and the resonant D-wave at the
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Figure 6.10: Acceptance corrected moments with w(783) contribution removed.
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mass of the f3(1270) is clearly visible in figure 6.14(c). The helicity one terms in this

parameterization are both relatively small.

In order to test the stability of the fit to the choice of reference phase, the analysis
has been repeated using different reference phases (for example, using the S-wave
as the reference phase and ¢p and ¢p as the free parameters). All cases resulted in
similar fit qualities and similar values of the fitted parameters. It should be noted
that a good fit cannot be obtained if the parameterization is changed so that the

helicity 1 terms are fixed to zero.

6.4 Parameterization of the S-Wave

The interfering fo(980) parameterization used in the mass spectrum fitting described
in chapter 4 has been applied in a fit to the S wave mass spectrum. The interference

between the f5(980) and the background is taken into account by writing

dN

dm ~

G(m) |1 —|— Afo(ggo)FW(m)eiél |27

where the definitions are the same as those used in section 4.3. No other resonant
states are included. The y? per degree of freedom for this fit is 2.1, which is rather
poor. As found for the fit to the mass spectrum, the S-wave cannot be fitted in
this formalism in the 1.5 GeV/c* region. Instead, an interfering Breit-Wigner term
is introduced in the same way as detailed in chapter 4, with mass and width fixed
to the values found for the fit to the mass spectrum. This leads to a fit with y? per
degree of freedom of 1.28. A comparison of the fits with and without the interference
term in the 1.5 GeV/c? region is shown in figures 6.16 a) and b). The full fit with

the extra interference term is shown in figure 6.17. Using this parameterization, the
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f0(980) parameters are

mey9s0) = (098=0.01) GeV/e?
g = (0.23£0.04) GeV/c?
gx = (0.1£0.1) GeV/c?
5 = (97+5)°,

in reasonable agreement with the mass and couplings obtained from the fit to the

total mass spectrum.

A fit where the mass and width of the 1500 MeV /c? state are left free gives a x* per
degree of freedom of 1.15, with m = 1.4540.05 GeV/c* and I' = 0.354+0.10 GeV /2.

There is no evidence of another scalar state around 1700 MeV /c? in addition to the

state at 1500 MeV/c%.

6.4.1 Other Parameterizations of the S-Wave

The WA91 S-wave mass spectrum presented above appears to be quite similar to
that obtained by the AFS Collaboration, who also studied the centrally produced
mtr~ system, but at a higher centre-of-mass energy of /s = 63 GeV [71]. At this
energy, the exchange mechanism is dominantly DPE, and hence AFS only fitted the
helicity 0 terms in S and D-waves. The AFS S-wave mass spectrum is shown in
figure 6.18. The fit is from Au, Morgan and Pennington (AMP) [57]. This is a fit
to the poles of the K matrix. A description of the K matrix formalism is given in

[72], and only a brief discussion of the formalism is given here.

The K matrix expresses the unitarity of the S matrix for processes important in
meson spectroscopy. The elements of S are the scattering operators for the amplitude

that an initial state |¢) will be scattered into a final state |f), i.e.,

Syi = ([15]8).
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To ensure that the initial and final states experience some interaction, the transition
operator, T', is defined by
S=1+2uT,

where [ is the identity operator. Unitarity implies that
SSt=519 =1

and then
T —TY=2%TIT = 2,TT?.

This may be transformed to
(T 4D =T 441
and then the K operator may be introduced as
Kt =T7" 44l
From this, it may be shown [72] that
T=K(I—-iK)"'=({—-iK)'K.
In 2-channel problems, S, T" and K become 2 x 2 matrices, S, T, K.

The Au, Morgan and Pennington parameterization of K is of the form

where the ffj are the couplings to each channel, and the ¢ are terms of a polynomial
to represent a background. T is then given by T'= K(1 —ipK)~'/(s—so), which is
slightly modified from the form shown above by the factor p, which represents the

breakup momenta to each channel. The cross section for DPE is

app(m) ~ 1/M?* (a1 " Tiy + a3 Th),
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where the «;’s are expressed as

n S
ai:;ai <4m12(> .

According to Au, Morgan and Pennington, these are the intrinsic couplings which

describe the propensity of the production process to initiate production in channel .
[57] also shows that for central production, Tj; is related to the observed S-wave

cross section by scaling by a factor of 1/m?.

It is possible to use this form directly to obtain the overall shape of the WA91 77~
S wave, and a comparison of a typical set of parameters used in this formalism
with the WA91 data is shown in figure 6.19. However, attempts to fit the mass
spectrum using this parameterization have not been extensively pursued. This is
because the parameterization was developed to simultaneously fit data on central
production, 7w — 77 scattering and 7 — KK scattering. The fit shown in
figure 6.18 was obtained using 24 parameters, and although the quality of the fit is
certainly impressive, it is not clear how the final fitted parameters depend on the 77

scattering data. In particular, changing the values of the «;’s can change the shape
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of the fit by a large amount. Au, Morgan and Pennington claim that the elements of
T may be determined in principle from the 77 scattering data, and then the central
production data may be used to determine the «;’s (although they do add that the
AFS results “...provide significant extra information on [T};]...”). Ideally, then, the
WA9I central production data should be fitted simultaneously with 77 scattering
data, which would enable us to constrain the fit by unitarity explicitly. This would
be an interesting, but difficult, exercise, and instead an alternative parameterization

of the A" matrix has been used to fit the S-wave mass spectrum.

