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Zusammenfassung

Ein wesentliches Ziel des Experimentierprogramms am Spektrometer ANKE, das sich
an einem internen Targetplatz des COoler SYnchrotrons COSY-Jiilich befindet, ist
die Untersuchung der leichten skalaren Resonanzen ay(980)/f0(980) nahe der KK
Produktionsschwelle. Vorgesehen ist die Messung der ag/ fo-Produktion in Hadron-
induzierten Reaktionen mit verschiedenen Isospin-Einstellungen im Eingangskanal,
d.h. in pp-, pn-, pd- und dd-Reaktionen. Die ersten beiden Experimente wurden An-
fang 2001 und 2002 fiir den pp-Kanal bei Strahlenergien von 7, = 2.65 GeV (Q = 46
MeV oberhalb der K K-Schwelle) und 2.83 GeV (Q = 103 MeV) durchgefiihrt. Beide
Messungen zielten ab auf den Nachweis koinzidenter dK* bzw. dn™ Ereignisse, um
die af (980) Resonanz in den Reaktionsketten pp — daj — dK+K°/dntn iiber eine
»,Missing Mass“-Analyse zu untersuchen.

Im Rahmen dieser Doktorarbeit wurden beide Messungen mit Hilfe von Monte-Carlo
Simulationen vorbereitet und die Durchfiihrung der zwei bzw. drei Wochen dauern-
den Strahlzeiten organisiert und begleitet. Im Anschluss an die Messungen wurden
die Daten analysiert, wobei der Schwerpunkt bei koinzidenten dK *-Ereignissen aus
der ersten Messung lag.

Mithilfe der ANKE-Reichweitenteleskope, die auf die Identifikation von K*-Mesonen
bei hohem Untergrund optimiert sind, konnten Kaonen iiber ihre Flugzeit und ihren
Energieverlust selektiert werden. Koinzidente Deuteronen wurden iiber ihre Flugzeit
relativ zu den K "-Mesonen identifiziert. Eine anschliessende ,, Missing Mass“-Analyse
der dK-Paare zeigt ein klares Signal bei der Masse des K%-Mesons mit etwa 1000
Ereignissen. Fiir diese d /Kt K-Ereignisse wurde sowohl ein totaler Produktionsquer-
schnitt von oy = (38 £ 244t & 145ys) nb abgeleitet, als auch differentielle Massen- und
Winkelverteilungen bestimmt. Der totale Wirkungsquerschnitt, der auf einer effek-
tiven Messzeit von ca. 5 Tagen beruht, belegt, dass systematische Untersuchungen zu
den skalaren Resonanzen ag(980)/f5(980) an ANKE mdglich sind. Die Massen- und
Winkelverteilungen legen einerseits nahe, dass ein signifikanter Anteil der Kt KO-
Paare iiber die ag (980)-Resonanz erzeugt wird, und lassen andererseits vermuten,
dass auch die Endzustands-Wechselwirkung zwischen dem Deuteron und dem K0
bei der Interpretation der Daten beriicksichtigt werden muss.







Abstract

A major goal of the experimental program at the spectrometer ANKE, which is lo-
cated at an internal target position of the COoler SYnchrotron COSY-Jiilich, is the
investigation of the light scalar resonances ay(980)/f3(980) close to the K'K produc-
tion threshold. It is foreseen to measure the ag/fo production in hadron-induced
reactions with different isospin configurations in the entrance channel, i.e. in pp, pn,
pd and dd reactions. The first two experiments were carried out in the beginning of
2001 and 2002 for the pp channel at beam energies of T}, = 2.65GeV (Q = 46 MeV
above the KK threshold) and 2.83 GeV (Q = 103 MeV). Both measurements aimed
at the detection of coincident dK* and dr™ pairs in order to investigate the ag (980)
resonance in the reaction chains pp — dag — dK1tK?/drtn with a missing-mass
analysis.

In the framework of this thesis both measurements were prepared with the help of
Monte-Carlo simulations and the beam times of two and three weeks were organized
and conducted. After the measurements the data were analyzed, focusing on the
dK™ events obtained at T, = 2.65 GeV.

With the help of the ANKE range telescopes, which are optimized for the identifica-
tion of K mesons in a huge background of other particles, the kaons can be selected
via their time—of-flight and energy losses. Coincident deuterons are identified via
their time relative to the K+ mesons. A subsequent missing-mass analysis of the dK+
pairs reveals a clear peak at the mass of the K9 meson with about 1000 events. For
these dKt K0 events the total production cross section of oy = (384 25401 £ 144y5) nb
as well as differential mass and angular distributions have been determined. The to-
tal cross section, which is based on an effective measuring time of about 5 days,
shows that systematic studies of the scalar resonances a(980)/fo(980) are possible
with ANKE. The mass and angular distributions indicate that a significant fraction
of the K*tKO pairs are produced via the ag (980) resonance. They also suggest that
the final state interaction between the deuteron and the KO has to be taken into
account for the interpretation of the data.
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1. Light Scalar Resonances

The human being has been interested in the investigation of composition and interac-
tion of matter ever since. In the fifth century BC the Greek philosopher Democritus,
e.g., was convinced that everything is built up of small particles called atoms® which
differ from matter to matter. As discovered during the last century, this principle
turned out to be partially correct.

Matter is indeed composed of small elementary particles. At the end of the 19%
century, people thought those particles were the chemical elements. This assump-
tion needed to be changed when J.J. Thomson discovered the electron in 1897, and
E. Rutherford in the beginning of last century found out that almost the whole mass
of atoms is concentrated in a tiny, positively charged nucleus. A few decades later,
in 1932, the neutron was discovered by J.Chadwick. In the middle of last century
particle accelerators where built and experiments there led to the discovery of a large
number of different particles, sometimes called a “particle zoo”2, and the recognition
that those particles are not indivisible but composed of so—called quarks3.

Our current picture of the composition and interaction of matter within the frame-
work of the Standard Model is the following (see Table1.1):

Matter is composed of elementary particles with half-integer spin quantum numbers
(in units of ). These particles are called fermions and are subdivided into leptons
and quarks. The forces between them are mediated by exchange bosons (particles
with integral spin).

latomos: Greek for indivisible

2 found a very nice citation of Enrico Fermi in Ref. [PDG86]: “Young man, if I could remember
the names of these particles, I would have been a botanist.”

3The word 'quarks’ has been suggested by M. Gell-Mann.
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Fermions Family Electric Color Spin
123 Charge

Leptons Ve Vy Vs 0 - 1/2
epnT -1 - 1/2

Quarks uct +2/3 {red, blue, 1/2
dsb -1/3 green} 1/2

Interaction Couples to Exchange Mass JP

Boson [GeV/c?]

strong Color 8 Gluons ¢ 0 1~
e-m e-m Charge Photon 7~ 0 1~
weak weak Charge W=, Z° 80-90 1
Gravitation Energy Graviton g 0 2t

Table 1.1: Upper part: The elementary particles with their properties. Each particle has a
corresponding anti—particle with the same spin but opposite charge and anti—color. Lower
part: The exchange bosons mediating the forces between interacting particles.

