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Exclusive neutral strange particle production
from Double Pomeron Exchange produced

by proton-proton interactions

at \/; = 62 GeV

John Donovan Skeens

Under the supervision of Dr. Alexahder Firestone
From the Department of Physics

lowa State University

Data are presgnted' for the first time on exclusive Pomeron-Pomeron intérac-
tions which produce a neutral strange and neutral antistrange pé,rticle pair in a
central system X. In this paper, the system, X, is identified as one of the follo§ving
neutral combinations; KK, K¢ K*n¥, A° 1‘\9, A°A%*. These data were obtained
in proton-proton collisi‘ons‘at V3 = 62 GeV at the CERN ISR. The triggering
systelils used to obtain these data are dgécribed, followed by a description of the
data. The central system mass dist‘ribut‘ions are presented along with differential
mass cross section estimates. A broad enhancement is seen in the K?K) system
at a mass of 1.2 GeV, and is likely to have the quantum numbers JFC = 0*+.
Total cross section estimates of 1.3 + 64 [,Lb in the KO K? system, .44 & .14 pbin
the K'BK:!:TI’:F system, .20 £ .14 pb in the A“N’ system, and .13 + .06 b in the

A°A%* system are obtained.
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1 INTRODUCTION

1.1 Experimental Interest

Considerable attention has been given to the study of single and multlple
Pomeron exdumge [Kaidalow and Ter- '\/Iartlrosyan 1974 Roy and Roberts 1974]
The Pomeron is helpful in the calculation of cross sections, and explmns many
featurés of strong mteractlons As a result of this study, bare Pomeron models
[Low 1975, Nqssillov 1975], and a subtractive quar'k model which incorporates the
Pomeron [Pumpliﬁ and Lehman 1981], have been constructéd to explain the nature
of the Pomeron. The study of Double Pomeron Exchange (DPE) is of particular
importance, as it may be a way of searching for gluonic bound states which are of
considerable interest in veriﬁ.cvation of Quantum Chrbmodyndnﬂcs (QCD) theory

[Robson 1977]. QCD theory is a means of explaining the fundamental strong nu-

" clear forces in nature [Quigg 1983, 'Huang 1982]. The mediators of this force are

called gluons.‘ ‘Gluons are thought to hold matter together on the nucleon level
(i.e., to hold the quarks in protons together). | |
Experiments at the European Laboratory for Particle Physics (CERN) using
the Intersecting Storage Rings (ISR) have shown that study of DPE is feasible
[Drijard et al. 1}978, Breakstone et al. 1986]. By careful selection of the reaction
pp — ppX, where X consists of a central system of particles, using certain trigger
requirements, it is a relatively straightforward process to obtain a sample of these

types of events. This chapter will briefly describe the DPE mechanism and possible

_existing states which may be produced.




1.2 Pomeron Exchange Model

Figure 1.1 shows some of the gluon couplings possible in single and multiple
Pomelon exchange [Nussinov 1975] In the dla.graml, gluons are represented by

wavy lines, and fermions by smooth lines. Diagram (a) shows the simplest case of

" two glnons forming the Pomeron. Diagrams (b-d) show some of the various stages

of generating intermediate states from (a). Diagram (e) shows the simplest case

for forming the DPE particlé vertex and (f) shows a possible multi-gluon ladder
vertex mto which the partiole produced in (e) could be incorporated. It has been
suggested that (e) and higher order dxagrams may produce gluonic bound states

[Robson 1977]

The model of the Pomeron is a mechanism which accounts for apprommately

 constant total hadronic cross sections (at high energy 3-300 GeV), zero real parts

of scattering amplitudes, and limiting fragmentation of particles (i.e., low particle ‘
multiplicity) in hadron hadron collisions [Low 1975]. This model is useful, in that

experiment has shown these qualities to exist in hadron collisions and it explains

these phenomena very well.

1.2.1 Regge theory and its relationship to Pomerons

The Pomeron was named for I. Ta. Pomeranchuk, who first proved a the-
orem which states that at high energies, the clastic cross sections for particles
and anti-particles should become equal and be isospin independent {Perkins 1982,
Pomeranchuk 1956, 1958, and Okun and Pomeranchuck 1956].

Regge theory treats the angular momentum as a continuous complex variable
and ohysical states may take integral or half integral values along the real axis

called “Regge poles”. This variable is denoted by a(E), where « is a function of




Figure 1.1  Some gluon couplings possible in single and multiple Pomeron
exchange; gluons are represented by wavy lines, fermions
are represented by smooth lines, and the dashed lines indicate

any number of possible intermediate states [Nussinov 1975
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the energy of the particle. The pat‘h in the complex energy plé,ne followed by o as
the energy, F, increases is called a “Regge tra.jéctory,”. When the real parf of a(E)
is equal to the angular momentum, L, (an integer or ha.lf-‘intveger)va resonant state
can occur. Each resonance on a given trajectory must have the same quantum nam-
bers except for the angular moméntum [Chew et al. 1962, Perkins 1982]. In order
to obtain conservation of parity, this requires that each sﬁccessive résqnancé on a

Regge trajectory be separated by two units of ahgulat momentum (the parity sign‘

is given by P = —1% for natural states, and P = ~1E+1 for unnatural states). For
‘a nearly constant total cross section at high energies, a(0) = 1 is needed [Perkins

1982]. In order to explain all elastic scattering phenomena, this trajectory must

also have vacuum quantum numbers (i.e., strangeness, charm, isospin, baryon no.,‘
etc.). Since the vacuum pole exchange dominates the elastic scattering, then the
elastic cross sections for particles and antiparticles must beyequa.l‘. This vacuum
trajectory has been termed the “Pomeranchuk trajectory” and the exchanged par-
ticle is called .the “Pomeron"_. In additién‘, the Poméron exchange process may
account for the characteristics of interactions where one of the two incidferllt parti- .
cles is excited slightly, and the other pdrticle is left unchanged.except for a small
amoﬁnt of momentum transfer. These types of interactions are called quasi-elastic
or diffractive scattering processes. Extensive work has been done using the Regge
I‘n.o‘del to describe correctly several aspects of these types of interactions [Amé.ldi

et al. 1976], including multiple Pomeron exchange.

1.3 Double Pomeron Exchange (DPE) Process

‘Double Pomeron Exchange (DPE) is the process in which two Pomerons are

exchanged. In the center of mass frame of a system, this creates two fast forward




outgoing sy‘s‘tems which can be made ﬁp cf quasi-elastically scattered protons, and
‘a slower central system, X, consisting of whavtever is formed by the interaction of
the two Pomerons. The resulting Fejfnman zy value (i.e., ‘th‘e ratio of a particle’s
longitudinal momentum or the momentum along the incoming beam axes to its
- maximum kinematically allowed momentum, see Equation 2.5) of sach proton re-
mains close ﬁo ‘unity. All the ccﬁtrally produced particles in the system, X, must
have small Feyninan zs near zero. The crosé séctiéns in the DPE process are of
the order of ten to thi;'t}; microbarns (ubd, 1ub = 10'"30 cm?). This is only about
1/2000 of the total proton proton (pp) ﬁross sections at the energies used inbthis
experiment. Thus, thé process is rare, and requires careful setup of the experjmeﬁt
in order‘to isolafe the event sample [Drijard et al. 1978, Breakstone et al. 1986].
Figure 1.2 illustrates the ﬁérmal diﬁ'ra;ctive érbcesses (a) and (b), which show
Reggeon-Pomeron exchange for the case pp — ppr*7—. In this case the Reggeon
remains close to one of the protoh fr&rtices, i.e., the rapidity (see Eﬁuation 2.4) of -
the central system is not well sep.a‘rated from the rapidity of one of the protons.
This means that the central system travels in the direction of one of the forward
protons and does not have low en?ugh Feynman z;. Figure 1.2(c) shows the
Pomeron-Pomeron exchange process with a large gap in rapidity‘betwe‘en the two
“central system pions and the forward protons. Thi;s is axi important property of a
DPE event which can be used to distinguish it from other interactions [Drijard et

al. 1978].

The double inclusive distribution for the quasi-elastically scattered protons is

riTyd%0 1, ) opp(M?,11,13)
: = t t t t
dwxdmzdpfldpf, 87!'27]( 1)72 (t2)In(t1)lIn( 2)|(1 — xy)2a(t)-1)(1 = z,)(2a(ta)~1)

(1.1)

where the function 4 gives the proton couplings, n is the signature factor of the




Figure 1.2

Normal diffractive processes which show (a-b) Reggeon-Poymeron

exchange for the case pp — pprt7~, and (c) Pomeron-Pomeron
exchange process for the same reaction, showing the large
rapidity gap between the two central system pions and the
forward protons [Drijard et al. 1978]




‘Reggeons, a is the Regge intercept (which is 1.0 for Pomerons and only 0.5 for
Reggions), P, i‘s the transverse momentum of the protons, M? is the central system
mass squared, ¢; is fhe momentum t‘ransfer‘of each proton, z; is the Feynman « f
value of each proton, and oy, is the total Pomeron-Pomeron cross section [Amaldi
et al. 1976]. |

~In DPE, o; =1 for i = 1,2 so that Equation 1.1 gives the relation

do 1.
d:vld:cg (1 - (B])(l - 332)

(1.2):

This shows the double pole term near 1,23 = 1. It should be noted that one needs

to be careful to look at the z; and z, values to ensure double pole behavior for
this experiment, i.e., 1,22 ~ 1. If the dominant reaction were single diffraction
then there would be a loss of events in this double pole region. The cross section

in the case of single diffraction,

do 1 1
dwldmg 1- Tq 1- T2

(1.3)

~ contains only single pole terms [Amaldi et al. 1976].
~ Another requirement of DPE is that the two fast outgoing protons’ momenta
must be uncorrelated. This is evident from the absence of cross terms in the proton
couplings and signature factors in Equation 1.1. Thus, the azimuthal angles of the
outgoing protons about the beam axis are uncorrelated. Also, the two momentum
transfers ¢; and t; are not correlated in DPE. In elastic scattering, the behavior
is well described by the function e¢®'. For DPE this behavior is expected also with
the constant, a, equal to one-half of the value for an elastic scattering‘pr‘oéess with
the same energy [Drijard et al. 1978].
The remaining characteristic of DPE processes is given by the possible quan-

tum numbers of the central system resulting from the two Pomerons. As mentioned
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\
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previously, a Pomeron carries the quantum nufnbe;:s of the vacuum, J PG = g++,

Since two Pomerons are identical bosons, the DPE system must be symmétric in

‘the spatial part of its wave function. Therefere, the total orbital angular momen-

tum must be even, i.e., L = {0, 2, 4, ...}. Since the Pomerons have zero spin,

J = L. The parity, P, must be even and the charge conjugation, C, must be even
(since C = —15+5 and the total strangeness, .5 = 0). Thus, in DPE only the

stutes JFC = {0ot+, 2++ 4++ .} are possible in the central system.

‘1.4 Possible States (Resonances)

Using the fact that the reactions in DPE must have the quantum numbers

{0+, 2++, 4++, ...}, and the isospin (I) and G parity, must be I¢ = 0%, the

possible resonant states that may be produced can be tabulated from the “Review

of Particle Properties” [Particle Data Group 1988]. In what follows, only the

lowest lying states are considered, i.e., 07+ and 2%+ states. Some of the possible
DPE states based on the qua,nt.um'number‘s are summarized in Table 1.1. ‘The
f2(127v) meson has been seen in this experiment via the reaction pp — pp(rtn~)
[Breakstone et al. 1986]. There is some evidence that the fo(975‘) may have been

produced also [Breakstone et al. 1989] in this experiment. In addition, the reaction

pp — pp(pP) shows an enhancement near 2000 MeV in the pP mass distribution

which may be identified with the f,(2010) particle resonance, although so far it has
dnly Been seen to decay to ¢¢ pairs [Breakstone et al. 1989]. The non-established
resonant states which are consistent with allowed DPE states are listed in Table
1.2. These states have been seen by only one or tﬁo groups, or have discrepancies

in the measured widths and masses [Particle Data Group 1988].
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Table 1.1  Some established resonant states which may be forﬁled in DPE

fo(975) o 0t+ 34 (), (KK)
fa(1270) o++ 180 (nr), (KK), (z}}zw; '
fo(1400) 0t+  150-400  (rm), (KE), ()
f2(1525) EECEE (KR, (am), (m)
fo(1590) ot (nm), (4m)

£2(1720) 2t+ 138 . '(KR’), (), (n)
£,(2010,2300,2340) 2+ 150.300 (44)

Table 1.2 Some non-established resonant states v}hich may be formed
in DPE

Particle (Mass MeV) JP¢ Width (MeV) Decay Modes

fo(1240) 0+ 140 (KK)

f2(1430) 2t+  14-150 (), (KK)
fo(1525) ott 90 (KK) |
fo(1750) 0t+ 50200 (KEK), (m)
£(1810) vt 150-390 (), (KK), (n)

f2(2i50) o2t 250 S (w}r)
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1.5 Glueball Candidates Consistent With DPE

Quantum Chromodynamics Theory (QCD) predicts the existence of gluonic -
bound states or “gluebails” and a firm calculation of their masses 'w0uld shed light
on their identity. Early attempts at calculation of thé glueball mass ra.ngé were
made in the early times of lattice gauge theories [Ishikawa et al. 1982, Bérg et
al. 1982). These early ca,lculatidnslwere ﬁnreliable in their control of systematic

and statistical errors and thus, their results were uncertain.