This parameterization is due to Anisovich et al. [73], and is discussed in some
detail in [74, 30]. The formalism fits the background and generates a narrow f,(980)

through interference between two broad K-matrix poles,

2 2 2

. q: G2 s—m?2/2
K, =

i (Mf—s+M22—s> )

. 9K emers L —s0\ s—m2/2
K = K 7r
12 (MIQ_S Mzz—s—l_fks—so)

Ko Gy Gk )rzmof?
ME—s M:2-—s s 7
o Ky —ipr (KK — K3)
11

L —ip, K1 —ipr Koo — prpr (K11 Ko — [(122)‘

The poles of the K-matrix do not correspond directly to resonant states. In partic-
ular, it should be noted that the poles are not in themselves supposed to represent
the £5(980), fo(1300) or f5(1500). Bugg, Sarantsev and Zou [30] claim that the
1300 MeV/c? and 1500 MeV /c? states can be generated in this parameterization
by adding further K-matrix poles. However, the parameterization then suffers from
problems with numerical convergence since the poles must generate a narrow f5(980),

and so it is inappropriate to add extra poles in this way.
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Figure 6.20: Fit to the S-wave mass spectrum using the T-matrix parameterization.

Since this parameterization was not initially developed for multi-channel fits, it does
not have the same problems as that discussed above for the AMP form. Using this
method, the S-wave mass spectrum is fitted, and the fit shown in figure 6.20 a is
obtained. An expanded view of the 1.5 GeV/c? region is shown in figure 6.20 b. The
x? per degree of freedom for this fit is ~ 1.35, giving a good fit to the data. The
fit parameters are given in table 6.1. In this parameterization, the ¢, G couplings
are allowed to be negative. It may be seen from figure 6.20 that the two poles do
indeed interfere to apparently produce a narrow f,(980). However, the poles of the
K matrix are merely a convenient way to parameterize a mass spectrum, and do not
correspond directly to physical states. Instead, it is important to find the poles of
the S matrix. Since the S matrix is related simply to the T' matrix in this formalism,

it is necessary to find the poles of T. These are given by

11— Z.pwl(ll — Z'pj(l(zg — pwp]((l(lll(gg — [(122) =0.
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Table 6.1: The parameters for the fitted 7t7~ mass spectrum.

Fit Parameter Value

M, (0.744 0.01) GeV/?
M, (1.31£ 0.02) GeV/c?
Jn (0.684 0.01) GeV/c?
gK (-0.5+ 0.03) GeV/c?
Gy 0.01=+ 0.01 GeV/c?

G (-0.69+ 0.01) GeV/?
Jrie 0.71 £ 0.01

S0 (-0.840.1) GeV?/ct

It is found that the sheet IT pole is at ((1009 £ 2) — (280 + 2)) MeV/c* and the
sheet III pole at ((894 £ 2) — (1135 & 2)) MeV/c*, both of which are very far
from the physical region (corresponding to two very broad poles for the f,(980)).
These are certainly not consistent with the sheet II and III poles calculated for
the fit to the total mass spectrum, nor are they consistent with the results found
by Bugg et al. of (1005 — i36) MeV/c? on sheet IT and (983 — i112) MeV/c* on
sheet III [30]. This indicates that although the parameterization has led to a good
fit, the fitted parameters do not correspond to the relevant physical quantities, and
suggests that a fit using only an f(980) and interfering background in this formalism

is inappropriate. Two points should be noted :

o The caveat concerning adding further poles directly to the K-matrix, i.e. this

leads to poor numerical convergence.

e A problem arises similar to that mentioned in the discussion of the AMP for-
malism. Although the parameterization of the S-wave background is appro-
priate for use in fits to single channels, Bugg et al. add poles to the T-matrix
corresponding to the fo(1300) and fp(1500) in multi-channel fits to several

S-wave spectra from a variety of experiments, together with other poles to
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describe resonant terms in other waves. The new poles interfere with each
other and the original background and f,(980). Although these can be added
in the present analysis, fitting this modified T-matrix has not been attempted
extensively, since in the case of multi-channel fits data from one reaction can
presumably be used to constrain the amount of interference that a particular
pole gives in another data set. In the present case of a single-channel fit, how-
ever, these constraints are not available, and hence it cannot be determined if
a particular fit corresponds to the physical states present. For example, the
fit obtained using the T-matrix parameterization above gave a good x?* per
degree of freedom, but the poles of the f3(980) produced by this fit were very
far from the physical position of the f5(980) in the complex s plane. Adding

further poles only worsens this problem.