1.1 Baryons and Mesons

Quarks (labeled with the symbol ¢) have never been observed as free particles but
they combine to form other particles called hadrons. G.Zweig and M. Gell-Mann
classified the hadronic states based on symmetry principles. The underlying symme-
try groups led to the invention of quarks which were later identified in deep inelastic
e~ —scattering as partons. According to this naive quark model all hadrons are built
up of either ¢g or gqq, the first being called mesons, the latter baryons.

Baryons are composed of three quarks. Their spins couple to either S = 1/2 or
S = 3/2. For simplicity let us consider states with the lowest masses only which
means we assume zero relative angular momentum between the quarks. With this
assumption the total angular momentum is equal to the sum of the spins of the three
quarks. Using u, d and s quarks only and assuming the Pauli principle leads to a
baryon octet for spin S = 1/2 and to a decuplet for S = 3/2 states. They are shown
in Fig.1.1. When these multiplets were introduced the {2~ had not yet been discov-
ered. It was a great success when the particle was experimentally observed having
the predicted quantum numbers and mass.
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Figure 1.1: The lightest baryon decuplet and octet. The resonances in a multiplet differ
in strangeness S and the third component of isospin I3.

Mesons are composed of a ¢ pair. Since quarks are fermions carrying spin S = 1/2,
the ¢qq pair of a meson can couple to S = 0 or S = 1. The total angular momentum is
the sum of the angular momentum L between the ¢g pair and its spin S, J = L+ S.
Since fermions and anti—fermions have opposite parity, the parity is P = (—1)%*!.

Different combinations of J and P lead to different multiplets. For mesons with
L = 0 and 1 the combinations J* = 0~ (pseudo-—scalar mesons), J* = 1~ (vector
mesons), J© = 0T (scalar mesons), J¥ = 11 (axial mesons) and J* = 2% (tensor
mesons) are possible. Restricting the quarks to u, d and s, leads to meson nonets.
The well established nonet for pseudo—scalar mesons is shown in Fig. 1.2, left side.

Scalar Mesons

In the case of low mass baryons, pseudo—scalar and vector mesons all states of the
quark model have been identified with observed states. This is not the case for
scalar mesons. More resonances have been observed in the expected mass range
(m ~ 600 — 1900 MeV/c?) than would fit into a single nonet. It is not clear up to
now which of these are the genuine ¢g states and what is the nature of the others.

The difficulty of finding the candidates for the scalar nonet is dominated by the
large decay width of these resonances as well as the fact that several decay chan-
nels open up within a short mass interval. Moreover, in the mass region of interest,
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Figure 1.2: The nonet of pseudo-scalar mesons and of scalar mesons derived from the
naive quark model [PDGO02]. S indicates the strangeness content, while I3 is the third
component of isospin.

objects like glueballs (gg and ggg) and multiquark states (¢qqq and qqqgqq) are ex-
pected [PDGO02].

Candidates for the scalar nonet are the K*(1430) with I = 1/2, the a((980) and
ag(1450) with I = 1 and the o or fy(500), fo(980), fo(1370) and f,(1500) with
I = 0. The K*(1430) is assumed to be a ¢g state in almost every model. In the
framework of the naive quark model the nonet would look as shown on the right side
of Fig.1.2 whereas the ninth member is ambiguous. It could, for example, be the
fo(1500) or f,(1710) [PDGO2].

This is only one possibility to group the scalar nonet. Many theoretical models were
developed but none of them is able to describe the scalar sector satisfactory [Biis02b].
The two resonances ay(980) and fy(980) have a mass near 980 MeV/c? where the
a0(980) has been observed in three charge states (41,0) and the f,(980) is neu-
tral. In some relativistic quark models the aq(980)/f5(980) are considered as ¢g
states [Ric00, Cel00, Ani00, Nar01], whereas Refs.[Cel00, Ani00, Nar01] deduce a
glueball mixing with the ¢q states in order to reproduce the observed states.

Other models prefer to describe the a((980)/fy(980) as tetraquark states[Vij02,
Clo92] or mesonic molecules [Wei83, Loh90]. Within the framework of chiral pertur-
bation theory a model has been developed in which the a¢(980)/fo(980) are dynam-
ically generated bound states of two mesons [O1100, Ose01].

From the diversity of theoretical models it becomes clear that the field of scalar
resonances is not settled at present and new data are necessary.
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1.2 Experiments on the q((980) Resonance

The first evidence for the existence of the a¢(980) resonance has been provided in
the late 60s. At that time three resonances were observed, called §(962), 7 (975)
and 7y (1016). The first two were observed in 7 systems, the latter in KK final
states. Over the years the 0(962) was discarded and it turned out that the 7y (975)
and 7y (1016) are of the same origin. This resonance was first renamed as ¢(980)
and later as a¢(980) ([PDG69, PDG71, PDGT73, PDG80, PDG86]). The absence of a
pr decay was a strong indication that its spin is zero (S = 0) and its parity positive
(P = +1). Flatté [Fla76] proposed that the 77 and KK invariant mass spectra can
be reasonably explained by a two—channel resonance of large width which is narrowed
due to unitarity and analyticity. An example for such a Flatté distribution is shown
in Fig.1.3.

N

dN/dn?  [1/(GeV/@)]
B B R B B

=

14
m? [GeV/d]

Figure 1.3: Possible Flatté distribution for the a((980) decay channels 71 and KK.
The parameters used for the calculation are described in Ref. [Bra02].

Since then, many experiments have been performed in which the ay(980) reso-
nance was observed. In this section an overview of the various experiments is given
(Table1.3). The overview is far from being complete. Mainly those experiments
were chosen where the results are accepted by the Particle Data Group [PDG02].
From all these measurements the mass of the a¢(980) is known quite well (984.7 +
1.2MeV/c?). The width is only estimated (I' = 50 to 100 MeV) although about as
many values have been published as for the mass. Only very few experiments give a
branching ratio of the decay channels 7 and KK and have been accepted to generate
an average value. Almost all measurements were performed at high energies where
the ao(980) is observed as a decay product of higher lying resonances. One of the
experiments listed in Table 1.3 provides cross sections on a¢(980) production [Abo70]
and only three were performed in pp collisions [Abo70, Bar00, Bar98|.

In spite of these many experiments the information available is not yet sufficient
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to reveal the nature of the a((980) resonance. Thus, with the experimental pro-
gram on the investigations of the ag (980) resonance with ANKE at COSY-Jiilich
we want to provide additional and complementary information. The broader goal of
the scientific program is to study ay(980)/fo(980) production in pp, pn, pd and dd
interactions [Biis02b]. Both decay channels, ap — KK /7n and f, — KK /77 can be
detected simultaneously. The aq(980)/f5(980) are observed in direct production, i.e.
not via the decay of higher lying resonances. Angular and mass distributions and
total cross sections will be provided.