A quaiitative study of glueballs has been performed for the lightest possible
glueball s.vtates using low-dimexmion, gauge invariant, colorless operators [Jaffe et
al. 1986]. The results indicate that the possible quantum numberS'of the lightest
glueballs are JFC = {0++,‘0'+‘, 2++,27% ..} and the lowest excitéd state glue- |
balls have quantum numbers of JF¢ = {11%, 3+, ..}. Thur, the lightest three
glueball states are expected to have JFC = {0**’,4 1+, 2%+ .} for possible quan-
‘tum numbers. ‘For a two gluon system only the 0*+ and 2++ states are expected
for the liglltést states. |

Theoretical predictions of the 0*++ and 21+ glueball masses have been made
using lattice gauge theory. These calculations were carried out using high épeed su-
(percomputers and large statistics Monte-Carlo simuiation techniques. The results
of these studit;:s have been somewhat successful at cdmputing the masses of these
two states. The mass ratio of the two states is found to be ,m(2++)/m.(b'i'+) ~ 1.5
[Kamenzki and Berg 1986, Berg et al. 1986, and Schierholz 1987, 1988a, 1988b)].
The computations of the 07+ mass have yielded values in the range 1.2-1.5 GeV
[Schierholz 1988b, Degrand 1987]. While the 2%+ mass has been computed to have
e range of 1.7-2.2 GeV [Schierholz 1988a, 1988b, Forcrand et él. 1986]. It should be

noted that the above computations were performed without taking into account the
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- possible mixing effects with 99 states. Since glueballs are thought to have widths
on the order of a few hundred MeV mixing effects are possible.
Regardmg glueball candxdates it should be noted that no known partlcle state

has been unambiguously 1dent1ﬁed as a glueball. Some of the known states have

been considered as glueballs, but their identity as possible qq states or exotic states

(e.g., 493) is not ruled out either. In the 0+ (at 1-2 GeV mass) mesonic area, there
are only three well established resonances consistent with DPE quantum numbers,
the fo(975), fo(1400), and fo(1590) (see Table 1.1). In order to ‘account for possible
~ gluebal! states, one must consider also the non-estabhshed fo résonances, i.e., the
fo(1240), f0(1525) and f0(1750) ‘Although it is likely that the well established
0++ states are q states, the possibility of one of these being a result of glueball
‘and g mixing cannot be ruled out (Particle Data Group 1988]. For the possible
ot+ states, there are four to six estabhshed mesonic states to consider, i.e., the
£2(1270), f2(1525), f2(1720), and £2(2010 — 2340). The £2(1270) and f,(1525) are
thought to be predommantly qq states although the f3(1270) has been seen in DPE
[Breakstone et al. 1986] and in the radiative J/¥ decays [Augustin et al. 1987]
which is a gluon rich decay channel. The f(1720) (formerly called the 6(1690)
resonance) is one of the leading glueball candidates [Ward 1986]. In addition, the
three f2(2010 — 2340) resonances are all glueball candidates. Other 2++ objects
that are not well estabhshed are the f;(1430), f2(1810), and f2(2150) states any

of‘which fna.y be glueballs or gluonium and qg mixtures.
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2 BXPERIMENT DESCRIPTION

- This experifnent was conducted using facilities at the European Laboratory

for Particle Physics (CERN) in Geneva, Switzerland. The CERN Laboratory, a8

"its name indicates, is a collaboration of European countries for research in particle

physics. It supports accelerator programs in different areas of particle physics

‘research and is an excellent example of international collaboration in basic science

research. The accelerator facility used for this experiment was the Intersecting

Storage Rings (ISR), and the detector utilized was the Split Field Magnet,

2.1 Energy and Luminosity of the Intefsecting Storage Rings (ISR)

A schematic view of.the intersecting Storage Rings (ISR) is shown in Figure
2.1. The beam starts in a duoplasmatron ion source which supplies positive hy-
drogen ions to a Cockcroft-Walton accelerator. The source gives several pulses in
sequencé and the protons are accelerated to 750 keV [Michaelis 1981]. The beam
pulses are then injected into a linear accelerator (Linac)‘and accelerated to 50 MeV.
Next, the beam is injected into a booster synchrotron and its energy increased to
800 MeV. The pulses are stored and collected until bunches confaining roughly 10%?
protons are obtained. These bunches are injected into the Proton Synchrotron (PS)
which in turn injects the beam into the ISR. The bea n lines of the ISR are filled

with a few hundred injections from the PS.

The ISR consisted of two interleaved rings, approximately 300 meters in di-
ameter, which intersect at eight points [Keil 1972]. Each ring or beam line, is an

evacuated pipe in which protons circulate. The two rings are filled with counter-

rotating beams of protons, which collide at the eight intersection points, The
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horizontal beam crossing angle at each intersection is approximately 14.8 degrees

and the pres ure in the pipes is 1072 torr. Tﬁe beam profile in its final state is 'in
the form of a thin slab 1 cm high and 6 cm w1de The current for each beam in the
experunent was 30 amps This is the normal current used at the highest available
ISR energy The energy at Whlch the PS mJected proton bunches to the ISR was
26.5 GeV for the experlment under study The ﬁnal momentum of the protons
in each of the beams was 31 46 GeV and the final accelemtlon from 26.5 GeV
to 31.46‘GcV was performed in the ISR itself [Henrlchsen et al. 1974, Fischer et
al. 1979]. The totdl center of mass energy available in“the ISR for this experiment
was therefore /s = 62 GeV. ‘

The luminosity of the machine is a parameter of importance for the experiment.
The luminosity, “L”, is defined as the ‘counting rate for an interaction per unit cross
section for that particular interaction. It is expressed by the equation

dN

L=

(2.1)

Q|-

where ¢ is the cross section for an interaction and dN/dt is the counting rate. An
expressi‘on‘for the counting rate is given by

v _ o _hh_
dt ~ ce? htan(2)

- (2.2)
where Iy and I, are the currents of the beams, h is the beam height, o is the beam
crossing angle, ¢ is the speed of light, and e is the charge of an electron [Hubner
1977). Using this equation, one finds a luminosity of L = 9.0 x 10325~ 1cm~? for
the two i‘ntersecting proton beams in the ISR. The luminosity in this experiment is

actually slightly different due to the effect of the Split Field Magnet on the crossing

angle as will be discussed in the next section.
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2.2 Split Field‘Magnet ‘Detector (SFM)

The experiment was performed at the intersection region 14 of the ISR The
Sr +, Field Magnet detector (SFM) was used to analyze the proton proton interac-
txons A schematxc diagram of the SFM is shown in Flgure 2.2. The magnet has
a length of 10.3 meters, a width of 2.0 to 3.5 meters and a height of 7.2 meters.
The distance between pole pieces is 1.1 meters and there is an effective magnetic
volume of 28 cubic meters. The magnet has a total weight of about 880 tons and

a maximum field strength of 1.14 tesla ‘[He,iden 1982]. In using storage beams for

‘an experiment, one has to - usure that the net deflection of the beams is zero, i.e.,

$ B.dl=0. The SFM has a vertical field and is a:ranged so that the field points,

up on one side of the detector and down on the other side. This arrangement gives
a net integral of the flux seen by the proton bean;s of §B - d.l ~ 0. In order to
yield a total net beam deflection of exactly zero within experimental errors, there
are two large compensator magﬁets located at the two outgoing beam pipes. These
magnets compensate for small net deflections of the beams caﬁsed by the SFM
detector;

With the magnetic field of the SFM one can measure the momenta of charged
particles from the cur'va,ture of their trajectories in the field. The magnetié field was
set to 1.0 tesla for this experiment. ,To‘get‘her with beam momenta of 31.46 GeV
for each proton beam, this resulted in a total beam crossing angle of o = 17.477
degrees [Brya.nt 1973]. The center of mass motion in the laboratory frame then
becomes B = 3in$g ﬂbwm = 0.15 Byeam towards the centér of the ISR. The
adjusted luminosity using this value for ais I = 7.6 X 10%2s~1cm™?

The volume between the pole pieceé of the SFM is filled with Multi-Wire Pro-

portional Chambers (MWPCs). These are more commonly called SFM chambers
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in. the experiment. Their purpose is to measure the trajectories of the charged
particles emerging from the interaction, The set -up of the chambers is shown in
the diagramua of Figures 2.3 and 2.4. The chambers have been described in various
papers [Bouclier et al. 1974, 1975, Brand et al. 1975, Bell et al. 1975, 1978]. The
ST™M chambers have a self supporting design for the wire planes with sandwiched
polyurethane foam sheets layered with silver to provide cathodes for the wires.
The design increases the amount of solid angle coverage of the detector, but also
increases the amount of material the detected patticles had to pass through. This
extra material causes energy losses for the particles passing throug'h the chambers,
and these losses must be corrected for in the analysis of ’the data. From the figures,
one can see that the SFM separates into three groups of MWPCs. Each describes
a particular region of the detector. One group of MWPCs defines the central
region and measures the tracks of particles produccd' at large angles with respect
to the incident proton beam directions. The other two groups define two forward
regions, one on each side of the detector in the +y directions respectively. Table 2.1
shows the number of planes and wire spacingg for each of the SFM chambers in
the experiment. V, H, and I stand for vertical, horizontal, and inclined planes.
The first number in each of the planes indicates which group the chamber is in.
The chambers numbered in the range 100 and 200 define the central region, the
chambers numbered in the range 300 define the forward telescope in the negative
y direction and the chambers in the 400 range define the for\&ard telescope in the
positive y direction.

The remaining part of the detector of importance for this experiment is the
Time of Flight (TOF) system. It is an array of scintillation detectors set around the

SFM (see Figure 2.4) and is used for particle identification. There are 67 counters
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Table 2.1  Parameters of the 'MWPOs‘ixll the SFM detector -

Chamber index Numbe of Planes  Wire spacing
| | VHI (cm)
100, 200 ; - 442 04
101, 102, 201, 202 ) o111 04
109, 209 310 0.4
350, 360, 450, 460  221 0.4
500, 600 | | 542 0.4
310, 314, 320, 410, 414, 420 | 332 0.4
311-313, 321-324, 411-413, 421-424 1 10 0.4
315-317, 325-327, 415-417, 425-427 1 1 0 0.2
300-303,400-403 2 2 2 0.4

arranged in modules of seven counters each and one with 11 counters for a total of
nine modules. The size of a single scintillator is 225 cm high by 40 cm wide by 2 cm
thick. The‘ arrangement of the counters yields a coverage of about 10 percent of
the solid a,.ngle7 Each scintillator is viewed by photomultiplier tubes situated at its
two ends [Heiden 1982]. A TOF counter measures the time of flight for a particle’s
trajectory from ithe vertex 1;0 the counter. One can thus estimate the velocity of

the particle and use the momentum measured by the SFM chambers to identify
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‘the mass of the particle from the equation

2 o B 1 - ‘ :
m! = p' (5 - 3) o (2.3)

* where ¢ is the measured time of flight, ! is the length of the trajectory, p is the

particle momentum, m is the particle mass and c is the speed of light.

2.3 Trigger Descriptions

,Of pafticﬁlar importance to this experiment are the central chambers shownin
~ Figure 2.4, The chambers 100-102, 200-202, 109, and 299 are the central MWPCs
which play an important role in deﬁning central ‘system particles iﬁ the trigger.
Chambers 301, 302, 312, 313, 322, 323, 401, 402, 412, 413, 422, and 423 were used
in veto for the trigger to screeﬁ ou’ events not containing central tracks. The TOF
counters help to provide time of flight information giving mass‘informatidn o some
of the central particles to aid in particle identification. Finally, there are two TOF
stands a.nd forward telescopes in the outgoing beam directions to define the two
fast outgoing protons in the trigger. |
The data taken in the experiment have three distinct sets defined by three
different trigger setﬁps. The three triggers are termed OR, AND, and TOF. All
triggers required two fast protons, one in each outgoing beam pipe, which was
accomplished via the TOF stands néar the large compensator magnets. In addition
all three sets of data required at least one central particle. The triggers were not
completely efficient in selecting the fast forward protons. Therefore, prior to full |
event reconstruction, the raw data were first run through a filter program in order
to select only those events which had one fast proton in each forward direction.