To summarize, although the fit to the T" matrix formalism without a term to de-
scribe directly the f(1500) has a reasonable fit probability, it leads to S matrix pole
postions which are inconsistent with the physical f,(980). This suggests that there
are other states which affect the fit parameters, but which are difficult to include in

a single-channel fit.

There are many other ways to parameterize the S-wave mass spectrum. Ishida et al.
[75] claim that the related central 7°7° mass spectrum can be fitted using only Breit-
Wigners to describe the f5(980) , the f3(1270) and a very wide (~ 500 MeV/c?) state
at low mass (~ 500 MeV /c?), and they also claim that unitarity can be applied to this
method directly. Morgan and Pennington [76] have published further refinements to
their previous methods, again to be used in multi-channel fits. This is supposed to
enforce unitarity rigourously for all channels. The parameterizations applied above
do not satisfy unitarity completely, since they are fits to only one channel from
one production mechanism. It would certainly be interesting to include the WA91
data in a full analysis of several data sets coming from different reactions using a
unitarized fitting procedure. The most appropriate method to do this would be to

apply the T" matrix formalism discussed above.
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Figure 6.21: Fit to the D-wave mass spectrum. The dashed line represents the

background contribution.

6.5 Parameterization of the D-Wave

The D wave mass spectrum has been fitted in the region 1.0 <m_4_- < 2.2 GeV/c?
using a relativistic spin-2 Breit-Wigner to describe the f3(1270) and non-interfering
background of the form (m — mth)aeﬁm"'ww. This gives the fit shown in figure 6.21,

with parameters for the f5(1270),

my, = 1.3140.02 GeV/c?

2

Iy, = 0.15+0.04 GeV/c?,

2

which are to be compared with the Particle Data Group values m = 127545 MeV /¢?
and [' = 185 £ 20 MeV/c? [4]. The x? per degree of freedom for this fit is ~ 1.67.
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6.6 Conclusions

The angular distributions from the 7t~ mass spectrum have been acceptance cor-
rected, and these have been used to calculate the moments. Taking into account the
effect of the w(783) reflection coming from the 7*7~ 7% channel, the moments have
been fitted according to the parameterization developed in chapter 5. This leads
to reasonable fit qualities in most mass bins, and allows a study the variation of
each partial wave with mass to be performed. Below 1 GeV/c%, the ntn~ channel
is dominated by S wave, with a smaller amount of P wave. Above 1 GeV/c*, the D

wave f5(1270) state is clearly seen.

Two parameterizations have been used to fit the S-wave mass spectrum. If the
same parameterization is used as that for the fit to the total mass spectrum, it is
found that the fit quality can be improved considerably by the inclusion of a state
interfering with the S-wave background at around 1.5 GeV/c?, with a width of
around 200 MeV/c*. A fit to poles of the K-matrix finds that if no other states are
included besides the f5(980) interfering with the background, the poles of the f,(980)
in the complex s plane are inconsistent with the physical pole positions, suggesting
that further poles may need to be added in this formalism. It is not easy to do
this in a way which gives reasonable fit convergence, although this problem could
possibly be overcome by performing a unitarized multi-channel fit, at least to the
centrally produced mm and KK systems. It would also be interesting to include data

from other reactions, such as 7m — 77 or 77 — KK scattering.
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Chapter 7

Study of Trigger Types in the
1994 7+ 7~ Channel

7.1 Introduction

Data were taken by the WA91 collaboration in 1994 at the same incident beam
momentum as 1992 of 450 GeV /¢, equivalent to a /s of 28 GeV. The experimental
layout for the 1994 run is shown in figure 7.1. The most important difference between
the 1992 and 1994 runs is the inclusion of the two Cerenkov detectors in 1994; these
were used in order to give access to channels such as KK. The 1994 trigger for
7T7~ events is essentially the same as the 1992 trigger. However, improvements
were made in the conditions for triggering on events with slow particles in the right-
hand slow detection system (i.e., box right, C right MWPCs and SPC(R)). This
resulted in improved statistics in the RL and RR channels. Furthermore, the elastic
veto in the LR and RL channels was made easier to interpret by requiring that in
these cases a hit was recorded in the downstream hodoscope HY1, leading to further

improvements in the statistics for RL and LR triggers.
A 7t7~ mass spectrum was obtained from these data using similar cuts to those
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Figure 7.1: WA91 1994 experimental layout.
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used in the analysis of the 1992 data, that is reactions of the type

pp — ps (7F77) ps

where the subscripts f and s refer to the fastest and slowest particles in the lab-
oratory frame respectively, were selected from the sample of four-prong events by

requiring

|missing p,| < 14.0 GeV/e,
|missing p,| < 0.16 GeV/c,
|missing p,| < 0.08 GeV/c,

where |missing p;| is defined by
missing p; = pi, — Pi; — Pi. — Pi_y — Pi__»
and the subscript b refers to the incident beam track,
—0.3 GeV?*/¢* < (Ehrlich Mass)? < 0.16 GeV?*/c?,

and finally

mp+ > 1.5 GeV/c?,

Mpa— > 1.5 GeV/c?,

Myt > 1.5 GeV/c?,

my - > 1.5 GeV/c?,
in order to reduce the diffractive contributions to the pm channels. Plots of the

missing momentum components, the Ehrlich Mass and the pr mass spectra are

shown in figures 7.2, 7.3 and 7.4, compared with the same variables after the cuts.
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described in the text.