The first two experiments of the ANKE program on scalar resonances have been per-
formed in pp collision at T, = 2.65 GeV and 2.83 GeV where the ag (980) is produced
in coincidence with a deuteron, pp — dag (980) — dKTK9/dr*n. The 7tn as well
as the K*tK0 decay channel have been measured simultaneously. In this thesis the
analysis of coincident K™ pairs of the first beamtime at 7}, = 2.65 GeV is described.

1.3 pp — daj — dK* K" near Threshold

At T, = 2.65GeV the reaction pp — dag — dKTK? is Q = 46 MeV above the KK
production threshold. The proximity to the threshold and the quantum numbers of
the final state impose strong constraints on the angular distributions. Final states
with zero angular momenta everywhere are forbidden while at () = 46 MeV partial
waves higher than [ = 1 are suppressed.

The final state is formed by two particles with the quantum numbers J* = 0% (ao)
and 25*1L; = 38, (deuteron). In the following, some restrictions on the final and
initial states are derived, using the Pauli Principle and the conservation laws on an-
gular momentum and parity.

The lowest possible relative angular momentum between the deuteron and the aq is
[ = 0 which means that the total angular momentum .J and the parity P of the final
stateis J =1 and P = (—1)"- (+1)4, - (+1)q = +1. The next higher partial wave is
[ =1 and thus J =0, 1,2 and has negative parity P = —1. Higher partial waves are
possible but kinematically suppressed due to the nearness of the K+ K0 threshold.
The initial channel contains two protons with the quantum numbers J¥ = 1/2% each.
Using the Pauli Principle, the wave function of the system must be antisymmetric
which means that (—1)£"5*! has to be negative. The isospin of two protons is I = 1
(I3 =1/2+1/2 =1). The wave function is anti-symmetric, if the sum of the angular
momentum and the spin of the two protons L + S is even where the spin S can be
0 and 1.

A final state with positive parity can be produced, if the angular momentum of the
two protons L is even (P = (—1)L, L = 0,2, ...) which implies the even spin quantum
number S = 0 and therefore J = L. However, as shown above, there is no final state
close to threshold with these quantum numbers. Therefore, a final state with [ = 0
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between all particles is forbidden.

Final states with negative parity can be produced with odd angular momenta (L =
1,3,...) and spin S = 1. The total angular momentum of the two protons J has to
be either J = 0,1, 2 in order to fulfill angular momentum conservation. This means
that the final state containing a p—wave can only be produced from 3P0,1,2 and 3F,
initial states.

Experimentally observed at ANKE are the deuteron and the K™ meson. The missing
KO is reconstructed. Thus, the KK can also be produced without an a, involved.
In the case of non-resonant dK+K° production, analogous arguments as above lead
to the condition that the observed dKTKP° events must have a relative P-wave dis-
tribution in one of the systems K+ K9 or d(KTK?9), the latter would be the identical
configuration as for aj —production. We denote the state where the deuteron is in
a p-wave (s-wave) relative to the K+K9 system and the K+ KO system itself in a
relative S—wave (P—wave) as Sp (Ps).
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2. ANKE-Experiment on ag (980)
production

2.1 The ANKE Spectrometer at COSY—-Jiilich

The Cooler Synchrotron COSY—Jiilich [Mai97] is designed to provide unpolarized and
polarized proton and deuteron beams in the momentum range of 294 - 3650 MeV /c.
Ions from a H™— (D™-) source are pre-accelerated with the cyclotron JULIC to an
energy of 45 MeV (76 MeV) and injected into the 184 m long COSY ring via a charge
exchanging stripper foil. The ions are accelerated to the desired energy with a cavity
while 24 dipole and 56 quadrupole magnets keep them on the track and focus them.
Electron and stochastic cooling guarantee high quality beams with small emittance
and momentum spread which can be used for internal and external experiments.
Currently, four internal experiments are installed, ANKE [Bar01], COSY11 [Bra96],
EDDA [Alb97] and PISA [PIS99]. COSY-11 aims at studying near threshold meson
production. EDDA has investigated elastic proton-proton scattering from 7, = 0.5
to 2.5 GeV with high precision using unpolarized and polarized beams and targets.
PISA is used to investigate total and differential cross sections of proton induced
spallation from several targets, the results being important for the planning and
construction of the European Spallation Source ESS [Cla01].

Five external experiments use the extracted COSY beam, GEM [Bet99], JESSICA
[Tie01], MOMO [Bel99], NESSI [Enk99] and TOF [Boh00]. JESSICA serves as a test
facility to investigate spallation targets and moderators whereas NESSI provides
precision data for neutrons and charged particles in proton induced spallation. GEM
as well as MOMO are used in conjunction with the BIG KARL spectrometer. MOMO
was designed to study the reactions pd — 3HeK+tK~/rTm~ near threshold, GEM
to study meson production near threshold. With the large acceptance time—of-flight
spectrometer TOF mainly meson and hyperon production is investigated, also far
above the production thresholds.

11
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Figure 2.1: The Cooler Synchrotron COSY. H~— and D~ Ions are pre-accelerated in the
cyclotron JULIC and injected into the COSY ring via a charge exchanging stripper foil.
At present, four internal experiments are installed (ANKE, COSY-11, EDDA and PISA)
and five external (JESSICA, TOF, NESSI and GEM and MOMO at BIG KARL).



2.1 The ANKE Spectrometer at COSY—-Jiilich 13

The Apparatus for Nucleon and Kaon Ejectiles ANKE is an internal spectrometer
for charged particles at COSY—Jiilich. It has been put into operation in spring 1998
and is optimized for the study of subthreshold Kt production from nuclei. This
requires the identification of kaons in an immense background of pions and protons.
Thus, a dedicated detection system has been developed [Biis02a] which could be used
within the framework of this thesis guaranteeing an excellent kaon identification. In
the following the layout of ANKE is briefly described. Detailed information can be
found in Ref. [Bar01].

D2
Im
negative particle
detectors
D1 H,-cluster jet D3
COSY H - B |
bej': 1 T NENET)
7&'__—4.!

MWPC 1,277 = e &
ﬁﬂ
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Figure 2.2: Sketch of the ANKE spectrometer and its detection systems. Forward emitted
positively charged particles can be detected in the side and forward detection system. A
detection system for negatively charged particles has been built. For backward emitted
particles the backward detection system is available. Measurements can be done from
cluster and strip targets. In this measurement the cluster target was used together with
the side and forward detection system. The dashed curves indicate particle trajectories.