This program only reconstructed forward tracks in the SFM. The events with only
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one positively charged particle in each forward telescope, and memexltum greater

‘than 18 GeV were pussed on for full reconstruction.

The OR tri‘gger reqﬁired the detection of one central particle in the positive-z ‘
side of the detector or one partlcle in the negatlve z side. The data rate was the
greatest for OR data at 52 Hz w1th a total event count of 1.6 million. Of these
1.6 million events, 500,000 passed the filter stage. 490, 000 of these events were |

| successfully reconstructed and written out to a Data Summary Tape (DST). These

data were taken in December of 1981 during one ISR run period.

The AND trigger required two central particle tracks to be produced in the
detector; one in the positive-z side and one in the negative-z side. It was thus more
restrictive than the OR trigger and had a much slower data rate of only 1‘7 Hz with
a total event eount of 1.4 million events. 420,000 of these events passed the filter
stage. A total of 406,000 of these filtered events were successfully reconstructed
and written out to a DST. These data were taken during December of 1981 and

May of 1982 during two ISR run periods.

The TOF trigger required at least one detected particle in the central region
- and had the additional constfaint of hitting a 700 TOF stand with a delay of at
least 32 ns. The TOF trigger was the most restrictive with a data rate of 1 Hz and |
a total of 2.3 million events recorded Of the 2.3 nnlhon events, 400,000 passed
the filter stage. Of these filtered events, 390,000 were successfully reconstr1xcted
~and w:ittee to a DST. These data were ‘ta.kel; during a period from March through
May of 1983 in 13 ISR runs. The TOF trigger was unique in that it enhanced
the average number of. kaons and protons produced in an interaction. The total
number of kaons and protons for the TOF trigger was roughly equal to the number

of pions, i.e., ny ~ ng ~ nyp in the central region.




Figure 2.5 Two possible DPE interactions (a) pp — pp(K°K?),
and (b) pp — pp(rF77)

2.4 Evidence for Double Pomeron Exchange (DPE)

Each of these data sets ﬁvors Double Pomeron Exchange ‘(DPE). Figure 2.5
shows possible scenarios where two p‘bmerons form a bound state which then decays
into two neutral kaons in the interaction pp — pp (K°K?®) or two charged pions
in the interaction pp — pp (7 7). |

| Figure 2.6 shows the rapidity distribution of charged particles produced in the
interaction pp — pp (m*x~) [Breakstone et al. 1986]. The rapidity of a particle is
defined by: | | |

(E -pr)
where E and py, are the energy and longitudinal momentum component of a given

particle. ‘The‘lar‘ger the momentumn in the beam or longi.udinal direction of the

particle, the larger the rapidity. The two peaks at y = +4 rapidity are the two
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outgomg fast protons, and the peak between y = 2 and y +2 are the two
pmns wlnch make up the central system. Thus, one sees a good sepa.ratlon of
‘ central partlcles from the fast protons As mentloned in Chapter 1, this separatmn
is needed in order to isolate a sample of DPE events. The rapidity plot for the

interaction pp — pp (1ri1r*1r 7F) is similar. Figure 2.7 shows a correlation plotv

[Isenhower 1986] of the Feynman Ty variable of each of the fast outgoing protons

where

xy = _ _PL L. . ‘ (2.5)
Pbma.a:

1t is seen that most of the momentum is in the longltudmal beam direction. Thus,

it is apparent.that these events are good candidates for DPE events.
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Figure 2.6  Rapidity distributions of charged particles produced in
the reaction pp — pp(n*7~) [Breakstone et al. 1986]
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Figure 2.7  Correlation plot of the Feynman z¢ variable of each of the
fast outgoing protons in the reaction pp — pp(r77);
py corresponds to the y momentum direction [Isenhower 1986]
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3 DATA REDUCTION

3.1 Track Reconstruction

The track reéconstruction in the SFM is based on algorithms produced by
H. Wind [Wind 1974, 1978, Aubert and Broll 1974]. The track candidates éure
found by routines called “WTRAs". The WTRAs determine what combinations
of chamber hits may form a valid track. In effect, it deﬁﬁes a road throqgh the
SFM detector which a charged‘particle might take. Bach region of the SFM is
covered by one or more of these WI'RAs. After a valid trac‘k‘ candidate is found,
it fs passed through a routine ca,lled SPLINE. The SPLINE routine performs a
quintic spline fit to the measured points of the particle track [Drijard 1976]. It
effectively refines the measurements of position, momentum, and the directions of
each valid track candidate. After the spline fit, the tracks are extrapolatéd back to
the interaction regibn in order to fit them to a common vertex, called the priﬁmry
vertex. This primary vertex fitting procedure is accomplished by a Runge-Kutta
integration method.

Once an approximate position of the primary vertex is found, it is used as an
additiona.l space point to search for other track candidates. Thus, a second track
finding step is performed in order to find short tracks and also tracks crossing

chambers in different regions (i.e., central and forward regions) which were poorly

‘defined without the vertex. The primary vertex fit is then repeated using all the

tracks in order to refine the vertex position measurement. If the chi-square value

.o this fit is too large, the tracks with largest contributions to the chi-square are

dropped, and the fit is retried. The process continues until an acceptable vertex is

found.
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After the vertex fitting is complete, all individual tracks are checked for com-
patability with the vertex. Those tracks found to be too far away from: the pri-
mary vertex (i;e., three times the error on the distance of closest approach from

the track to the vertex) and also those tracks with an uncertainty in momentum

of Ap/p > 30%, are candidates for tracks not associated with the primary vertex.

These non-veftex-a,ssociated tracks are called secqndary tracks. When the entire
process is complete, the primary vertex position, a list of ‘vertex and non-vertex as-
sociated tracks, the momenta, charges, and all other detector information, such as
TOF and energy loss information afe stored on a Data Summary Tape (DST) to be
used forlfurther analysis. In addition, in order to deal with non-vertex associated

tracks, a V? fitting program was developed.

3.2 V° Track Reconstruction

The SFM is capable of detecting and measuring 90% of all charged tracks
produced in high energy proton proton interactions [Minten 1972, Bell et al. 1975].
Thus, it is often cahed an electronic bubble chamber. However as tar as recon-
struction of neutral charged particle decays is concerned, there is a ma jor difference
between an electronic detector such as the SFM and a bubble chamber. In a bub-
ble chamber a V? decay may be easily identified by the direct observation of a
secondary vertex which is well separated ‘froln the primary vertex or interaction
pﬁint. Both the primary and the secondary vertex are usually reconst icted with
acceptable accuracy.  In addition, the momentum vectors of both ¥V decay parti-
cles may be measured directly at the decay vertex. Thus, a three constrained fit
(3-C fit) hypothesis of a neutrall particle decaying into two charged particles can

be performed using momentum conservation at the decay vertex.
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As seen in Section 3.1, it is not possible to observe directly the vertices of

an interaction in the SFM. Instead one has to reconstruct tracks with computer

code from the MWPC information and the magnetic field. A special fit procedure

has been designed to determine the geometrical and kinematical variables of a V?

"decay in the SFM [Raschnabel 1981]. In order to find neutral particle decays, two

oppositely charged particle trajectories which have similar vertices (i.e., starting

points) and which do not point back to the primary vertex are searched for (see

~ Figure 3.1).

V}-; ..... ? ::':: S ) //
primary” X S+  secondary | |
vertex vertex

Figure 3.1 Diagram of a V? particle showing both the primary (V') and
secondary (S) vertices, the distance of closest approach

6%, and the V° momentum vector

The process of looking for secondary vertices is used to locate three neutral
strange particles in the SEM. They are K7, A?, and A? which decay via the following

detectable modes:

K) - xtn™ ‘ (3.1)

A® = np (3.2)
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K s ntp | (3.3)

Other neutral particles cannot be searched for by using this method because they

either decay too quickly (e.g., n°, 1, p, etc.) or they do not decay quickly enough

" (egy KP, n) to be seen with a secondary vertex in the SFM detector.

The search for secondary vertices begins with the secondary tracks’ original
parnineter information founrl prior to the primary vertex fit and proceeds from
there. This is because the secondary tracks often had a primary vertex fit performed
whiéh yielded a low probability of fit value (ie., a high chi-square vﬁlue) and
therefore the original track parameters are a more accurate place to start. For all

pairs of oppositely charged secondary tracks, the invariant mass is calculated for

" the three mass assignments: w*7~, #~p, and n*p. If any of the combinations

gives a mass value close to the K7 mass (497 £ 100 MeV) or to the A°/A° mass
(1115+125 MeV), a secondary vertex fit is tried. The mass limits are increased by
a factor of 1.5 for tracks missing the vertex completely, i.e., for those tracks which
‘did not have a primary vertex fit tried at all. This is done to take into account
the poorer determination of track direction for these tracks. As in the primary
vertex‘ﬁttiﬁg procedufé, a Runge-Kutta integration technique is used for fitting to
a secondary vertex which consists of two tracks, In the secondary vertex fit, the
point of closest approach (point “S” in Figure 3.1) of two particle trajectories is
calculated. Once the secondary decay vertex is found, the kinematical qudntities
of the two tracks are allowed to vary, i.e., the momenta of the tracks are varied
according to their error matrices. The following constraints are imposed on the fit:
1. Both tracks must originate from the secondary decay vertex.
~ 2. The sum of the momentum vectors of the charged particles constituting

the V° must point back to the primary vertex.
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‘3. For a giveh mass hypothesis the momenta and angles of the two

V0 tracks are no longer independent variables, but are coupled by

decay kinematics; specifically, the invariant mass of the pair is

required to be consistent with the mass hypothesis for the V0, |
The fitting process is continued iteratively until an accepté.ble VvV candidate is
found. If there are no acceptable secondémy vertices found for a partitular evént,
‘the V? fitting procedure is abandoned for that event. The details of the VO fitting
are described by Rauschnabel [Rauschnabel 1981],

3.3 6-prongs

The type of interaction studied consists of two incoming colliding protons and
some number n of outgoing éhargecl particles, Two of the n particles are fast
outgoing beam protons, nys, as mentioned in Soction 2.3. The rest of the outgoing
particles, n¢, are in the central region of the detector, Therefore, the total number

. of charged particles detected in an event is given by

n o= ng -+ ng (3.4)

The events are called n-prongs signifying the n clmrgéd particle tracks detected
by the SFM detector. This work is restricted to a subset of the n-prong events,
i.e., those events having exactly six charged particles. In addition, the four central
particles in any particular 6-prong event are required to be of zero net charge.
Earlier work studying DPE in the SFM have shown that the majority of the
charged particles produced in the central region are relatively long-lived charged
- mesons. This includes pions and kaons with ﬁions comprising the largest number

of particles (about 83%) and kaons the second largest (about 12%) [Breakstone et
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al, 1989]. In addition, protons and anﬂ-protons are occusion‘ally‘ produced in the

central reglon (about 5% of the time).

3.4 Interactions To Be Studied

Results of the V? fitting procedure are used as a starﬁing point to look for the

following interactions;

pp — pp(KJK)) | (3.5)
pp — pp(KJK*nT) (3.6)
pp — pp(A°A?) - (3.7)
pp — pp(A"A%) (3.8)
pp — pp(A™A°) (3.8b)

Each cand’ late event is required to l;ave at least one identified V? particle. In
the case where an event had TOF information for a charged particle, the mass
assignments are checked for consistency with the mass predicted by its time of
flight trajectory using Equation 2.3, This‘ helps screen out a fraction of about
five to ten percent of the events that are not properly identified, In the case of
reaction 3.5, the two central region charged particles not associated with the V“ are
assigned pion masses, In reaction 3.6, the two central region charged particles not
associated with the V? are assigned first K+ and 7~ masses, and then =+ and K~
masses for each event. This introduces a rather large combinatorial background
which is partially reduced with TOF information when available, In the case of
reaction 3.7, the other two central particles are assigned pion and proton myassesx
appropriate to their charge and the type of VO fit, i.e,, either A® or A%, In the case

of reaction 3.8, a A°* or A'* resonance is searched for by ussigning the appropriate
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proton and kaon masses to the two charged central particlea not associated with
the V° particle. In Sections 3.4.1 and 3.4.2 the results of the V° routines will be
considered for each of the interactions with no additional constraints apphed to the

6.prong data.