A comparison between the 1992 and 1994 7t7~ mass spectra obtained after these
cuts is shown in figure 7.5, where an enhancement of the p(770) and f(1270) signals
is observed in the 1994 sample. In order to understand this, it is important to note
that the 1992 data are essentially all LL triggers; as mentioned above an important
improvement in the 1994 data was the increase in statistics for all trigger types.
This allows us to divide the 1994 data into LL, RR, RL and LR trigger types with
enough events in each to allow separate analyses to be done. If this distinction is
made, and the 7t7~ mass spectrum for the 1994 data is replotted as a function of
trigger type, the excess p?(770) and f3(1270) production in the 1994 data is seen to
be due to the RL and LR triggers, as shown in figure 7.6.

7.2 Trigger Effects

At least one of the pions in the LR and RL triggers is required to hit HY1, and it

may be that this has an effect on the mass distributions for these trigger types.
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112



Events/ 0.02 Gey/c”

Events/ 0.02 GeV/c”

0.5 1 15 2 0.5 1 15 2
m_. /| GeV/c? m_. | GeV/c?

(a) 1992 data (b) 1994 data

Figure 7.5: 7t7~ Mass Spectra.

113



Events/ 0.02 GeV/c?

=
o
(@)
o

800

600

Events/ 0.02 GeV/c?

400

200

ﬁ \ a)

.

Tt
15 2
m__/ GeV/c®

0.5 1

# ©

! b
1
i

—-

i
4 n

.

+
Fhp
ER R
AR

ittt
\\\\\\\\\\\\\\\\\fﬁ\

0.5 1 15 2
m_/ GeV/c?

“o
S 2250
G 2000

S
< 1750
2 1500

o)
2 1250
1000
750
500
250

< 1800

$

© 1600

o

S 1400

)

£ 1200

i 1000
800
600
400
200

L

\H\‘HH‘H\\‘HH‘HH‘HH‘HH‘HH‘HH‘H
-

b)

"
RN
i,

e e

0.5 1 15 2
2
m_./ GeV/c
- |
- t
- + Hy
= i ﬁ
- t
. ﬂ
= '
£t 4
E— i
coy A
O+ H ++
o !
F Y,
E L ‘ I O ‘ I ‘ [ ) T#**Tﬂ“‘*tﬂ
0.5 1 15 2

m_./ GeV/c?

Figure 7.6: 7¥7~ mass spectra for given trigger type a) LL, b) RR, ¢) RL and d)

LR.

114



) = [%] =
T 10000 E- §35000 =
= B 30000
60000 c
B 25000 |
50000 — .
E 20000
40000 -

30000 15000 - —
20000 10000
10000 - 5000 -

o | | | o | | |

o ot T None o ot T None
mat HY1 mat HY1
(a) LL (b) LR

Figure 7.7: 7 hits at hodoscope 1.

By tracing data from the interaction vertex to the hodoscope plane, it can be cal-
culated how often 0, 1 or 2 pions reach the hodoscope. These relative proportions
for LL and LR events are shown in figure 7.7, where it may be seen that it is more
likely for both pions to reach the hodoscope plane in LR events than in LL. The
small proportion of events in the LR triggers where no pions apparently reach the
HY1 plane are due to tracing errors and hodoscope noise, and it is found that of
these events, ~ 95% are in fact associated with a signal in the hodoscope. Plots
of the mass spectra as a function of number of pions tracing to the hodoscope are
shown in figure 7.8 for both LR and LL events. It is clear that requiring the same
trigger condition on the LL events as on the LR (i.e., that at least one pion must
reach HY1) does not produce a good agreement between the forms of the two mass

spectra.
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7.3 Trigger Classification of Events

In practice, it has been found that fast tracks are often tagged by the trigger in a
way which does not correspond to the physical directions taken by the fast and slow
tracks from the interaction vertex. To see why this happens, consider some simple
examples. First recall that the y-direction in the 2 coordinate system is in the sense
that positive y lies to the left of the x-axis. Now consider an event where both the
fast and slow protons are produced with p, > 0 GeV/c (i.e. travelling to the left).
The slow proton will always trigger left, because there is good spatial separation
of the slow left and slow right trigger elements. The fast proton will also trigger
left (that is it will hit A2L), since positively charged particles bend to the left in
the Q magnetic field. Thus an event where both the fast and the slow particles
are produced with p, > 0 GeV/c must, if it triggers at all, trigger LL, as shown in
figure 7.9 a.