ANKE (see Fig.2.2) consists of three dipole magnets D1, D2 and D3. D2 is used
as spectrometer magnet for forward emitted ejectiles from the target placed in front
of D2 while D1 and D3 guide the circulating COSY beam. The deflection angle of
the beam ap; = aps = —1/2 - aps can be adjusted to optimize the magnetic field
independent on the COSY beam momentum. Various targets can be used, Ho— or
Dy—cluster jets [San97] or strip targets made of, e.g. C, Cu, Ag and Au [Bar01]. More-
over, a frozen pellet target [Bou98] is in preparation providing highest luminosities
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for Hy and D, which are comparable those achieved with strip targets. An Atomic
Beam Source (ABS)[Mik02] will be installed in the near future for measurements
with polarized H and D targets.

Positively charged forward emitted particles are detected with the side and forward
detection system (FDS/SDS) described in the next sections. A detection system for
negatively charged particles has been built [Har01], TOF start and stop counters and
two MWPCs have already been installed and put into operation.

Moreover, backward emitted particles are identified with the backward detection sys-
tem (BDS) comprising three drift chambers and two layers of scintillators [Bar01].
D1 is then used as a spectrometer magnet.

A near—target spectator detector [Leh00] is available in order to perform measure-
ments on deuterium as an effective neutron target, tagging the spectator protons. A
photon detector [Hej02] is in preparation which will allow the detection of photons
as well.

2.2 Experimental Setup

The measurement on af production was performed in two weeks in the beginning
of 2001. The general idea of the measurement is to study the reactions pp —
dag (980) — dK+KY/dn*n by detecting the deuteron in the forward detection sys-
tem and the charged ag decay product in the side detection system. A missing mass
analysis of the experimentally observed coincident dK*/drx™ events allows one to
identify events from the reaction pp — dK*K%/dx*n. In this thesis, only the analy-
sis of Kt X events is described. The 77 channel is analyzed independently [Fed02].
In the following the experimental conditions and those parts of ANKE are described
which were used for the measurement on ag —production.

2.2.1 COSY Beam, Target and Magnetic Field

In the beginning of the beamtime calibration measurements at 7, = 0.5, 0.7 and
1.0GeV and a beam deflection angle of @ = 7.4° have been performed, correspond-
ing to magnetic field values in D2 of B = 0.605, 0.746 and 0.945T. During the
experiment at T, = 2.65 GeV up to 4-10'" protons with a cycling frequency of about
1.58 MHz were provided by COSY. Together with the Hy—cluster jet target (dimen-
sions: ~5mm in transversal, 12mm in longitudinal direction) which reached cluster
densities of up to 5-10* cm ™2 an average luminosity of 2 — 3-10% cm 25! could be
obtained. The magnetic field of D2 was set to 1.57T at an ANKE deflection angle
of & = 5.9°.
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2.2.2 The Side Detection System (SDS)

The detection system for forward emitted charged particles is subdivided into a low
(SDS) and high momentum part (FDS). The SDS covers the momentum range of
150 - 1100 MeV /c. With the settings described above, ejectiles with horizontal angles
in the range +12° and a vertical angle of 43.5° pass one of the 23 time-of-flight
(TOF) start counters behind the side exit window of D2 and are focused onto one of
the 15 range telescopes or hit one of the 6 sidewall scintillation counters. The range
telescopes are placed in the focal plane of D2, each covering a momentum interval of
roughly 30 MeV/c. The general layout of a telescope is shown in Fig. 2.3.

Cerenkov

Degrader |
A

Degrader Il
Veto

K (64%)

+ T=
I (21%) 12.4 ns

Figure 2.3: Sketch of an ANKE telescope. It is composed of a stop, Cerenkov (in telescopes
7 - 15 only), AF and veto scintillator and two degraders. The degraders are designed such
that protons are stopped in the first and K mesons in the second. Kaon decay products
are observed in the veto counter with characteristic delay time.

The most important information used to discriminate particles in the SDS is the
TOF between the start and the stop counters. A lucite Cerenkov counter follows
the plastic stop counter in order to identify pions via their light emission. Since the
pions need to have a momentum of more than 300 MeV/c to produce a signal in the
Cerenkov counters, those are used in telescopes 7 to 15 only.

The next part is a degrader built of copper which stops protons stemming from the
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target and decelerates the kaons so that they just pass the following AFE counter and
are stopped in the second degrader. There they decay with the lifetime of 12.4 ns.
Detecting the kaon decay products u™, 7 by requiring a delayed signal in the last
counter (veto), after the AE counter has been hit, is a strong criterion to select
kaons. However, it implies a reduction of the efficiency by a factor of 7 - 8 due to
the limited solid angle for detecting the decay products. Therefore, it has only been
used off-line to identify the kaon signals clearly. At 7, = 2.65GeV kaons in the
telescopes 10 - 15 can be identified by means of TOF and energy loss only. Pions
still are minimum ionizing and pass all detectors.

In order to measure particles with higher momenta (625 - 1100 MeV/c) as well, the
sidewall has been set up which is composed of six scintillation counters. The first
counter is placed next to telescope 15 and the wall is inclined so that the penetrating
particles hit the scintillation counter perpendicularly. The scintillator thickness of
10 mm polystyrene is not sufficient to identify kaons via energy loss but pion and
proton identification is easily possible via TOF. Thus, the sidewall has been used to
identify pions from the reaction pp — drtX.

For kaon identification only telescopes 10 - 15 have been used in the present analysis.
According to simulations those telescopes cover the lower momentum half of the
momentum distribution of af decay kaons.

Two multiwire proportional chambers are placed between the start counters and the
telescopes to suppress background and for momentum reconstruction. Each wire
chamber has three wire planes, one with vertical wires, the other two with a wire
inclination of £30°. A more detailed description of the chambers, the decoding and
the chamber analysis can be found in Ref. [Jun00].

2.2.3 The Forward Detection System (FDS)

For B = 1.57T, particles with momenta in the range of 950 - 3463 MeV /c with a
horizontal angle of £ 10° depending on the momenta and a vertical angle of &+ 3°
are detected in the FDS. The FDS consists of three multiwire proportional chambers
(MWPCs) for background suppression and track reconstruction and a scintillator
hodoscope.

Each chamber has two wire planes with horizontally and vertically arranged wires
with a distance of 1 mm and two planes with strips inclined at +18° with respect
to the wires. For the analysis described below, only the wire planes were taken into
account.