§.4.1 Interactions involving at least one K

The decay length distributions of K tracks f‘or‘G-prong events having at least

one K? track found are shown in Figure 3.2, The decay length shown is the
distance in the laboratory frame from the primary vertex to the secondary vertex.
The figure at the top shows the distribution in £he decay length for the OR trigger
data. The decay length distribution peaks at a.pprommately two centimeters with a
large tail. The average calculated etror in the decay length from the VO fit routine -
is 20-30% of the decay length. The AND trigger data (center) and TOF trigger
data (bottom) are very similar. The sharp cut-off in the decay‘ length at 1.0 cm is
due to the constraint placed on the allowed decay length by the VO fitting program

The decay plane orientation angle ¢ of the K? is shown in Figure 3.3 for each
of the three triggers. The decay plane orientation angle is calculated from the V?°
‘direction, @, and the direction of the positive track, i, in o frame of reference
defined by © and the beam direction, §. The three axes are given by @, €, and

;. The axes €; and €; are computed by the cross products

ey = =W X e ‘ .
1 < |1 . 1 (39)

and the angle ¢ is found from the unit vectors, ¥, @, €1, and €y,
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: U € ;—-‘sin(0+)sin.(¢)  (3.10¢)

‘where 0, is the angle bethén the positive decay product and the VO particle in the

laboratory frame. The phi decay angle appears to be fairly uniformly distributed

ekcept for a loss of acceptance in the regions of 0 and £m radians. These cases

correspond to the K? particles emerging in the beam direction where there is a
forward veto for the central p’articlesl‘.' Thcréfore,'the losses are likely due to trigger
acceptance. | | |

The distribution in cosine of theta for the K 9. where theta is the angle between
the K? and its positive decay particle in the K? rest frame,‘a‘.re shown for each of

the three data triggers in Figure 3.4. The OR and AND triggers show fairly uniform

~ distributions, while the TOF triggér is somewhat biased toward cos(d) = £1. This

shows the loss of acceptance in the TOF trigger due to the requirement of at least
one particle passing thrOugh a TOF stand which covers only part of the full solid
angle in this experiment. |

The K? mass distribution for each event containing at least one K? particle
is shown in Figure 3.5 for each of the three triggers. All distributions feature a
peak at the true K° particle mass with a rathef large width of about 100 MeV.
The TOF trigger also has a small peak in the region of the A° mass. These events
had an ambiguity in the V° fits thaf resulted in both a K? fit and a A° fit being
successful. Since the TOF tfigger favors heavy charged particles such as protons,
more events will have a A° pa.:ficle produced. Since the fit is not perfect, some of
the A°® particies get through the K7 fits as well.

The inQariant mass distributions of the #* 7~ pair not associated with the K7
vertei for reaction 3.5 are shown for each of the three triggers in Figure 3.6. All

three triggers feature enhancements near 500 MeV close to the K? mass. But,
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it is not easy to distingmsh the signals from the backgrounds For this reason,

the study of the K'K? centra.l system using this method is pursued no further.

The invariant mass distributions for the K *xF pairs in reaction 3.6 are shown in

Figure 3. 7 There is a sllght peak near the J*(890) mass for the AND trigger

data, but the OR and TOF data do not exhibit the enhancement. The invarmnt

mass dlstmbutlons for the K°r* pairs in reaction 3. 6 are shown in Fxgure 3.8.

Again there is a shght enhancement near the K*(890) mass and in this case it is

exhibited for all three triggers, however, it is not easy to dlstmgulsh the signal from

the background The ‘invariant mass dlstmbutlons of the K 9K * pairs are shown in

Figure 3.9, and no enhancements are observed. Since no clear enhancements are

observed from reaction 3.6, the study of the KK*n¥ system usmg this method

is pursued no further.

3.4.2 Interactions involving at least one A°/A°

The decay length distributions of A° and RO tracks for 6-prong events having
at least one A® or A° track found are shown in Figure 3.10. The figure at the top

shows the distribution in the decay length for the OR trigger data. The decay

length distribution pea.ks at approxxmately 2.5 cm with a large tail. The average

calculated error in the decay length from the VO fit routine is typnca,l]y of the order
of 20-30% of the decay length for each event. The AND tngger data (center) and
TOF trigger data (bottom) are similar. The cut-off in the decay length at 1.0 cm is

due to the constraint placed on the allowed decay length by the V' fitting program.

The decay plane orientation angle ¢ of the A°/A° is shown in Flgme 3.11 for

each of the three triggers. The decay angle appears to be uniformly distributed

except for a loss of acceptance in the regions of 0 and +m radians. As mentioned




43

previously in the K? case, this is due to trigger acceptance.

The distribution in cosine of theta for the A°/A°, where theta s the angle
between the A°/A% and its positive decay particle, are shown for veach of the three
data triggers in Figure 3.12. All three triégers'exhibit sharp spikes near cos(9) =
+1. These events most likely correspond to v conversions into et e~ pairs leaking
fhrough the V? fit routines [Rauschnabel 1981]. |

The A°/A° mass distribution for each event containing at least one A“/f\"
particle is shown in Figure 3.13 for each of the three triggers. All distributions
feature a peak at the true A°/A° mass with a width of about 50 MeV.

The invariant mass distributions of the pTn¥ pair not associated with the
Lambda vertex for reaction 3.7 are shown for each of the three triggers in Figure
3.14. No obvious enhancements are observed. For this reason, study of reaction 3.7
using this method is pursued no further. The invariant mass distributions of the
pYK¥ pair not associated with the Lambda vertex for reaction 3.8 are shown for
each of the three triggers in Figure 3.15. No obvious enhancements are observed.‘

For this reason, study of reaction 3.8 using this method is. purstued no further.

3.4.8 Conclusions of short study

It is clear from the widths of the mass distributions of these reactions that more
work is needed on the events to improve the mass determination of the V? events
and also to screen out those events in which energy and morﬁentum are apparently
not conserved by the detected particles. For this reason, a four constrained fit
(4-C fit) will be used on the events to improve the momentum determination of

each of the charged particles not associated with the V? and also the momentum

determination of the V°® particle.
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3.5 Four Constrained Fit of Particle Track Momenta

The 4-C fit adjusts the rﬁeasured parameters of all the detected tracks in an
‘event, accordmg to their measured errors with the aim of satisfying conservatlon
of energy and momcntum in the interaction. The result of the fit i is a set of new
improved parameters and a chl-squa.re (x?) value which shows how well the fit
functioned for each event. Kmemahcal fitting of measured track parameters is a
straight forward procedure and has already been developed and used succeSSfully
for this experiment [IsenhOWer 1986].

The fit vis based on techniques described by Frodésen, Skeggestad, and Tofte
, [Frodeseﬁ, Skeggestad, and Tofte 1979]. The 4-C fit uses a x° nﬁnimizafion tech-
_nique with Lagrange multipliers. The constraint equations are written as a C-row
- column matrix F(X) with Lagrange mﬁltipliers A. The resulting equatibn tb be
rﬁinimized is | |

= (X = X™)TVHX - X™) +2ATF(X) (3.11)

where x? is the chi-square, X is a C’--comi)onent column matrix containing the
~ adjusted track parameters, X™ is a C-component column matrix of the measured
values of the track parameters,vand V is the C x C éovariance matrix (related to
an error matrix) of the measured track parameters.

The equations to be solved are obtained by setting the‘partial derivatives of
- x? with respect to the track parameters, X, and Lagrange multipliers, A, equal to

zero, i.e.,
X

AF(X)

A =0 (3.12)

© v — x™y 4225 )

‘BX

55 = 2F(X) =0 | (3.13)

The x? minimum is found by an iterative procedure. At the end of each iteration a
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x? value is calculated and compared to the previous value. The process is continued
until the following convergence criteri‘a‘are met,

| X—-—-—’—‘-““ | < .0005 n | (3.14)

X541 ‘ ‘ . ‘

where the subscript refers to the iteration order and n is the number of outgoing
tracks in Equation 3.4. If the convergence criteria are not satisfied within a given
number of iterations, the fit is a.ba.ndoned

Each 1teratlon in the fit- requlred several matrix multiplication operations in-

cluding calculatlon of the inverse of the covariance matrix. Therefore, high precision’

calculations were required on a computer. The various matrix operations required

for the fitting were performed on a VAX-11/785 computer using 15-digit extended
precision variables.

The variables used to parametrize the kinematical fitting measurements for

" this experiment were 1/p, 8, and ¢ of each charged particle. The magnitude of the

measured momentum is given by p, 8 is ihe angle out of the horizontal z-y plane
of the SFM, and ¢ is the angle from the z-axis of the SFM detector (sce Figure
2.4). The momentum and angle errors for each particle track é,re stored on the
DST as momentum and difection cosines. The errors are transformed according to
the appropriate fit ve.fia.bles. Oomplete details of the 4-C fit are given by Isenhower
[Isenhower 1986]. The output from the fit contains new track parameters consistent
with energy and momentum conservation, the errors on the new parameters, the
x? value, and the pull quantities for each track, i.e., the difference between the
originé,l» measured parameter and the final fitted parameter necessary to obtain

convergence divided by the calculated error in the fitted quantity.
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3.6 Co’rrections to Track and Beem Par'ax'net,ers

The errors in the track parameters are available on the DST for all measured
charged particle tracks for each event. In addltlon, the V?° ﬁttmg routines nge error
estimates for the V? track momenta. Therefore, these errors can be passed to the

4-C fit routme followmg any needed correctxons The only additional correctxons‘
required to all the outgomg particles’ momenta and engles from an interaction were
those due to energy losses and scattering. These have been described in detail by
Isenhower [Isenhower 1988] and are briefly summarized below.

‘The corrections to the fast outgoing protons involved correcting the errors on
the 0 angle This was needed due to multlple scattering in the beam pipe. The
errors on the two parameters p and ¢ were adjusted using the pull quuntntxes from
the 4-C fit. This was done with great caution. All pull quantities were reqmrecl ‘
to be adjusted consmtently and only after a successful fit thh low x? was already
completed. The corrections made for the outgoing central partlcles were simply
due to energy losses in traversing the SFM chambers. These corrections apply only
for low momentum tracks and account for tﬁe average loss in energy of a particle
of a particular mass in traversing _the central region of the detector.

The beam parameters were used as input to the kinematic fit routine as the
beam momenta are not measured directly in this experiment on an event by event
basis. Only the average momenta of the twe incoming proton beams is available on
‘the DST. The ISR beams actua.lly had a momentum spread of +3%. However, it
was discovered that one can use the known correletien between the beem momenta
and horizontal position of the beam particles to determine the beam momenta to
an accuracy of 0.2% on an event by event basis. These small errors allew excellent

_ determination of longitudinal momentum conservation.
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4 EXCLUSIVE INTERACTIONS INVOLVING
AT LEAST ONE K PARTICLE

- 4.1 K°K° Central System

All of the 6- -prong events conta.mmg at least one jdentified B.o particle given

from the V? program were further processed using the 4-C ﬁt‘ routine discussed

in Section 3.5. The masses of the particles for the reaction 3.5 were aséigned as

~ discussed in Section 3.4 and are listed in Table 4.1, These masses were required

to be consistent with any available time of flight information on the DST. The
momenta and angles as described in Section 3.5 for each of the particles were input

to the 4-C fit routine.

- Table 4.1 Stimmary of particles whose four momenta are input to the

4-C fit in the K°K? central system hypothesis

Particle(s) Mass (MeV) - Description
pp 938.2796 Two ingoing beam protons
rt,m” 139.5685 Two opp‘ositely charged central pions
K° 497.72 One V° Central particle
PP 038.2796 Two fast outgoing protons

4.1.1 OR trigger data

The chi- -square ( ?) distribution from the 4-C fit is shown in Figure 4.1 for the

OR trigger. This x? value is shown transformed into a probabxhty for a SuCCCqu\ll

fit for each event in Figure 4.2. Thxs probability is a measure of the goodness of fit
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for each event based on the x? value and the four degrees of freedom in the fit. The
probability of fit diétribution is then used to‘mal::e a final cut on the data to exclude
events that do not satisfy energy and momentum conservation. The procedure
is to search for a point in the dlstnbutlon where it becomes a.pproxxmately flat.
Therefore, the cut decided on from this distribution was set at 0.02._ A total of
1565 events were fitted and bf these, 245 passed the criterion for the probability of
fit. The distribution of cosine theta betweer‘l‘the K° and its positive decay, particle,
and the phi angle decay plane orientation of the K are shown for the K for the
ﬁtted events that passed the probability .cut in F.iguvre 4.3. Aside from the lower

statistics, these distributions are similar to those in F‘igures 3.3 and 3.4 for the OR

trigger.