However, now consider the case where the slow proton is again produced with
py > 0 GeV/e, but the fast proton has p, < 0 GeV/e, that is to say a fast right.
Again, the slow proton will trigger left, but now the fast proton, depending on its
momentum, may in fact bend round in the field to such an extent that it crosses the
pe = 450 GeV/c line (i.e., p, = 0) and hits A2L. This means that an event which
should be recorded as being LR, can trigger LL. This is illustrated in figure 7.9 b.

It is convenient at this stage to introduce the variable p, ,. This is defined to be

the p, of the fast track relative to the p, of the beam, i.e.,

Py, = pyf — Pyp>

where p,  and p,, refer to the y-component of the fast track and beam momentum
respectively (note that both are in general small). This variable enables us to define
the 4 types of events independently of how they actually triggered. (Note again that

it is easy to determine whether the slow proton is of the left or right type, since the
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two parts of the slow proton detection system are well separated spatially.) Using
Py,..» 1t may be determined how often a “true” event of a particular type triggers as
being a different classification. It is found that for RR and LR triggers, mismatching
of the trigger type occurs around 30% of the time. Therefore, p, , should be used to
define the trigger classification, and the fast trigger system should not be relied on
to perform this task. Using this new definition of the trigger types, the 777~ mass
spectra may be re-examined. These are presented in figure 7.10, again for the cases
where two ms, one 7 or no ws trace to HY1. Figure 7.10 clearly shows that even if
only true LL and LR events are considered, then using the same trigger conditions
on HY1, there is still an excess of p°(770) and f3(1270) production in the LR case.
Indeed, by comparing figure 7.10 with figure 7.8, it is seen that the small p°(770)
signal present in the triggered LL events where at least one pion traces to HY1 has
been reduced in the real LL events defined by p, ,. This suggests that the p°(770)
in triggered LL is due predominantly to real LR events that have been incorrectly
classified by the fast trigger system. In conclusion, the enhancements in the p°(770)

and f5(1270) mass regions are not due to trigger effects.

7.4 4-Momentum Transfer Dependence

In central production, it has been observed by the WAT76 collaboration [43] that the
amount of p°(770) production varies with the 4-momentum transfer at the vertices,
and specifically that the p°(770) signal to background ratio is larger at higher ¢ in
the 7T7~ channel. Therefore, it is important to test whether the LL./RR triggers
are biased to low ¢, and equivalently whether LR/RL triggers are biased to high ¢,
thus selecting DPE or Reggeon-Reggeon/Reggeon-Pomeron Exchange respectively.
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7.4.1 Monte Carlo Sample

In order to do this, a set of simulated data are generated under the assumption
that there is no correlation between the fast and slow vertices, as expected for DPE,
using the event generator described in section 6.1. A new set of acceptance tables
is made using the 1994 positions of the detectors used in the trigger, including a
table to describe the slow right system. For the 1994 run, the slow trigger was
changed slightly so that slow lefts were required to trace through TB(1), CL(7),
CL(10) and SPC(L), and slow rights through TB(2), CR(8), CR(10) and SPC(R)
(¢f section 6.1).

In the reconstruction of slow rights, it was found that tracks may have satisfied the
trigger conditions, but were not in fact reconstructable by TRIDENT since they
did not pass through enough planes of the C chambers (see figure 3.3). However,
statistics for such events were improved by reconstructing the z coordinate in the B
chambers where possible. This has been incorporated into the acceptance tables by
requiring slow right tracks to satisfy the usual trigger conditions described above,
and at the same time requiring that they either trace through five C chambers, or

that they trace into the B chambers, that is,

(TB(2) AND CR(8) AND CR(10) AND SPC(R)) AND ((Traces through 5 C
chambers) OR (Traces into B chambers)).

It has not been found necessary to include the slab efficiency as a function of slow
particle momentum correction used for SPC(L) in the case of the slow right sys-
tem, since the efficiencies as a function of momentum are flatter, and make little
difference to the final results other than an overall loss in statistics. However, in
TRIDENT it was found necessary to introduce an offset in the position of the right
C chambers in order to improve the quality of the Ehrlich Mass spectrum for the
1994 data. This has the effect of underestimating the p, of slow rights for very low

pz. Furthermore, the track reconstruction for slow rights attempts to fit the tracks
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Table 7.1: Values of the slope parameter « for ¢ in the Monte Carlo input.

Trigger | o / GeV~2

Fast 8.0+0.1
Slow 8.3+0.1

to a circle. While this is appropriate for tracks which pass through the chambers
close to the target region (where the field is approximately uniform), it gives rise to
problems in the reconstruction of tracks which pass through the chambers at large y,
since the field in this region is no longer uniform. Ideally, both these effects should
be simulated in full, for example using GEANT [77]. However, this would require
an extremely detailed study, and in order to save time all events with a slow right
with p, < 0.075 GeV/c and all those which pass through the chambers at y > 65 cm

have been removed.