The hodoscope is split into two parts, the first is a layer of 8 polystyrene scintillator
counters, the second comprises 9 counters. The counters in layer 1 and 2 which are
closest to the beam pipe are denoted as counter 1. For a more detailed description
see Refs. [Bar01] and [Kom02].
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2.2.4 Hardware Trigger and Data Acquisition

All SDS scintillation counters (start, stop, AE, veto and sidewall) are read out at
both ends via photomultipliers. So called ”meantimers” generate the hardware mean
of the time signals of both photomultipliers. Especially built modules for each stop
counter allow one to set an individually adjustable TOF gate per telescope in coin-
cidence with maximum 16 corresponding start counters. Based on the meantimer
information and the hit start—stop coincidence, these trigger modules decide within
100 s whether an event is accepted or not. The time-of-flight (TOF) distributions
between the valid start counters and stop counter 11 are shown in Fig.2.4 as an
example. In all spectra a peak from pions is observed; in some of them a second
peak from protons is seen as well. The limits of these TOF distribution reflect the
length of the hardware trigger gate. It was chosen such that protons are just cut off
in order to only record events with a pion or kaon in the SDS. The trigger rates for
protons are almost as high as for pions and would only increase the deadtime of the
system. There are only some spectra with a proton peak still within the gates.
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Figure 2.4: The trigger gate for the SDS has been adjusted to generate a trigger for
pions (prominent peak) and kaons and to reject protons. Only in some start—stop counter
combinations the proton peak is still seen at the end of the TOF gate.

The information on energy loss in the AE counter can be included as well but has
not been used online for this experiment.



18 ANKE-Experiment on af (980) production

The readout of the FDS scintillators is the same as the one in the SDS. A trigger
signal was generated when a hodoscope of the first layer or one of the second layer
was hit. (In the analysis, a hit in both layers was demanded.)

At ANKE four different triggers can be implemented simultaneously. During the
ag beamtime in most of the runs the main trigger T'1 was a coincidence between
the SDS and FDS trigger. As second trigger 72, the trigger from the FDS alone,
prescaled by a factor of 999, was chosen while the third trigger 7’3 came from the
SDS alone, prescaled by 200. Calibration runs with FDS and SDS trigger as non—
prescaled main triggers were taken in addition. The fourth trigger is used to read
out the scaler information for all scintillation counters.

In order to investigate events with coincident dK* or dn™ pairs, the data which were
recorded using trigger 71 have been analysed. Data from trigger 72 has been used to
determine the luminosity and tune the forward system. With the data from trigger
T3, the momentum reconstruction of the side system has been adjusted. T4 can be
used for deadtime corrections.

Using synchronised single board PCs the time to read out an event is about 100 us.
The data are transmitted in clusters of subevents to the event builder. After the
event builder, the information is written to DLT tapes and put at the disposal of
online data analysis. Typical trigger rates were 5000 - 8500 events per second. The
data acquisition was able to write about 1800 - 2700 events per second on tape,
resulting in an average deadtime of about 50 - 30%.

Up to 80 GB can be stored on each DLT tape. During this measurement 25 tapes
were written. The first 12 tapes contain calibration data and data where not all
detectors were working well. The last 13 tapes have been used for this analysis
containing 66 useful runs with about 10 million events each. A list of the runs and
trigger conditions can be found in App. A.1.



3. Identification of K™ Mesons

In this chapter the identification of K+ mesons is described. For the analysis they are
selected by their time—of-flight between the start and stop counters and their energy—
losses in the stop and AFE-scintillators. The most powerful selection criterion, the
identification of kaons by their delayed decay products is only used to find and verify
the time—of-flight and AFE selection. In the final analysis this criterion is not used
since it reduces the statistics significantly and it is shown that K+ mesons can be
identified by TOF and energy loss alone.

3.1 Time—-of-Flight and Energy—Loss Information

The first step in the data analysis is to study the raw spectra (i.e. non—calibrated
spectra). These contain all the information from the scintillation counters of events
accepted by the hardware trigger without any additional selection criteria. In Fig. 3.1
the spectra of start counter 14 and stop and AE counter 11 are shown as an example.
The same raw spectra exist for all 23 start and the 15 stop and AFE counters.

The figures contain the energy losses and timing from the upper and lower photomul-
tiplier, and the corresponding mean value. In the case of energy loss, the mean value
is calculated by software while for the timing signal this is conveyed by hardware
meantimers.

The energy loss distributions derived from the individual upper and lower photo-
multipliers are broad. Summing these two signals minimises the broadening effect
due to the position dependent light—attenuation in the up to 1 m long scintillators.
With the same amplification of both photomultipliers one observes an approximately
linear correlation between the deposited energy and the QDC-signal, independent
of the hit position in the scintillator. All information is given in QDC channels. An
absolute calibration is not necessary since the selection of kaons is performed relative
to pions and protons.

19
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Figure 3.1: For start counter 14, stop and AE counter 11 the energy loss and the cor-
responding time-signals from the upper and lower photomultipliers and their mean are
shown.

The timing signals depend on the distance of the particle-hit to the upper and lower
photomultiplier. Both individual spectra have a width which corresponds directly to
the length of the scintillator but the mean value is position-independent. Since the
stop counter meantimer starts the time measurements, its meantimer spectrum is a
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narrow peak of &1 channel which corresponds to the resolution of the electronics.
In all the time spectra the width of a TDC channel is roughly 45 ps.

The meantimer—spectrum for the start counters directly represents the time—of-flight
spectrum between the start and stop scintillators.

3.2 Background Suppression by Tracking

Not all particles which cause a trigger stem directly from the target. Many of the
detected particles have been scattered, for example at the pole shoes of D2 (see
Fig. 3.2, left side).
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Figure 3.2: Particles scattered at the pole shoes of D2 can be suppressed exploiting their
vertical behaviour.

Particles emitted from the target evince a characteristic feature which can be ex-
ploited by using the side chambers. When plotting the y—coordinate of a particle
measured in MWPC 1 versus the vertical angle of the particle’s track, a straight
line is observed from target ejectiles. Scattered particles do not have a correlation
between y and 6 and therefore can be found anywhere. Such two dimensional spectra
are created for each valid start-stop counter combination. The straight line is fitted
and all entries are projected perpendicular to the fit-line. Particles ejected from
the target lie within a Gaussian shaped peak while the background is uniformly dis-
tributed (see Fig. 3.2, right side). Setting a window on the peak (off-line) suppresses
most of the scattered background.

Furthermore, accidental coincident particles can be suppressed with the help of the
wire chamber information. For a certain start—stop counter combination, particles
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can pass only a certain part of the chambers in horizontal direction. Chamber hits
which lie outside these so—called corridors are accidental and are rejected in the
off-line analysis. The corridors are easily found from experimental data.

3.3 Adjustment of the K™—Selection

The kaon signals cannot be identified without additional criteria. In Fig. 3.3a the
time difference between a hit in stop and veto counter 11 is shown. The peak from
the “prompt” pions is seen together with the exponential curve from the Kt decay
products. Requiring a delayed signal in this distribution very efficiently suppresses
prompt particles and actively selects kaons. The cut is indicated by the arrow. As
an example in Fig. 3.3 b-d the start-stop TOF and the energy loss distributions in
the stop and AFE counter are shown for telescope 11 without and with requiring
a delayed veto signal. In Fig. 3.3b an indication on the presence of kaons is seen
already without demanding a delayed veto signal. After requiring this signal, pions
and protons are strongly suppressed and the kaons are clearly visible. In the energy
loss spectra, there is no indication on kaons at all without additional criteria. After
demanding a delayed veto signal, the kaon peaks are visible.