The invariant mass of the 7t 7~ pair not associated with the K7 is shown in
Figure 4.4 for both the fitted and unfitted variables. Both reveal an enhencement
in the region of the K? mass, but the distribution using the fitted variables shows
a much enhanced peak. This is a strong indication that a second K! is ‘produc‘ed
which can be isolated‘ from the background in this event sample. Therefore, a cut
on the fitted invariant mass of the #* 7~ pair is made on the réuige 0.44 GeV
<m< ‘0.56 GeV, where m is the mass of this pair, in order to further analyze
these events. The mt 7~ pair mass distribution is shown in Figure 4.5 after the
mass cut with a gaussmn fit for both unfitted and fitted momentum variables. The
gaussian fit yields a central value of 474 + 9.6 MeV and a , width of 62 £ 7.0 MeV
for the unfitted momentum variables. The gaussian fit gives a central value of
498 + 4 MeV and a width of 31 £+ 3.6 MeV for the fitted variables. Tilus, the
mass resolution is improved considerably by the 4-C fit and the fitted distribution

correctly reproduces the known K? mass.
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" The gﬁmber of eirénts remaining in the KOK° samplé after this final mass
cut is 62 events. The distribution of the invariant mass of the K{ K} ‘cellt‘ial
- system particles, is shown in Figure 4.6 for.8‘0 and 100 MeV Bin sizes. The first
histogra.m with 80 MeV bins. indicatés a concentration of events around 1200 MeV
whlch is more clear in the second lustogram thh 100 MeV bins. There is al.sb‘
a concentratlon of events around 1500 1800 MeV. The lower peak is centered at
about 1200 MeV while the upper is at a.bout 1600 MeV. The peak at 1600 is falrly |
broad a.nd‘ could be evidence of the f° meson (mass = 1590 MeV, width = 180
MeV) with JPC = 0** [Particle Data Group 1988]. The peak at 1200 is not near
any established meson mass resonances with quantum numbers consistent with
a decay into KYK?, (i.e., even spin and positive parity) so it may be some new
resonant state, a threshold effect due to the fo(975) particlé,,or a combination of

both. There is a fo(1240) resonance (see Table 1.2) seen by one group to decay to
K K [Etkin et al. 1982

The background for this interaction can be estimated from the ﬁ*ﬂ" mass
distribution. From Figure 4.4 the background is estimated to be 30%. The shape
of the background in the K9 K? mass distribution may be estimated with the events
from Section 3.4 using the unfitted Ifgw""w_ mass distribution. This distribution
is showﬁ superimposed on the data (dashed line) in Figure 4.7, nérmalized to the
observed number of events in the region M > 1.5 GeV, with each bin multiﬁlied by
0.30, and the 62 fitted events subtracted out of the sample. From the distributions

it is evident that the enhancements are not due to background in the data sample.

The distribution in cosine theta, where theta is the angle in the Pomeron-

Pomeron rest frame betw-een the K9 particle and one of the Pomerons, is shown in

Figure 4.8 for the AYK? events. From the relatively flat shape of the distribution
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it ‘appears that the central system is probably in a spin 0 state, i.e., the decay of
the K“R” system is mostly s-wave. However, in order to verify tlns conclusion, it
is necessary to correct the data for geomctrlc and tngger acceptances of the SFM

detector. This w111 be dlscussed in Chapter 6.

§.1.2 AND trigger data

The treatment of thevc‘lata was cérried 6ut using the (samé method as in the
OR data. Theuequiva.lt‘ent Figures to ‘4.2-4.8‘a.re shown for the A‘ND‘ trigger data in
Figures 4.9-4.15. A probability cut of ‘0.02 was decided upon for this trigger also.
The distributions in the decay angle cosine theta and thé phi angle are similar to

those in Figures 3.3 and 3.4 for the AND trigger.

From Figures 4.11 and 4.12 it is c;lear that the AND data also feature a second
K in the event sampIe. ‘The gaussian ﬁts‘yield é central valﬁe of 480 £ 10 MeV
- with a width of 48 4: 7.0 MeV for the unfitted momentum variables and a central
value of 496 + 6 MeV with a widfh of 37 4 6.0 MeV for the fitted variables. Thus,

the mass resolution is improved considerably by the 4-C fit.

The number of events in the KK sainple is 46 events. The distribution of
the invariant mass of the K?K? central system pdrticles is shown in Figure 4.13
for 80 MeV and 100 MeV bin sizes. Unlike the OR trigger data, neither of these
distributions shows any enhancements in the region of 1200 Mev, but there is a
slight enhancement at 1500 MeV. However, the statistics are poor. From Figure
4.11 the background is estimated to be 30%. With the shape of the background
in the K9K? mass distribution of Figufe 4,14, it is evident that the enhancement
is not due to.background in the data sample. In Figure 4.15 it appears that the

system is probably in a spin 0 state and is dominated by s-wave decay.
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4.1.3 TOF trigger data

The tréa,t,ment of the data was carried out using the same method as in the
OR and AND trigger data. The equivalent Figurés to 4.2-4.8 are shown in Figures
4.16-4.22. A probability cut of 0.02 was used for this trigger also. The distributions
‘in the decay angle cosine thet;x. and the phi angle are similar to those in Figufcs
3.3 and 3.4 for the TOF trigger. |
It is evident from Figﬁres 4,18 and 4.19, that the TOF trigger data also contain
| a second K? particle. The gaussian fits yleld a central value of 478 +£25 MeV with a
width of 91 & 24 MeV for the unfitted variables and a central value of 499 &6 MeV
with a width of 31 £ 5.1 MeV for the fitted variables.
The number of events in the K9K? sample is 30 events. The distribution of
" the invariant mass of the K9 K? central system is shown in Figure 4.20 for 80 MeV
and 100 MeV bin si‘zes. The two histograms show a strong peak at about 1200
MeV. This is éim.ila,r to the OR trigger data in Figure 4.6. As mentioned in Sectfon |
4.1.1, the peak at 1200 is not near any well known meson mass resonances with even
spin and positive parity. From Figure 4.18 the background is estimated to be 30%.
With the shape of the ‘background in the K®K? mass distribution of Figure 4.21

" it is evident that the enhancement is not due to background in the data sample.

4.1.4 Combination of the three data sets, OR, AND, and TOF

In order to improve the statistics available for studying the central system
mass combinations, data from the three trigger samples were combined. Since the
AND trigger data show a different distribution in the mass of the whole system, it
was decided to look at the sum of all three distributions and also to combine the

OR and TOF samples without the AND trigger data. Because of the require‘ment.‘
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of charged partlcles on both sides of the detector in. the central region, the AND‘

trigger samples a different regmn of phase space from the OR and TOF . triggers.

' Spemﬁcally, the AND data sample contains a bias towards higher mass events in

the central syétém This bias is‘ due to therequirement in the trigger of one hit
on the posxtwe z side and also one on the negative « side of the detector. Smce
there is a center of mass motion in the negatlve T dxrectlon, the momcntum of the
particle at the positive side for each event will bc biased to higher momenta on
average than will the OR or TOF triggers whix;h only require a hit on one side of
the detector in the cenfral region.

The mass distribution for the K?K? central system is shown in Figure 4.23

" for the three data sets combined with the background superimposed. The peak at

1200 MeV remains. The cosine of theta distribution in the Pomeron-Pomeron rest

frame of the angle between the K? particle and one of the Pomerons is shown in
Figure 4.24 for the three data sets combined.

' The mass distribution for the K°K? central system is shown in Figure 4.25

~ for the OR and TOF data sets combined with the background superimposed. The

peak at 1200 MeV is enhanced. This gives more weight to the argument that
there is probably some sort of resonant state in this mass region. The cosine
theta distﬁbution in the Pomeron-Pomeron rest frame of the angle between the
K? particle and one of the Poﬁero.ns is shown in Figure 4.26 for the OR and TOF

data sets combined. It appears that the central system decays largely via s-wave.

In order to verify this statement, the data have to be corrected for geometric and

trigger accéptances. As indicated earlier, this is discussed in Chapter 6.
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4.1.5 Search for physics biases in the data aampk'le.s

Scatter-plots of the 7+ 7~ mass versus the K°K® mass in the central system
are shown in Figure 4.27 for each of the three triggers. There seem to be no

obvious correlations in the figures. The same scatter-plot with all thre - triggers on

the same graph is shown in Figure 4.28 and again shows no obviov correlatious or

differences in the data apart from the enhancements a.lready‘ discussed in Section
4.1.4. | | |
Scatter-plots of the K!K? central systefn mags versus the probability of fit is
shown for tlie three triggers in.Figure‘ 4.29 and show no obvious biases apart from
slightly higller'.statistics in the low probability region which is to be expected from |
the way the probability of fit cuts wére made in each of the data sets.
In Flgure 4. 30 a scatter plot of the mass of the K?K!? central system versus
cosine theta in the Pomeron-Pomeron rest frame is shown There appears to be
a slight bias towards higher mass values for low cosine theta. This bias could be
explained by the forward veto in the three triggers. Since the Pomeron momenta
tend to favor the fox"wmd ‘proton directions, larger central system momenta will be
excluded by the veto in the forward direction. Acceptance corrections elnnmate
this effect in cosine theta as will be shown in Chapter 6. In Figure 4.31 a scatter
i)lot of the 7w~ Mass Versus the cosine of theta in the Pomeron-Pomeron rest

frame reveals no new information.
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Figure 4.27 wtn~ mass versus K?K? mass for each trigger
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4.2 K'K*»F Central System

All of the 6-prong events containing at least one identified K7 particle given
from the V? program were further processed using the 4;0 fit routine discussed
in Section 3.5. The masses of the particles for the reaction 3.6 were assigned as
discussed in Section 3.4 and are listed in Table 4.2. These masses were required
.to be consistent with any available time of flight information on the DST. The.
momenta and angles as described in Section 3.5 for éach of the .particlés vere ‘input
to the 4-C fit routine. The probability of fit distribution is shown in Fig‘ure‘4.32
for the OR trigger data. The probability distributions for the AND and TOF
data #re 'sixﬁilar. I eéch of the three data sets the probability of fit cut was set
“at 0.02. Although a higher cﬁt could be justified, it was found from ‘background
studies based on TOF mass information that higher probability cuts only reduced

backgrounds by about 3-5%.

Table 4.2 Summary of particles whose four momenta are input to the
4-C fit in the K9 K* ¥ central system hypothesis

Particle(s) Mass (MeV) Description

PP 938.279¢ - Two ingoing beam protons
K * 493.646 One central kaon (charged opposite to 7F)
¥ 139.5685 One central pion (charged opposite to K¥)

497.72 One V? Central particle

938.2796 Two fast outgoing protons
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Figure 4.32 Probability of fit distribution for the OR trigger data

4.2.1 OR trigger data

A total of 1565 events were fitted and of these, 246 events wére fitted success- , r
fully by the 4-C fit routine for at least oxe méss combination. Of the 246 events,
136 were ﬁtted successfully with ‘both charged K*rF mass combinations. Figure
4.33(a) shows the K*x¥ mass distri‘bu‘tion with a broad peak at 825 MeV. This
" is two low to be a neutral K* (mass 892 MeV) particle. Figure “4.33(b) shows the

K°m* mass distribution, and there is an enhancement at the chdrged K* mass of
| 1 896 MeV. The K?K¥* mass distribution is shown in Figure 4.33(c) and shows a
peak at 1250 MeV. | |
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Figure 4.33 Invariant Mass distributions before excluding the K? K events
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Figure 4.35 Invariant mass of the K? K *n¥ central system with 40 MeV bin
sizes (top) and with 80 MeV bin sizes (bottom)
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Fﬁrthef study of these events compared witﬁ the K°K? central system events,
shows that a large portion of the K°K° events also paés the 4-C fit in this K°Ki7r¢
system. Therefore these events were removed from the distributions and Figures
4. 34(n-c) show the resulting mass distributions. In the K*r¥ mass dxstnbutlon,
the peak at 825 MeV disappears, while most of the events that were at 875-900 MeV
remain. The Kr* mass diséribuﬁon a.lsb retains the peak at the charged K* xﬁgSs

while the 775 MeV mass peak becomes smaller. The K K * mass distribution shows

_the same shape as previously, with the 1250 MeV peak even more pronounced.