In order to examine the ¢-dependence, the p°(770) mass region in the 7t7~ system
is selected, that is the cut 0.7 GeV/c? < m_+_ - <0.9 GeV/c? is applied. Shown in
figures 7.11 and 7.12 are the ¢y and ¢, distributions for the data before acceptance
correction, in figure 7.13 the ¢ distributions used as input to the Monte Carlo,
and in figures 7.14 and 7.15 the t-distributions of the Monte Carlo data after the
acceptance tables have been applied. Also shown are fits of the form Ae™*! in the
region 0.1 GeV? <t < 0.6 GeVZ%.  Values of the slope parameter a for each of the
plots is given in tables 7.1 and 7.2, where the errors are statistical only. For fits to
the raw data, x? per degree of freedom is typically ~ 1.7, while for the fits to the
simulated data y? per degree of freedom is much worse, typically ~ 10. This may
be expected, since at very high statistics the acceptance will presumably change the
slope from being a pure exponential. However, the slope can still be assumed to
give some indication of how the data vary with ¢. By comparing the values of o in
the data against those produced by Monte Carlo, it may be seen that they are not
too dissimilar for the LI, and RR cases, but the Monte Carlo predicts rather higher

(more negative) values of o compared with the data for the LR and RL cases. This
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Table 7.2: Values of the slope parameter « for ¢ in the raw data.
Trigger | Uncorrected Data « / GeV~™2 | Monte Carlo After Acceptance a / GeV~2
LL fast 7.3+0.1 7.62+0.12
LL slow 7.80 £ 0.15 8.30+0.10
RR fast 7.34+0.3 7.90+0.13
RR slow 11.84+0.3 10.90 £ 0.11
LR fast 6.0+ 0.1 7.954+0.10
LR slow 7.1+0.1 8.194+ 0.05
RL fast 6.4+0.3 7.60 + 0.05
RL slow 11.74+0.3 10.95 £ 0.08
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Table 7.3: Values of the slope parameter « for LL and LR in the corrected data.

Trigger | a / GeV ™2

LL fast | —8.0+£0.1
LL slow | —8.04+ 0.1

LR fast | —=7.34+0.1
LR slow | —=7.440.1

suggests that the assumption that there is no correlation between the vertices is

incorrect.

A set of correction curves are made by dividing the Monte Carlo data after accep-
tance by the Monte Carlo input data. These curves (unsmoothed) are shown in
figures 7.16 and 7.17. Using these curves, the data {-distributions are corrected on
an “event-by-event” basis, that is each event in the data is weighted by the inverse
of the relevant acceptance for that event. The fitted ¢-distributions for the corrected
data are shown in figures 7.18 and 7.19. Values of the slope parameter « for the LL
and LR corrected data are given in tables 7.3. To find these values of , a maximum

likelihood method was used. Specifically, the function to be maximised was given

by

InL(ty,... tn;a) = —Zmlﬂ(}_(th--- v a),

with
F(ty ... ty;a) = Nae(t=1),

N being the total number of events and ¢y being the lower limit in ¢ from where the
fit begins. Maximising In £ as a function of « gives an estimate of the value of «
which makes this interpretation of the data most likely. This method is particularly
applicable to functions which vary rapidly over the parameter space being considered

(such as steep exponentials) as no information is lost through binning. However, it
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Table 7.4: Values of the slope parameter o for RR and RL in the corrected data.
Trigger | a / GeV ™2

RR fast | =7.7+£0.2
RR slow | —9.0 £ 0.7

RL fast | —6.94+0.5
RL slow | —=6.0£1.0

Table 7.5: Values of the slope parameter o for LL and LR in the f3(1270) mass

region.

Trigger | a / GeV ™2

LL fast | —6.0£0.2
LL slow | —6.0+£ 0.2

LR fast | —=5.4+0.2
LR slow | —=5.64+0.2

has the disadvantage that it does not provide “goodness-of-fit” information, as may
be obtained from a minimum y? fit. The quality of the fit may in part be estimated
by an examination of the plots, where it is observed that the data and the fit are
very similar over the ¢ range being fitted. In fact, y? fits have also been performed,

which gave very similar results with reasonable fit qualities.

Fits to the RR and RL data give the results shown in table 7.4. Since the uncorrected
data are poor in the region [¢t| > 0.3 GeV? for the RR and RL slow slopes, values
of |t| above this value are not fitted in the corrected slopes. It may be seen that
both the RR slopes and both the RL slopes are in reasonable agreement with the
equivalent slopes for LI, and LR respectively, although the errors are relatively large,

particularly for the slow slopes.

The same analysis for LI and LR triggers has been performed in the mass region
L1<m_4 - <14 GeV/c?, corresponding to the mass around the f»(1270). This
gives the acceptance corrected slopes for LL and LR shown in table 7.5. The data

are compared with the same slopes in the p(770) mass region discussed above in
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figure 7.20 [78]. Some variation of the |¢| slopes with mass is observed, since the
slopes in the f3(1270) mass region are rather shallower than those in the p°(770)

mass region.

7.5 Comparison With Other Channels

*tn~ taken during the

Shown in figure 7.21 are mass spectra for KY K~ and #tn~x
same run of WA91 [78]. The K*K~ mass spectra are shown in figures 7.21 a and
b. The £,(1525) is a well known qq state, and is seen with a considerably stronger
signal in the LR case. Interestingly, the 6/f;(1710) signal in KK~ is dominant in

_|_

the LL mass spectrum. The 777~ 7T7~ mass spectra shown in figures 7.21 ¢ and d

show a clear enhancement of the qq state f;(1285) in LR triggers.