In a first round all the data are analysed with this criterion in order to find the kaon
peak positions and to set all gates. Subsequently the data are reanalysed without
demanding a delayed veto—signal but requiring the unchanged TOF and energy loss
gates indicated by the arrows.

3.4 Data Preselection

To deal with the huge amount of data, a first (off-line) preselection is performed by
rejecting scattered background and accidentals (described above) and requiring the
TOF of a kaon (peak position + 30ch.) in order to select particles with the TOF of
kaons only. The gates were found with the procedure described above. In Fig. 3.4
the analysis steps are depicted.

Since the TOF resolution is ['(FWHM) ~ 15ch. (= 675ps), more than 99% of all
kaons are selected. All cuts will be checked later on with clean kaon events and
improved statistics. Each run is preselected and stored into a file. The two conditions
(chamber information and TOF) are strong criteria and reduce the data files to about
2GB in total (in compressed format). Those files are the basis for the following
analysis steps. All can be analysed together within a few hours. A second preselection
is performed by demanding the energy loss of a kaon in the AE scintillator.

The distributions before and after the preselection are shown in Fig. 3.5. The kaons
are clearly observed in the lower figures. A very good identification of kaons is



3.4 Data Preselection 23

N
104

103

104

10 F

1 100 200
veto - stop T‘OF [TDC ch.]

N H‘l‘ - Nl Nl

104 104, 104L

103 103} 103

102 102; 102
10 10 | 10 -
1 10 11%[1
200 300 400 250 500 250 500
start - stop TOF [TDC ch.] AE stop [QDC ch.] AE AE [QDC ch.]

Figure 3.3: In a) the TOF distribution between stop and veto counter 11 is shown. The
prompt peak is caused by minimum ionising particles. Requiring a delayed signal (indicated
by the arrow), effectively suppresses them whereas kaons survive due to their exponential
decline. In b) the TOF distribution between the start counters and stop counter 11 is
presented. Without any selection criteria pions, protons and an indication on kaons are
seen. With a delayed veto signal, kaons are clearly seen. In c) and d) the energy losses in
the stop and AFE scintillator 11 are shown. Without selection criteria the energy losses of
pions and protons are observed and no indication on kaons. In events with a delayed veto
signal the energy losses of kaons become visible. The arrows in b) and d) indicate the gates
used for the preselection of kaons without demanding a delayed veto signal. The chamber
information has been exploited for all spectra.

obtained after selecting coincident deuterons in the FDS and is shown later. The
gates on TOF and energy loss Fig. 3.5 b-d strongly suppress the prompt particles in
the TOF distribution between the veto and stop counter (Fig. 3.5a).
The effectiveness of the individual cuts is demonstrated in Sect. 5.5.
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Figure 3.4: Sequence of identifying and selecting kaons in the SDS.

3.5 K™ Momentum Reconstruction

The momentum of particles detected in the SDS is reconstructed using a box—field
method. In this approach the magnetic field of D2 is approximated by a homoge-
neous box—field with effective field width and length. The particle’s track inside the
magnetic field is defined by the Lorentz force which leads to a circular movement.
Outside the magnetic field a straight line is assumed. The vertical and horizontal
angles derived from the chamber information, are used to calculate the particle’s
momentum components.

The effective length of the box—field is calculated from the magnetic field strength,
the beam momentum and the ANKE deflection angle. The effective width is deter-
mined from experimental data using the calibration reaction pp — pK*tA(1116). A
K™ meson has been selected in one of the telescopes and a proton in one of the side-
wall counters. The kaon and proton momentum components have been determined
with the box—field algorithm assuming an estimate for the effective width. Subse-
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quently, the missing mass m(pp, pK*) was calculated and the effective width tuned
such that the A(1116) mass was obtained. The achieved momentum resolution for
kaons in the momentum range 400 - 625 MeV /c is Ap/p ~ 2.35% (FWHM).
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Figure 3.5: The TOF and energy loss distributions before and after setting a gate on the
distributions b) - d). In the shaded area of b) the kaon peak is seen on a rising background.
In ¢) a peak structure remains, containing the kaons as well as scattered particles. These
particles are mostly protons with about twice the kaon momenta and the same energy loss.
Kaons are stopped in the AF scintillator, resulting in large energy losses. The energy losses
of the scattered particles are not characteristic. Thus, a peak on background is observed.
The chamber information has been exploited for all spectra.
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4. Identification of Deuterons

After selecting kaons in the telescopes 10 - 15, coincident protons and deuterons are
identified in the FDS by their momentum and relative time to the K+ mesons. It is
shown that protons and deuterons can be well separated.

4.1 Momentum Reconstruction in the FDS

For the reconstruction of particle momenta in the FDS a different approach [Vol91]
than the boxfield method has been used. The momentum resolution of the boxfield
algorithm would be insufficient for the FDS.
In a magnetic field the motion of a particle is determined by the Lorentz force, leading
to:
Q_g.oxB 4.1

m- 2 U=qUXB. (4.1)
The solution of this equation depends on five initial parameters zg, yo, xj, ¥y and
A = 1/p. xy, yo are the coordinates at some z = zy, xy), y;, are the derivatives with
respect to z. When assuming a point like target, only xj, y; and A are needed at
the target position. The coordinates of the particle are a regular function of the
parameters:

yi = vy, Yo, A) (4.3)

Due to the regularity, x; and y; can be expanded in Taylor series:

zi =Y Cprlap) (W) (V) (4.4)
Yi = le k(o) (W) (V)" (4.5)

The expansion can be restricted to polynomials of a certain degree. It was shown that
restricting the sum of [, j and k£ to 4 is sufficient. This implies that 35 coefficients
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C;f ﬂ have to be determined and is done by using a “training sample” which consists
of simulated events tracked through ANKE. Subsequently, the coordinates of the
particles tracks when crossing the chambers are calculated, and the coefficients are
varied such that the difference to the approximated coordinates x; and y; are minimal.
With this method a momentum resolution of typically Ap/p ~ 2.7% (FWHM) is
achieved.

4.2 Timing Information

As for the SDS, the similar raw spectra exist for the forward counters. The start sig-
nal for the coincidence trigger is a hit in a SDS stop counter. The time distributions
of the forward counters relative to such a hit are shown in Fig. 4.1. While the signals
from the upper and lower photomultipliers are broad due to different distances to
the photomultipliers, the meantimer is narrower and independent of the hit position.
The time distributions correspond to the time difference of a particle in the SDS and
the FDS. For this figure no preselection was performed. Therefore, the prominent
peak is caused by the particles with the highest trigger rates, namely 7t—proton
coincidences.
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Figure 4.1: The time distributions from forward counter 2 (first layer). Without any
preselection mainly 7+ -proton coincidences are observed.