Since it is possible to have a three Body decay into‘ KK*7¥F, this 'K:’Kiw:‘:
central system mass distribution is shown in F‘igure 4.35 for 40 MeV aQnd 80 MeV
bm sizes. There is the possxblhtv of an enhancement at 1450 MeV, hut it is not
significant enough at this stage to claim a resonance state. The enhancement brmgs

to mind v interactions in e*e” experiments [CELLO Collaboration 1989, Baglin

et al. 1987, Mark II Collaboration 1986]. The f,(1420), JPC = 1++, has been seen

to decay to K°K*x¥ (i.e., K*K) via vy interactions. However, in this experiment,
only even spin statés may bé produced for the entire central syétem (see Chapter
1). Thus, any‘resonant state at this mass would have to be a different particle.
The possibility of the n(1440) being produced exisfs, but it has been identified as a )
negative parity pafticle [Particle Data Group 1988] whereas DPE states must have

positive parity.

In an attempt fo estimate the background‘in these plots, the events cohtaining
TOF infbrmation for the charéed imon particles were studied. The event samples
before and after the 4-C fit, but prior to the requirement of TOF mass consistency
were analyzed. The ratio of identified K’s to 7’s was calculated ‘The results show

that prior to the 4-C fit, the K/m ratio is 85/787, or 0.11. After the 4-C fit and
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prio;' to the TOF consistency check, the K/m ratio is 15/80, or 0.19. Thus, the

background after the fit decreases, but remains high (80%).

The consistency check for the K using the TOF data effectivelj; removes the

~ mass combinations with misidentified K’s, but it does not necessarily show whether

the other combination is correct. The removal of the K?K? events helps to reduce

the ba.ckground in thls case. This a.dchtlona.l cut of the K9K? events leaves a

‘total of 186 events, with 95 of these events containing both mass combmatlons

Therefore, the br"‘{ground at this stage of the analysis is estimated to be 70% for

‘ the events and about 30% of the background is attributable to combinatorials.

In an attempt to enha,nce any poss1ble K* signals, a plot of the mva.nant K*n
mass versus the K, 0% is shown in Figure 4.36. The bands are centered around the
neutral K* (892 MeV) and charged K* (896 MeV) masses. The K* has a w1dth of
50 MeV and the study of the KO K? system in Section 4.1 gives a mass resolutlon
of about 30 MeV. Therefore, the widths of the bands were taken to be 160 MeV.

A considerable fraction of the events are within these bands (shown as solid circies

in Figure 4. 36) and these events are candldates for K*K events. The invariant
KK *n¥ mass . distribution is shown for events that are inside the bands in Figure
4.37(a). The enhancement at 1450 MeV remmns, and is more pronounced than
in Figure 4.35. There is the possibility of some sort of threshold effect occurmg
rather than a genuine resonance. As a check on the 4-C fit probability, the events
were subjected to a higher cut of 0.20 to see the effect on the distribution. This
is shown in Figure 4.37(b). The peak at 1456 MeV becomes more significant, and

therefore, it is possibie that something is ha‘ppening at this mass region. However,

" since the statistics are low and the background is known to be high, it is hard to

draw a conclusion.
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Figure 4.37 KJK * ¥ mass distribution for events within the K* mass range

and satisfying probabiliiy of fit (a) greater than 0.02
and (b) greater than 0.20
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Figure 4.41 cos(f) distribution of the angle between the best K* mass combination

and one of the Pomerons in the Pomeron-Pomeron rest frame
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In an eﬁ'orf to reduce the combmatona.l background further, only the best
It"' candidate w111 be consxdered for events w1th two successful fits. Effectively,
this is accomplished by calculating the mvanant masses of the K*n¥ and K= &
combinations.,andr‘selecting the combination which has a mass closest to the K *. A
scatter plot of the invariant K‘*:*r‘r:F mass versus the K97% mass ié shown in Figure
4.38 after making this selection. Tl}e triangles represent 'e.vents with the best mass
combination. A projection of these évents onto the K +rF axis with the exclusion of
the events in the K:’jr:k band, is shown in Figﬁre 4.39(a). The alternate projection
of the events onto the K?r* axis is shown in Figure 4.39(b) with eve‘n‘tsin the
K*n¥F band excluded. Both prejections reveal an enhancement near the true K*
masses. However, one must kiep in mind that the data have now been biased
towards these masses by excluding the other combinatorial from the plots. The
invariant KK *n¥ distribution is shown in Figure 4.40. The distribution remains
ronghly the same. The cos() distribution is shown in Figure 4.41 of the angle

between the Best K* candidate and one of the P_omerons in the Pomeron-Pomeron

rest frame. This distribution is relatively flat, showing no preferred spin direction.

4.2.2 AND trigger Jlata

The method of treatment used in the AND trigger data is similar to that
used in the OR trigger data. A total of 1236 events were fitted and of these,
177 events were fitted successfully by the 4-C fit routine for at least one mass
combination. Of the 177 events, 69 were fitted successfully with both charged

K*#¥ mass combinations.

As in the OR data, some of these events were KOK? events that also passed

the 4-C fit in this K?K*n¥ system. Therefore, these events were removed from the
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sample. This additional cut of the K K7 events leaves a total of 132 events with 50

of these events containing both mass combinations. Figure 4.42(a) shows the K47 ¥

" mass distribution for the events after the removal of the K K7 events. There is

~a very slight concentration of events near the K* mass. Figure 442(b) shows the

K%r* mass distribution which also shows some evidence for a K* signal. Figure
4.42(c) shows the K K* mass distribution and there is a broad enhancement at
1250 MeV. The KYK*7F mass distribution is shown in Figure 4‘.43 for 40 MeV
and 8Q MéV bin sizes. Unlike the OR trigger data, thefe is no enhancement at the

1450 MeV mass region.

The background in these plots has Been estimated using the same method as
in the OR trigger data. Prior to the 4-C fit, the K/ ratio is 90/874, or 0.10. After
the 4-C fit and prior to the TOF consistency check, the K/x ratio is 17/91, or“
0.19. Thus, the background after the ﬁt‘ decreases, but remains high (80%). The
background after the TOF conmsistency check, and removal of the K?K? events is

estimated to be 70% with about 30% attributable to combinatorial background.

The equivalent plot to Figure 4.36 is shown in Figure 4.44 for the AND trigger‘
data. The square symbols ref;resent events that were only fitted successfully for one
mass combination. The trié.ngles represent the best mass combination consistent
with a K* for events that were fitted for both mass combinations, and the circles
represent the worst mass combination. Unlike the OR trigger data there does not
appear to be a significant concentration of events within these bands. A projection
of these events onto the K*n¥ axis with the exclusion of the K%r* band, is
shown in Figure 4.45(a). The alternate projection of the events onto the If\?ﬂ"i
axis is shown in Figure 4.45(b) with the K*=¥ band excludéd. Both projections

show slight enhancements near the K* mass, but the background is high. The
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Figure 4.45 Projection of events in Figure 4.44 onto the K *rF mass axis with
(a) events in the K 7% band excluded and (b) events in the
K*n¥F band excluded
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equivalent distributions to Figures 4.40 and 4.41 are shown in Figure 4.46. No

significant structure is seen.

4.8.3 TOF trigger data

A total of 111 events were fitted ’successfully‘ by the 4-C fit routine for at
least one mass combination. Of the 111 events, 54 were fitted successfully with
both charged K%7¥ mass combinations. As in the OR and AND data, some
of these events were K9 K? events that also passed the 4-C fit in this K7 K*n¥
system. Therefore, these events were removed from the sample. ‘Figures 4.47(8.;0)
and 4.48(a c) show the invariant mass distributions for the three possible mass -
comblnatlons both before and after removing the KK events. The low mass
enhancements in the K 0¥ and K97* distributions of Figure 4.47 dlsa.ppem after
removal and there are enhancements near the K masses in Figure 4.48. However,
the statistics are low. The K’K*n¥ mass distributions are shown in Figure 4.49

for 40 MeV and 80 MeV bin sizes. Aside from lower statistics, they are similar to

the OR data.

The background in these plots has béen estimated using the same method as
in the OR and AND trigger. Prior to the 4-C fit, the K/Tr ratio is 158/490, or 0.32.
After the 4-C fit and prior to :tlle TOF consistency check, the K/ ratio is 26/34,
or 0.77. The background after the TOF consistency check, and nemova.l of the
K°K? events is estimated to be 40% with about 30% attributable to combinatorial
background. Thus, the background is significantly lower for the TOF data. This
is expected because the TOF trigger was designed to enhance kaons and protons
produced in the central region. A plot equivalent to Figure 4.44, of the K*n¥

mass versus the K%7% mass, is shown in Figure 4.50. There is a concentration of
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events in the K* bands. A projection of these events onto the K i'qu: axis w1th the .
cxclusnon of the K{n* band, is shown in Figure 4.51(a). The a.lternate pro Jectlon
of the events onto the Ko7* axis is shown in Figure 4.51(b) with the K*x¥ band

excluded. Both projectibns show enhancements near the K* mass, but the Kr*

| projection shows all the events in one bin slighﬂy below the K* mass at about

860 Mev. The equivalent distributions to the Figurés 4.40 and 4.41 are shown

in Figure 4.52. The mass distribution is similar to the OR data except the low

mass enhancement is only one bin wide. It is consistent with a kinematic threskold

effect.

4.3 Summary of the K’K? and K¢K*r¥ Systems

In the K9 K? system, all three data sets feature a good sample of KK} events.
The OR and TOF trigger date indicate an enhancement near 1200 MeV in the

K?K°® mass distribution. The AND trigger data do not exhibit this enhancement,

but it could be due to trigger acceptance problems in this mass region. The cosine

theta distributions, where theta is the angle between a K7 i)article and one of the
Pomerons, indicate a predominantly s-wave spin state for the three data sets with
a falloff in statistics at large values of cosine theta. As mentioned in Section 4.1.5,
this reduction of statistics is likely due fo acceptance of the trigger. Estimates of
the DPE cross sections for ‘this K°K? system will be made upon cglculation of |

geometrical and trigger acceptance in Chapter 6.

In the KK *7F system, the data seem to indicate poor rejection of events
not consistent with the K9 ' *7F mass hypothesis. This makes subsequent analysis

subject to justifiable criticism, however, the K* studies indicate some evidence for

L. O
uuc .ll’

iIl:F
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system appears 'nlikely due to low statistics and "high background in the daﬂa

samples. Thus, only rough estimates of the cross sections appear feasible upon

calculation of detector acceptance. This will be conéidered in Chapter 6.
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5 EXCLUSIVE INTERACTIONS INVOLVING
AT LEAST ONE A°/A° PARTICLE

5.1 A°A° Central System

All of the 6-prong events containing at least one identified A® or A° particle
given from the V® program were further processed using the 4-C fit routine dis-
cussed in Section ‘3.5.‘ Only the best A°/A® fit was use.d‘ from the V® program
(i.e., lowest x? value) in the event processing. The masses of the i)articles for the
reaction 3.7 were assigned as discussed in Section 3.4 and are listed in Table 5.1.
for the case of a A® or a A® shown in p'arenthesis. Due to lov;' statistics the two
cases were combined in the‘ana.lysis. These masses (for the chdrged particles) were

required to be consistent with any available time of flight information on the DST

for each event. The momenta and angles as described in Section 3.5 for each of the

Table 5.1 Summary of particles whose four momenta are input
to the 4-C fit in the A°A° central system
hypothesis

Particle( é ) Mass (MeV) Description

PP 938.‘2796 Two ingoing Beam protons
= (nt) 139.5685  one central pion

p(P) | 938.2796  one central proton

A° (A")  1115.63 One V° Central particle

p,p - .938.2796 Two fast outgoing protons |
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i)articles were input to the 4-C fit routine. The probability of fit distributions for
each‘of the three data sets are shown in Figure 5.1. A probability cut of .02 was

used in subsequent analysis of the data.

5.1.1 OR trigger data

In the OR trigger data, a total of 1116 events were fitted, and of these, 134
events passed the criterion for the probablhty of fit. Figure 5.2(a) shoWs the dis-
tribution in cos(8) of the angle between the A®/A° and 1ts positive decay particle.
This distribution is strikingly different from thosevin Figure 3.12. The e.vents'at
+1 were screened out of the event sample since they wef,e contaminated by v con-
versions into e;*'e“ pairs and therefore, these events did not conserve momentum.
Figure 5.2(b) shows the decay plane orientation angle ¢ of the A°/R® particle.

Aside from the lower statistics, this distribution is sinilar to Figure 3.11 for the

OR trigger data.