7.6 Comparison With Other Experiments

The SFM Collaboration also observed that the directions taken by the outgoing
fastest and slowest particles in central interactions are correlated with the cen-
trally produced states [79]. They studied the central #%7~ channel at an energy of
Vs =62 GeV, and calculated the azimuthal angle (A¢) between the two outgoing
protons in the transverse momentum plane in the centre-of-mass, determining the

ratio

R =(Ng— Ni)/(Neg + Np),

as a function of mo+_ -, where Ng(Np) is the number of events with A¢ greater
(less) than 90°. This is shown in figure 7.22, together with a model which does
not suppose there is any correlation between the resonances produced and A¢p. At
this energy, there is no evidence for p°(770) production, but the SFM Collaboration
observed an enhancement of f3(1270) production in the 777~ channel in cases where

the fastest and slowest particles in the laboratory frame have a “back-to-back”

134



% wo5§"~ ) 0) %
O 104 ﬁst ©

. t -
S 107k Qg& f =
O qp2 Slow Ww ©
~ I l ~
o 10F | o
- i -
G>) Tk P IR I B W‘+ G>)
L 0O 02 04 06 08 1 L

1t (GeV)?

41 . +
; " E - ) Fast : 104? . Fast
O i & O i < t
. + . L H
o 107 Kot = 3|+ it
S oW | ot
9 ) Slow ﬁ f 1% ’ Slow *wﬁﬁ%
A 5 el il
= L | | | | | | | L = | | | | % |
L 0O 02 04 06 08 1 L 0O 02 04 06 08 1

1t (GeV)? 1t (GeV)?

Figure 7.20: Acceptance corrected |t| and |¢;| distributions for a) LL and b) LR in
the p°(770) mass region, and ¢) LL and d) LR for the f3(1270) mass region. The

|ts| distributions have been scaled down for comparison with the |t;| distributions

(from [78]).

135



configuration of their momenta. This is consistent with the enhancement of f,(1270)
production in the WA91 data in LR and RL triggers, but using a more complex
model of DPE involving two-gluon exchange, the SFM Collaboration concluded
that this may suggest that the f3(1270) has a large glueball content. This does not
seem consistent with the WA91 observation that there is also an enhancement of
the p°(770) signal in LR and RL triggers at /s = 28 GeV, since the p°(770) is well

understood as having a quark-like rather than a glueball nature.

7.7 Conclusions

It has been shown that for the centrally produced 77~ system, there is a strong
correlation between the resonances produced and the azimuthal angle between the
outgoing protons. Specifically, more p(770) and f3(1270) production is seen in the
LR and RL triggers (where the outgoing protons are “back-to-back” in the pr plane)
than in the LL and RR triggers. This is not attributable to trigger or acceptance
effects. In the KTK~ channel, a significant enhancement is seen in the amount of
f,(1525) production in the LR and RL triggers, but the 8/f;(1710) is seen predom-
inantly in the LL and RR triggers. In the at7~7"7~ channel, the f;(1285) is seen
to be enhanced in the LR and RL channels.

These observations would not be expected in simple models of DPE, and lead to the
conclusion that different exchange mechanisms contribute to different trigger types.
This suggests that the exchange vertices may not factorize simply, although further
work is needed to establish the origin of this effect.
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Chapter 8

Conclusions

Quantum Chromodynamics predicts the existence of a hadronic spectrum beyond
that composed of qq and qqq states. Such “new” states are predicted to have
characteristics that may make them possible to observe and identify as incompatible
with a qq or qqq classification. There are several reaction mechanisms which are
thought to be “glue-rich,” and recent evidence suggests that the lowest-lying gg state
may have been observed in such processes, with a mass of ~ 1500 MeV/c? and a

width of ~ 200 MeV /e

A detailed analysis of the centrally produced 7*7~ system using data taken by the
WA91 Collaboration during 1992 and 1994 at a beam momentum of 450 GeV /¢ has
been presented. In a fit to the mass spectrum, it has been shown that using a formal-
ism which fits resonances parameterized by Breit-Wigner shapes and an interfering
S-wave background, a state at around 1500 MeV /c* with a width of ~ 200 MeV/c?
must be included. A method of parameterizing the angular distribution has been
developed, which allows us to perform a fit to the moments of the reaction and
extract the partial waves. A fit using the same formalism as that used for the total
mass spectrum also finds it necessary to include the state at 1500 MeV/c?. A fit to
the poles of a parameterization of the K matrix using only a background and in-

terfering fo(980) term cannot reproduce the physical S-matrix poles of the f5(980),
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suggesting that further poles (possibly corresponding to the fy(1500)) need to be

added in this formalism.