A relative calibration of the spectra from the forward counters has been performed
using proton-kaon coincidences. For this purpose 15 x 17 = 255 time difference
spectra of a particle in the FDS (17 counters) and a second particle in the SDS (15
telescopes) have been created and filled with data when a kaon in the SDS has been
selected. (The same procedure was performed for pions.) The time difference spectra
for forward counter 2 are shown in Fig.4.2a - o for all telescope combinations. (Each
forward—telescope combination is summed over the valid start counter combination.)
Most of the forward particles are protons. The prominent peak in the time difference
spectra is therefore caused by coincident kaon—proton pairs. For each combination
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the peak position has been shifted to zero and summed (Fig.4.2p):

Tepi = Y _(trpi — tsp-soj — Crpi,sp-s0;) (4.6)

J

Trp; is the time with which spectrum p is filled, ¢gp; is the time from forward counter
i (TDC channel of the meantimer), tsp_so; is the time from stop counter j and
Crpisp-so; is the proton peak position in the difference spectra (a - o). Fig.4.2q
and r represent the sum over all possible forward—telescope counter combinations of
the first and the second layer of the forward hodoscope (15x8 = 120 and 15x9 = 135
individual spectra).

71layer 1= Z Trpi

i=1,8

J—iayer 2 = Z Trp;

i=1,9

In each spectrum the peaks have been shifted to zero before summing. In the sum
spectra no particles other than protons are seen.

4.3 Identification of Protons and Deuterons

For the two hodoscope layers two-dimensional spectra were created where on one
axis the time difference of a particle in the FDS and a K™ in the SDS is plotted
while on the other axis the momentum of the forward particle is shown. While in
the previous time difference spectra in Fig.4.2 deuterons cannot be discriminated
against protons, in this case two distinct bands are visible; one for protons and one
for deuterons. For this figure and in the analysis a gate on energy loss in the forward
scintillation counters was set. However, the proton and deuteron energy losses are
very similar in this momentum range. The gate mainly helps to reject background
events.

In order to select protons or deuterons the corresponding band is fitted by a second
order polynomial and each point is projected on the polynomial. The two dimensional
figure for layer 1 and the projection on the fit to the proton and deuteron band are
shown in Fig.4.3.

To improve the time resolution the spectra were corrected for the different flight
paths, which particles have to cover when for a certain stop counter different start
counters were hit. Only events with a hit in forward counter 2 have been selected. For
each valid start—stop counter combination, the time difference spectrum to forward
counter 2 has been created. Subsequently, the difference to the peak position of the
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Figure 4.2: The time difference between forward counter 2 and telescopes 1 - 15 (a - o),
between forward counter 2 and the sum of these distributions where the peak of each has
been shifted to zero (p). In q and r the sum of all possible forward—stop counter TOF
distributions for layer 1 and 2 is shown (the peak of each individual distribution shifted to
Z€ro).

sum over all combinations (Fig.4.2q) has been determined. For this difference has
been corrected:

Tipi = Y (trpi — tsp-so; — Crpisp-so; + Crpa,sp-so; — CFpi,sp-soj,sp-sak) (4.7)
j.k

Ttp; is the corrected time shown in Fig. 4.3 a, Crpe,gp—so; is the proton peak position
in the time difference spectrum of forward counter 2 and side stop counter j, while
Crpisn-soj,sp—sak 1S the peak position in the time difference spectrum of forward
counter ¢ and side stop counter j; where only stop counter k£ has been hit. The
procedure is independent of the forward counter since it compensates different flight
paths in the SDS only. Counter 2 has been chosen since it is placed near to the beam
pipe where the count rate is high. The improvement is shown in Fig.4.3b.
The proton and deuteron peak are well separated. Setting a gate on the projected
deuteron (proton) peak allows one to identify the reaction pp — dK*X (pK*X).
The corresponding background of protons (deuterons) is negligible. However, there
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Figure 4.3: In a) the time difference of particles in the FDS and kaons in the SDS (tele-
scopes 10 - 15) versus the momentum of the particles in the FDS. In b) and c¢) the projection
on the proton and deuteron fit curve (solid curves in a) are shown. The broader distribu-
tion of b) was obtained before correcting for the different flight paths between the start
and stop counter in the SDS. In the narrower distribution the improvement is seen. The
units are arbitrary. In c) as shaded distribution the time difference projection is shown for
events which survived the selection chain for dK K9 events. The unshaded distribution
is before a cut on the time difference projection in both layers.

is some flat background of scattered particles which is also visible in the missing
mass distribution m(pp, dK*). This will be discussed in the next section.
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5. Identiﬁgltion of the Reaction
pp — dKTKY

After selecting coincident pK ™ and dK ™ pairs, a missing mass analysis is performed.
The pK*X events are used to confirm the momentum reconstruction and to de-
termine efficiencies. The dK*X events are further analyzed and mass and angular
distributions are obtained.

5.1 Identification of 3—Body—Reactions

For the hypothesis that the coincident pK* or dK™* events are both primarily pro-
duced particles of a 3—body reaction, the missing third particle must be a particle
with strangeness S = —1. For coincident pK ™ pairs the missing particle has to be a
hyperon and is possibly a A(1116), 3(1193), ¥(1385) or A(1405). In the second case
the missing third particle must be a K.

For the momentum reconstruction of particles in the SDS and FDS two different al-
gorithms have been used, the boxfield and polynomial method. To ensure that both
algorithms can be used together for coincident side and forward particles, pK*X
events have been studied. A missing mass analysis reveals the prominent peaks of
the light hyperons (see Fig.5.1). The masses of the A(1116) and ¥(1193) hyperons
are reproduced within +1 MeV /c?.

Subsequently, a missing mass analysis of coincident dK+X events has been per-
formed. As a result, the missing mass distribution m(pp, dK) is shown in Fig.5.2a
and b. A peak containing about 1000 events with a width of I'=8 MeV/c? is seen
at the K9 mass on top of a flat background distribution. Cutting on the peak allows
one to select the reaction pp — dK KO with little background due to misidentified
particles in the SDS and FDS. Background from other dK X reactions does not
exist (strangeness conservation).

In Table 5.1 the number of pp — dK KO events for the different telescopes in which
the kaon was identified is listed.

The background below the K0 peak has been estimated by two straight lines (see
Fig.5.2b), resulting in 110 background events for the upper and 66 events for the
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lower line within the accepted mass window. From this a background of 9.0 4= 2.34,s%
is derived. The error is the difference to the individual values and considered as the
systematic error.