In order to estimate the background in these plots, the‘events containing TOF
information for at least one charged track were studied. The event sampﬁes before
and a.fter the 4-C fit, but prior to the requirement of TOF mass consisten?y were
analyzed. The ratio of TOF identified p's to m’s was calculated for the central
system particles‘assigned proton masses. 'The results show that prior to ﬁhe 4-
C fit the p/r ratio is 40/823 or 0.749. After the 4-C ﬁt and prior to the TOF
consistency check, the p/m ratio is 6/80 or 0.075. Thus, the background for t1ns
data is extremely high (= 93%).

The invariant mass of the ptn¥ pairs not associated with the A°/A° particle
is shown in Figure 5.3 for 25 MeV and 40 MeV bin sizes. There appears to be no

evidence for a second A®/A° particle (mass 1115 MeV). There is an enhancement
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near 1250 MeV, but it is too high to be a A°/A® particle. It is likely that these

events are from sorne other momentum conserving interaction.

The absence of a A°/A° signal is not surprising in this trigger, since two
charged p 's (one proton and one anti-proton) are reqﬁired to be produced in the
central system per event. The proton production is known to be low compared
to pions for this trigger. In addition, there is a problem of inefficiency in the
V? reconstruction for decays within one cex;timeter of the vertex. Also, the long
decay length. (¢ = 7.89 ¢cm) will cause ‘more A°R° évents to be missed by‘ ﬁhe

reconstruction code (i.e., the vertex will not be defined as well).

5.1.2 AND trigger data

In the AND trigger data, a total of 587 events were fitted and of these, 53
events passed the criterion for the probability of fit. Figure 5.4(a) shows the cos(f)
distribution for the A®/R° particle and its positive decay particle. As in the OR
trigger, the cos(f) distribution no longer exhibits the spikes at 1. Figure 5.4(b)
shows the ¢ decay plane orientation angle for the A /A° particle. Aside from the

lower sfatistics, this distribution is similar to Figure 3.11 for the AND trigger.

As in the OR trigger, the backgfbund has been estimated using the available
TOF information. Prior to vhe 4-C fit the p/ ratio is 65/886 or 0.07. After the
4-C fit and prior to the TOF consistency‘ check, the p/ ratio is 7/68 or 0.10. Thus,

- the background for this data is very hig‘h‘(%‘ 91%).

The invariant mass of the pEn¥ pairs not associated with the A°/A° particle is
shown in Figure 5.5 for 25 MeV and 40 MeV bin sizes. As in the OR trigger, there
is little evidence for a second A®/A° particle produced. There is an enhancement

at 1250 MeV which is too high to be a A°/A° .
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5.1.8 TOF trigger data

In the TOF trigger data, a total of 818 events were fitted, and of these, 76

events passed the criterion for the probability of fit. Figure 5.6(a) shows the distri-

bution in cos(#) of the angle between the A®/A° and its positive decay particle. As
in the OR and AND triggers, the spikes at 41 are missing from the distribution.
Figure 5.6(b) shows the ¢ decay plane orientation angle of the A°/A" particle.
Aside from the lower statistics, this distribution is similar to Figure 3.11 for the
TOFT trigger data. |

As in the OR and AND triggers, the background has been estimated using the
available TOF information. Prior to the «-C fit the p/m ratio is 282/627 or 0.45.
After the 4-C fit and prior to the TOF consistency check, the p/7 ratio is 38/46
or 0.83. Thus, the background for this data is much lower than the OR and AND
triggers (~ 55%). -

The invariant mass of the p*nF pairs not associated with the A°/A° particle
is shown in Figure 5.7 for 25 MeV and 40 MeV bin sizes, There appears to be
some evidence for a szcond A®/A° particle (mass 1115 MeV). There are thirteen
events near 1115 MeV, In order to separate out a A°A° signal, a cut was made on
the pxF mass in the range of +80 MeV around the A°/A® mass. The resulting
A°A° invariant mass distribution is shown in Figure 5.8 for 40 MeV and 80 MeV
bin sizes. There is a concentration of events at 2.5 GeV, but the statistics are very

low.
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5.2 A°A% (A%*A%) Central System

All of the 6-prong events containing at least one identified A° or A° particle

given from the V°® program were further processed using the 4-C fit routine dis-

cussed in Section 3.5. Only the best AO/]\o fit was used from the V? program

(i.e., lowest x~ value) in the event processing. The masses of the particles for the
reaction 3.8 were assigned as discussed in Section 3.4 and are listed in Table 5.2
for the case of a A® or a A® shown in parentheses. Due to low statistics, the two

cases were corabined in the analysis. These masses (for the charged particles) were

‘ réquirgd to be consistent with any available time of flight information on the DST

~ for each event. The momenta and angles as described in Section 3.5 for each of

the particles were input to the 4-C fit routine. The probability of fit distributions

are shown for each of the three triggers in Figure 5.9. A probability cut of .02 was

~ used in subsequent data analysis.

Table 5.2 Summary of particles whose four momenta are input
to the 4-C fit in the A°A® (A""‘A0 ) central system
hypothesis

| Particle(s) Mass (MeV) Description

p,‘p 938.2796 Two ingoing beam protons
K- (KY) 139.5685 | . one central pion

p(P) 938.2796 one central proton

A® (A%) 1115.63 One V? Central particle

P, P 938.2796 - Two fast outgoing protons
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5.2.1 OR trigger data

A total of 859 events were fitted, and of these, 109 events passed the criterion .

" for the probability of fit. The dlstnbutlon in cos(0) of the angle between the A° / A°

and its positive decay particle is sumlar to the dlstnbutlon for Section 5.1.1.
In order to estimate the background in these plots, the events contammg TOF

information for at least one charged track were studied. The event samples before

and after the 4- C fit, but prior to the requu'ement of TOF mass consistency were

analyzed. The ratio of the number of TOF identified p's and K’s to the number
of s was calculated for the central system partieles assigned proton and kaon
masses. The results show that prior to the 4-C fit the (p + K)/m ratio is 80/1423
or 0.056. After the 4-C fit and i)rior to the TOF consistency check, the (p+ K)/=
ratio is 1‘4/151 or 0.093. Thus, the b‘ackground for‘this data is high, (~ 92%) as in

the AYA° system hypothesls

The mvarlant mass of the p* K¥ pau's not assocmted with the A°/A° partlcle
is shown in Figure 5.10 for 25 MeV and 40 MeV bin sizes. There appears to be
slight evidence for a second A* particle (maszs 1520 MeV). There is an enhancement
near 1500 MeV, but it is very broad and the statistics are low. Tlus makes the
identification of the enhancement at 1520 MeV as a bonafide A* resonance subject
to criticism. Although it is possible that this would be more easily identified in
the data tha.n a second A°/A® because there is no V? inefficiency to consider for
each event. The A* would decay at the primary vertex reducmg the inefficiency

problem to one V? and giving a more clea.rly defined primary vertex.
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5.2.2 AND trigger data

In the AND trigger data, a total of 404 events were fitted and of these, 42
events passed the criterion for the probability of fit. The distributions in cos(0)
and ¢ of the A%/A° are similar to those in Section 5.1.2. |

As in the OR trigger, the background has been estimated using the available

'TOF information. Prior to the 4-C fit the (p + K)/= ratio is 112/1354 or 0.083.

After the 4-C fit and prior to th~ TOF consistency check, the (p + K)/m ratio is .

12/98 or 0.12. Thus, the background for this data is very high (~ 89%).

The invariant mass of the pT K ¥ pairs not associated with the A°/A° particle

is shown in Figure 5.11 for 25 MeV and 40 MeV bin sizes. As in the OR trigger,

there is slight ev1dence for a A* (1520) particle produced. There is an enhancement

at 1520 MeV wlnch could be a A* particle, but the statistics are low.

5.2.9 TOF trigger data

In the TOF trigger data, a total of 564 events were fitted, and of these, 72

. events passed the criterion for the 'prob'abilityv of fit. The distribution in cos(6)

of the angle between the A°/A® and its positive decay particle is similar to the
dxstrlbutlon for Section 5.1.3. |

As in the OR and AND trlggers, the background has been estimated using
the available TOF information. Prior to the 4-C fit the (p + K')/ ratio is 389/792
or 0.49. After the 4-C fit and priof to the TOF consistency check, the (p + K)/m
ratio is 50/83 or 0.60. Thus, the background for this data is much lower than the
OR and AND data, (= 62%) as in the A’A? system hypothesis.

The invariant mass of the pE K ¥ pairs not associated with the A°/A° particle
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is shown in Figure 5.12 for 256 MeV and 40 MeV bin sizes. There appears to be evi-
dence for a second A* particle‘ (mass 15620 MeV), There is a significant enhancement
near 1500 MeV. This enhancemeﬁt is probably a A* (1520) resonance. Figure 5.13
shows the distribution of the A°A%* central system fuass containing only events
~ within a band of £80 MeV around the A* mass of 1520 MeV for the p* K'F mass
of Figure 5.12. Most of the évents are concentrated near the threshold at about
2700 MeV. There are no known neutral resonances at 2700 MeV with even spin

and positive p_arity.

5.3 Summary of the A°A® and A°A%* Systems

- In the A°A° system, the OR and AND triggers do not exhibit any clear A°/A°
signals in the ptr¥ mass distributions. The absence of a signal in these two
triggers is not surprising due t§ high background, low statistics, the long A?/A°
decay length, and presence of central protons required of t‘he‘ decay products. The
TOF trigger data are somewhat more promising since the background was found
to be only 55% and this trigger enhances kaon and proton production. It is evident
that there is a small A°/A° signal in the p*#¥ mass distributions.

In the A’A%* system, the OR and AND triggers exhibit small enhahcements
at the A" mass, but the high background and low statistics in these two samples
inakes signal extraction unlikely. The TOF trigger data exhibit a clear, sharp signal
at the A* mass of 1520 MeV and this is evidence for A°A%* being produced. The
mass of the AA%* system yields a significant concentration of events near 2700
MeV which could be evidence of a new resonant state.

Since the TOF trigger data show signals in both ‘t.he A°A® and A°A°* central

systems, calculations of cross sections are feasible.




e e T g o A i

il
o

139

6 ACCEPTANCES AND CROSS SECTIONS

8.1 Efficiencies and Systematic Bffects

The V° program contains inefficiencies in the tr=ck finding a.lgori’thms. One
can estimate the efficiencies for ﬁnding a V9 and use this in the final acceptances.
A direct estimate of the event fraction lost due to the decay length of the K¢ or
A°/A° can be made from the decay length distributions of the particles in their
respective rest frames. This is a.hccomplished by transforming the measured decay
length in the lab frame into the rest frame of the V0 particle using the measured

lab momentum and the V° mass. The desired expression is

Ty = ety = ﬂ;—cd; | (6.1)

Where =, is the transformed decay length lifetime in centimeters, ¢, is the lifetime
in the V? rest frame in seconds, m is the V° mass, d; is the measured decay length,
¢ is the speed of light, and p is the measured 1homentum of the V? particle.

Figure 6.1 shows the transformed decay length distribution of the K? particles

after transforming into the K rest frame for each event containing at least one K°

particle for each of the three data sets. All three triggers show the same distribution
shape. A fit to the data has been performed using an exponential decay distribution
of the form |

N(z) = Nge~=r/? (6.2)

where . = ct, is the lifetime (¢,) multiplied by the speed of light () for a particular
K particle, A is the time at which a fraction e~ ! of the particles decay, Ny is the

amplitude, and N is the observed number of K° decays at a particular distance .

These curves indicate a loss of events at shorter decay lengths. A subtraction of
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fhe events from the cﬁrve yields an efficiency of .66 for the K| found by the V°
| program. - For the éécond K? in reaction 3.5, the efficiency will be 1-.66, ylelding
.34 for the second K? particle. The remaining inefficiency comes from the V?°
track finding algorithm’s ability to recognize a V° decay that is in i_;he higher decay -
lvength‘ region and to define thg primary and secondary vertices properly. This
“overall efﬁéiency is estimated to be 0.5 [Raschnabel 1981].

Figure 6.2‘ shows the trénsformed decay length of the A®/A°® particles for each
of the three data sets. A fit to the data using equation 6.2 yields the curves
superimposed over the data. A subtfaction from the fit of the events givés .68 for
the A?/A° found by the V° program, The second A°/A°® in reaction 3.7 will have
an efficiency of 32, The remaining. inefficiencies for the A° /A® come from the V°
track finding algorithms. This efficien y is estimated to be about the same as in the
K" case, i.e., 05 In addition, there is an ambiguity in some of the V? fits between
a A and a A particle. This efficiency due to the A°/A® ambiguity is estimated at
0.8.