A detailed study of resonance production as a function of trigger type has also
been presented. An interesting effect has been observed, namely that the exchange
mechanism is correlated with the trigger type, suggesting that the exchange vertices

cannot be factorized. This is not expected in simple models of DPE.

8.1 Suggestions For Further Study

With regard to the status of the fo(1500), it would certainly be interesting to fit
the WA91 data together with data from other central production experiments and
mm scattering. This would allow a fully unitarized model to be used in the fitting
procedure, and may help in deciding what the contribution of the f3(1500) to the

*tn~ channel is. Since there is evidence that this state may be associated with

s
the lowest lying glueball, it is important to refine the current understanding of its
properties. Furthermore, in the Amsler-Close picture [45], if this state is the lowest
scalar glueball, there should be another scalar state at around 1700 MeV/c?. In the
K*K~ channel of WA91 data, a state at around this mass is clearly seen, which has
been identified as the f;(1710), and it would be enlightening to perform a partial
wave analysis of this channel to find the quantum numbers of this state. This

can now be done using the PWA formalism and fitting procedure developed in the

present work.

It has been shown that the trigger type effect discussed in chapter 7 is not at-
tributable to the trigger or to experimental acceptance, and hence is presumably
due to a physical effect. However, there is no clear idea of the its cause, and it
is necessary to develop an explanation of this effect. The suggestion that the ex-
change vertices do not factorize has implications for all “central production-like”

experiments.
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Sadly, the advent of the LHC has led to the demise of the LEAR and SPS pro-
grammes at CERN, and the immediate future for hadron spectroscopy appears
rather bleak. This is indeed unfortunate, since in this thesis evidence has been
presented that non-perturbative QCD and the nature of parton confinement is far
from being well understood. There has been some discussion concerning the setting
up of a new CERN hadron spectroscopy experiment (see, e.g., [80]), but the status
of this at the time of writing is still subject to funding. Facilities at KEK, SLAC,

Beijing and IHEP may become increasingly important in this field.

However, for the time being, there is still much analysis work to be done. The final
run of the WA102 experiment has recently been completed, having taken data over
a four month period in 1996, and it is to be hoped that this data, along with further

analysis coming from LEAR and other experiments, will help to clarify the situation.
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Appendix A

Useful Formulae

A.1 Interaction Length

Consider a target with cross-sectional area Ay, length Al and density p. If the flux
per unit area of beam particles is n, per second, then the number of interactions per

second, n;, will be
nbnnAn
A

where n,, is the number of nuclei in the target and A, is the cross sectional area of

n, =

one nucleus. Then
b ny(No/A)mor
2 At 2

where Ny is Avogadro’s Number, A is the atomic weight and o7 is the total cross-

section for interaction. This gives

ny NopAlor
n=—"
A

or the change in nj, Any, in a small length, Al is

ny NopAlor

Anb:— A

Defining
A

L= ,
Nopor
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then as Any — dny, Al — dl,

dny B dl
ny N L7
which has the solution
ny = nboe_l/L.

For the hydrogen target used by WA91, [/ L ~ 15%.

A.2 Ehrlich Mass

Consider the diagram shown in figure A.1.

Pbeam Ps

N

central system

N

ptarget Ps

outgoing mesons

4R

Figure A.1: The central production mechanism in the centre-of-mass frame

The Ehrlich Mass Squared [53] for this reaction is defined in the following way. Let
By, By, Ey, E,, Ey and E_ refer to the energies of the beam, target, fast, slow,
positive central and negative central particles respectively, and py, ps, py, ps. p+ and

p_ refer to their respective momenta. Then by conservation of energy,

Eb+mp:Ef+Es+E++E—7
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where m, refers to the mass of the proton. Therefore,

(Ey — Ef — Es+mp)* = (B4 + E_)°
= EI+E>+2E,F_

1
= mi +pl +mi +pl +2(mimi +mipt +mipl +pip)e.

Now my = m_ = m, and hence

(By — By — Eo+mp)? = 2m* + p% + p2 +2(m" +m*(p +p2) + pip? )"
Then
[(Ey — Ef — Es +mp)* — py — p2]7 = 4[m* + 2m*(m* + m?(p? + p}) + pip? )2 +m* +
m*(p” + pi) + pip?)l,

and hence

(Ey = B = By mp)* = py = p2]" = [2pyp-]? = 4m?[2m® + 20m" + m*(p2 + p3) + pip2 )

+p5 +p2)).

Using

[T

(Ey + E_)? = 2m? + p2 + p* +2(p2p2 + mP(p2 +p2) + m?)3,

gives
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[(Ey — By — By +mp)* —pL = p2]* = 2pyp-]" = 4m’(Ey + E_)°

= 4m2(Eb — Ef — Es)z,

and therefore

o By — By — E)* = pl —pt]* — [2pep-J°
A[E, — By — B, ‘

A plot of m? for all events of the type shown in figure A.1 will thus show peaks at
the square of the mass of the central particles, and reactions with different central
particles can thus be separated by cutting on these peaks. Using this method results
in events with large errors being eliminated, and furthermore allows an estimate of

the experimental mass resolution.
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