The systematic effects have been estimated to be 1.5 for this experiment
[Breakstone et al, 1989]. These are due to uncertainties in overall acceptance and
luminosity calibrations. There is a further systerhatic effect due to the V° track
finding efficiencies computed from the lifetime distributions. Table 6.1 shows the
fitted values of ) for the K? and A°/A° particles fof each trigger. It is clear that

| thefe are event losses in the distributions since the decay lengihs are slightly dif-
ferent from the known decay lengths. The known decay leﬁgth is c‘r = 2.7 cm for
“the K and ¢r = 7.9 cm for the A°/A’ . In the K case there are losses at shorter
lifetimes. These losses are probably due to secondary vertices not being seen since

they are too close to the primary vertex. In the A°/A® case there are event losses




S S g

AR 66£2cm 65E.2cm 6.6 +.2cm

143

Table 6.1  fitted decay length lifetimes for the K?
and A%/A° particles for each trigger

Parlide OR ~ AND  TOF

K? 36+2cm 37+.2cm B88%.lcm

at larger lifetimes. These losses are probably due to ﬁarticles escaping the detector
and not being seen by the reconstruction code. These logses must be cqngidered
as a systematic effect in the calculation of efficiencies, This effect is estimated to
be about 1.15. This will give an overall total systematic uncertainty in the croés‘

gections of 1.7.

6.2 Acceptance Calculations

The SFM ‘detecltor‘ acceptances for the K°K? , KOK*n¥ [ A°A°, and A°A%
central systems have béen calculated. This was necessary to obtain absolute cross
sections for these interactions. The acceptances were computed using a two step
Monte-Carlo technique. This technique is similar to the one that has been used in
Breakstone et al. [1989]. |

In the first step, single particle;; were generated for all momenta and angles that-
could envelop the triggér ch\émbers. The particle trajectories were tracked through
the magnetic field, $he detector chambers, and the TOF stands [Messerli]. Energy

losses, scattering, and particle decays were taken into account. The measured TOF
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masses for K’s and p’s were also included when a.pphca.ble “Trigger-tables” were
constructed from this trackmg lnformatxon for quantized regions of the’ polar angle
9, azimuth ¢, and momentum p of a particle. This was done for a.ll possible particle
trajectories which satisfied the trigger requirement. | |
In the second step, events were generated for the central systems w+m~wtw”
and pprtm~ using a double peribheral model [James 1967]. Production of the
fast outgomg protons was performed using a matrix element squared of the form
e~Bt1e—0ta where t3,t; are the momentum transfers for each of the protons. For
the reaction 3.5, an isotropic decay was used. For the reactions 3.6-3.8, a damped
decay dlstrlbutlon was used in the transverse momenta, pr, where pr is defined with

respect to the Pomeron dn‘ectnon in the system X. The matrix element.sqtlared

n .

H —A(ET)G (ET)i - «/(pT)z. 4 m4 ‘ (63)

i=1

was used with A = 2 gwmg a good fit to the data, m; stands for the i* h particle
mass, and n is four. An estimate of systematic errors resulting from model de-

pendences was obtained from comparison to acceptances resulting from isotropic

decay in the central system. The differences in acceptance were found to be small

so that the pr- damped model is acceptable for these reactions since the statistics in
the real data are too low to do extensive studies of the angular distributions. The
acceptance for each of the triggers was obta;ned by examining each track in the
event against “trigger-tables” to determine if the trigger requirements were satis-
fied. To obtain an acceptance, the SFM and trigger acceptances were combined for
the complete event. The overall efficiencies discussed in Section 6.1 were included
in the final acceptances.

em, the acceptances have been calculated from the
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“m.a;ss of 497 + 50 MeV. The acceptance values and errors are shown in Figure
- 6.3 for the OR and AND triggers. The actual acceptances are approximated by
polynomial fits of the form |

A = py + pam+ pym® + pym® | (6.4)

‘where m is the central system mass, p; are the fi' coefﬁcieqts, and A is the accep-

tance. These fits are shown by the curves in Figure 6.3. In this KOK? system,

‘the TOF acceptance is very similar to the OR zcceptance since four 7's are pro-

duced. Thus, the OR acceptance was used for the TOF data also. The cos(0) of
the angle between a K7 and one of the Pomerons in the Pomeron-Pomeron rest
ffame is shown in Figure 6.4 for the OR trigger at a central systém mass of 1200
MeV. Notice that the same falloff in the data for large values of cos(f) is seen as
in Chapter 4 for this KJK? system.

The acceptances for the Kj K tx¥F system were calculated starting with the
xtm—mtn— events. A cut on one nt ™ pair mass of £50 MeV was made around
the K° mass. One charged m from the other pair was converted to a K particle
by changing the = mass in the central system rest frame to a K mass and Lorentz
transforming the momentum é.nd energy of this particle back into the laboratory
frame. The events were then subjected to the analysis of SFM and trigger require-
ments and cémplete acceptances calculated using the pr-damped decay method.
For the K¢K*n¥ system the TOF trigger acceptance was calculated also. The
shape of the acceptances of“the OR and TOF triggers were similar, but not identi-
cal in this system. The computed acceptances are shown in Figure 6.5 for the OR,
AND, and TOF triggers. |

The calculation of acceptances in the A°A° system was attempted using the

pprtm~ Monte-Carlo events, A cut on each pr~ pair was made around the A®/A°
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| mass of +100 MeV. The acceptance was found to have very large errors, as the

Monte-Carlo statistics were too low to give reliable values Thus, it was decided
to compute the a.ccepta.nces using all of the pp1r+7r Monte-Carlo events. This has

been done and the acceptance is ‘s.hown‘in Figure 6.6.

In the A°A* system a technique similar to the I? K* 7 acceptance procedure
yielded very large errors. Therefore,‘ the ppr+n~ data were used assuming the same

overall factor behavior as between the K?K? and the K K*n¥ systems. This gives

the curve shown in Figure 6.6. The phdse space difference was accounted for by

shifting the A°A°? curve to account for the difference in mass threshold.

8.3 Cross Sections

Table 6.2 shows the estimated total cross sections fox“‘reactions 3.5-3.8. The
OR trigger data were used in the calbulatioﬁ' of the total cross sections for the
reactions involving K? particles (since this trigger has the best acceptance). These
were computed using the sum of the a.ccépta.nce corrected central system mass
distributions of figures 6.8 and 6.10 for the OR trigger. The errors are simply the
sum of the statistical errors of each bin in the observed number of events for each
interaction. The background estimate used for the KJK system was the same
as the qstimaté in Section 4.1 of 30%. In the K°K*x¥ system the background
estirﬁate is reduced considerably by using Figure 4.39. From these distributions
one obtains 48%. This is consistent with the higher background before the mass
cut so that the K K* system is the major contributor to the total cross section in

this analysis.

The TOF trigger data were used in the total cross section for the réactions

involving A°/A° particles (since only this trigger contained a signal). In addition
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Table 6.2 Total cross sections for reactions 3.5-3.8; the quoted errors |

do not include an overall systematic error of 1.7 which results

from an uncertainty in acceptance and luminosity calibrations

Raw | Real .
Reaction g Events Background Events Cross Section (ub)

pp — pp(KJKJ) 30% 1.3 4+ .64

pp — pp(K§ K *7F) 48%  44£.14

pp — pp(A"A") 54% 20+ .14

pp — pp(A°A%*) . 50% 13 + .06

there is an overall systematic uncertainty of 1.7 as discussed in Section 6.2. Figures
5.8 and 5.13 were used in the A°A® and A®A® systeins to estimate the background
percentages and the results were similar to the TOF information estimates from

Chapter 5.

6.9.1 K°K° system

‘The cos{#) distributions, where  is the angle between a K 9 particle and one of
‘the Pomerons in the Pomeron-Pomeron rest frame, is shown in Figure 6.7 fbr each
of the three triggers. These distributions have been corrected for acceptance of the
detector and the falloff at large cos(8) values is no longer observed. Therefore, since
these distributions are now flat, it is likely that tile K%K events are predominaﬁtly
s-wave, i.e., they have no preferred‘ spin direction. |

The cross sections as a function of the K% K? invariant mass are shown for each
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of the three triggers in Figure 6.8 for 100 MeV bin sizes. The errors are statistical

errors for the observed number of events in each bin. The distributions are similar

‘to the raw event mass distributions in Chapter 4.

The cross sections for the OR and TOF data added and for the OR, AND, and
TOF data added are shown in Figure 6.9. Both distributions feature an enhance-
ment at 1.1-1,2 GeV. It is possible that the effect could be due to two resonances,
the fo(975) and the fo (1240). The f0(975) is at threshold for‘KgKf production and

the f5(1240) has been seen to decay to KK [Etkin et al, 1982]. Since the statistics |

in these data are low, these two resonances could account for the distributions.

6.3.2 KOK*rx¥ system

The cross sections as a function of the KK %7 ¥ invariant mass for events

‘consistent with containing a K* particle, are shown in Figure 6.10 for each of

the three data sets. The OR data show a clear enhan»cement at 1400-1500 MeV.

The AND and TOF data contain lower statistics, and show enhancements at this

" mass range also. The cross sections for the OR and TOF data added and for

the OR, AND, and TOF data added are shown in Figure 6.11. Both feature the

enhancement at 1400 MeV. A possible resonance at this mass is the fy(1400) which |
decays to KK, but it is not clear why it is not visible in the K9K? system. This

could be due to the threshold enhancement at the lower mass of ~ 1200 MeV

" dominating in that case.
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6.9.3 A°A® and A®A"™ systems

Figtire 6.12 shows the cross sections as a function of mass for the A°A° and
the A°A%* central systems, The lack of event statistics has caused large error bars,
go that it is difficult to make conclusions. There is a low mass enhancement at

threshold as discussed in Chapter 5 for both reactions.
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7 SUMMARY AND CONCLUSIONS

The 1solatlon and ana.lyms of the K9K? system has ylelded a total cross scctuon

estimate of 1.3 + 0. G[Lb Since the K" particle is 50% I&o and 50% K (likewise
" for the &), one can estimate the K°K? cross section to be 5.2 + 2.4 pb. This iy

consistent with the K+ K~ cross section estimate of 6.5 +1.7 pb for this experiment
[Breakstone et al. 1989]. The low mass enhancement near‘ '1200 MeV is also seen in
t‘he K +K mass distributions and could be due to a resonant state. The resonance
is likely to have the quantum numbers of JPC =0t+. A phase amplitude analysxs
in 7rp reactions has yielded a similar resonance termed the f0(1240) [Particle Data
Grloup 1988]. v+ interactions have yielded strikingly differext distributions in this
K?K? system [CELLO Collaboration 1988]. However, the f(‘1525) production seen
in yv interactions cannot be ruled out of the mass distributions for DPE in this
éxperiment. o

The K?K*n¥ system analysis has proved interesting, but not‘ as reliable due
to the larger backgrounds involved. It has nevertheless yielded an estimate of the
K K* cross section of .44 :i: .14 pb. There is the possible identification of the 1400
MeV enhancement as the f0(1400) particle, but low statistics and K* ambiguities
render a detailed study of the cos(#) distributions inconclusive.. In v+ interactions,
the K'K tnF gystem has produced a resonance at the same mass with spin one,
i.e., the f,(1420) particle [CELLO Collaboration 1989)]. |

The A°A° results have been much hva.rcler to obtain, showing a signal in only
the TOF trigger data. The statistics are very low, and the TOF trigger acceptance

is poor. An estimate of the total cross section of .20 % .14 pb has been obtained.

The A°A°* system has been more encouraging with a clear enhancement seen at
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the A(1520) resonance. “A cross section estimate of .13 & .06 ub has been obtained
for this system. These cross secvtioh are a factor of ~ 2 smaller than the total
pp and pﬁn’-hr“ cross sections for tlﬁs experiment [Breakstone et al. 1989]. The
existence of a possible A°A° signal, thoﬁgh ‘sm‘a.ll, is significant, since it has not
been seen in other interactions such as ‘7rp or vv. Ho‘wévver‘,‘ the J/¥ has been seen
to decay to A°A° [Particle Data Group 1988]. |

The analysis presented here on neut:al strange particle production in exclusive
reactions has been interesting. These data repi;esent the only known experimental
information for eXclusix}evneutral strange particle reactions in the DPE mechanism.
In order to study these sy‘ste'ms further, more ‘informa,tion is néeded on DPE re-
actions (i.e., pp — pr), which may only be obtained by taking“ more data with
higher statistics. With the dismantling of the ISR in 1984, this will prove diffi-
cult to do. Experiments ﬁtilizing fixed targets have isolated some fraction of DPE
events [Armstrong et al. 1989], but the obtainable rapidity gap is not of the same

quality as at the ISR.
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