N 800 [~ T i
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Figure 5.1: Missing mass distribution m(pp,pK ™). The A(1116) and ¥(1193) masses are
reproduced by two Gaussians and a straight line within + 1 MeV/c2.
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Figure 5.2: Missing mass distribution m(pp, dK*). Within the gates around the KO peak
there are about 1000 events. The fraction of background events was estimated with two
different lines in b).
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telescope 10 11 12 13 14 15
Niey 158 185 219 154 137 122
ean [70)] 53.0 56.3 49.2 51.7 50.6 49.2

esp—mwrpc [ %] 92.8 91.9 89.3 84.2 80.3 70.8

erp-mwrec | %) — 73 —

Table 5.1: Identified dK+ K9 events (including ~ 9% background) and efficiencies.

5.2 Efficiency Determination

All efficiencies have been determined from experimental data. The detection effi-
ciency of the scintillation counters for kaons is close to 100% [Biis02a]. The MWPCs
and the cut on energy loss have lower efficiencies which are discussed below.

5.2.1 Cut on Energy Loss in the AE counters

The efficiency of the cut on energy loss of kaons in the AFE counters has been de-
termined using the reaction pp — pK ™ A. Selecting kaons by TOF only, demanding
coincident protons, performing a missing mass analysis m(pp, pK ') and cutting on
the prominent A peak (Fig.5.1), leads to relatively clean kaon signals (see Fig.5.3a).
In order to determine the number of kaons obtained with (Fig.5.3b) and without cut
on energy loss, the TOF spectra have been fitted with a Gaussian for the kaons and
a straight line for the background events. The ratio of events in the Gaussian peaks
corresponds to the cut efficiency. This value does not only include the probability
that the kaon energy loss lies within the gates but also the probability that a kaon
which caused a trigger in the stop counter, reaches the AFE counter. The efficiency
has been determined for telescopes 10 to 15 (see Table5.1) and is shown in Fig.5.3a
with statistical errors. The values have been fitted with a straight line, resulting in
an average efficiency of € = 0.515 4 0.015.

5.2.2 Side Chambers

The efficiency of the side chambers has been investigated with particles with the
TOF (£20 ch.) and energy loss of a kaon. For each telescope the ratio of events
with and without demanding a reconstructed track has been determined, defining
the chamber efficiency (see Fig.5.4 and Table5.1). A track is reconstructed if a hit
in at least two out of three planes per chamber was registered.
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Figure 5.3: TOF distribution between the start counters and stop counter 15 without (a)
and with (b) cut on energy loss in the AF counter. pK ™A events where a kaon has been
detected in telescopes 10 - 15 and a proton in the FDS have been analyzed. In c) the
efficiency of the cut is shown for each telescope. The efficiency has been approximated by
a constant.
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Figure 5.4: Efficiency of the SDS MWPCs for each telescope.

The efficiency was determined for several arbitrarily chosen runs between runs 3276
and 3369. Since the efficiency differs only little from run to run (with few exceptions)
it has been averaged. The error obtained is the mean difference to the deduced mean.

5.2.3 Forward Chambers

The determination of the forward chamber efficiency is more difficult. In the case
of the side chambers a subsequent hit in a start—stop combination ensures that the
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particle passed the chambers.

The efficiency value one obtains when selecting a kaon in the SDS and a coincident
hit in the hodoscope with and without demanding a reconstructed forward track is
about 29%. It is not, however, guaranteed that the forward particle really passed
through the chambers.

In order to determine the correct values, a different approach was chosen using the
method which has been described in detail in Ref. [Dym01]. Each sensitive plane
(X1-3,Y1-3) has been subdivided into 20 x 20 cells. Two planes in X (in Y) were
used to reconstruct a track and its crossing with the third plane was calculated. If,
for this event, there was a hit in the cell then the cell was assumed to be efficient.
Any data sample can be used to determine such efficiency maps for each plane. In
order to provide sufficient statistics, data were parasitically recorded with an FD
trigger (prescaled by a factor of 999). Average efficiency maps for the runs 3276 -
3369 have been created [Fed02]. Later in the analysis the efficiency of each forward
track is calculated event—by—event according to these efficiency maps. The average
efficiency to reconstruct a track is 73%.

5.3 Effectiveness of the Selection Criteria

In Fig. 5.5 the effectiveness of the applied cuts is demonstrated for the case of the
arbitrarily chosen run 3313. The TOF distribution between the start and stop scin-
tillators is plotted for different cut conditions. The solid black distribution (I) rep-
resents the raw TOF distribution without any cuts. The prominent pion peak is
seen as well as the peak of protons. As described before, most of the events with a
proton in the SDS were not recorded since the trigger gates were too narrow. When
demanding a track in the SDS, most of the scattered particles are rejected in the
analysis (II). An indication for the presence of kaons around channel 300 can already
be observed. Cutting mildly on the energy loss of kaons in the stop counters helps
to further suppress scattered background (III). A very effective criterion for kaon
identification is to cut on the energy loss in the AFE scintillators (IV). With this
criterion a clear peak due to kaons is visible and most of the protons and many pions
are suppressed. Furthermore, requiring a coincident particle with a reconstructed
track mainly decreases statistics due to the efficiency of the forward chambers (V).
Asking for a coincident deuteron and a missing K° leads to a clean kaon peak with
little background (shaded distribution). This peak contains the full statistics of the
experiment (scaled by 0.2), not only of run 3313.

In order to demonstrate the effectiveness of demanding a delayed veto signal, the ex-
perimental TOF distribution is shown with the cuts on the side chambers, the energy
loss in the stop scintillators and a delayed veto signal (VI). Clear signal from kaons
are observed and these can be separated from pions by cutting on the TOF peak.
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This distribution should be compared to distribution III (same conditions but no
delayed veto signal is demanded). The cut on a delayed veto signal is very effective
but has a low efficiency. It has not been used since the number of dK+ K0 events is
limited and we have shown that kaons can be clearly identified without asking for a
delayed veto signal (shaded distribution).
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Figure 5.5: Effectiveness of different cuts demonstrated on the TOF distribution between
all valid start and stop counters in the SDS (run 3313). The distributions are without any
selection criteria (I), with suppression of background exploiting the chamber information
(IT), with an additional gate on the energy loss in the stop counters (IIT), with furthermore
requiring the energy loss of a kaon in the AE counters (IV) and plus a reconstructed track
in the FDS (V). Curve VI represents the TOF distribution after background suppression
by the side chambers, a cut on energy loss in the stop counters and a delayed signal in the
veto counters (c.f. curve III). The shaded distribution is the TOF of the K+ mesons from
all identified events of the whole beamtime with a coincident deuteron and a missing K0
is shown as a qualitative comparison.

5.4 Analysis of dKTK° Events

One of the analysis goals is to investigate mass and angular distributions. The
missing mass m(pp,d) has been calculated (see shaded distribution of Fig.5.7a).
A narrow distribution at the mass of the ag is observed. It is limited by the KK
threshold at low masses and by the maximal accessible mass for T, = 2.65GeV at
high masses. A second mass has been analyzed, m(pp, K*), and is presented in
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-
k deuteron

Figure 5.6: Momentum vectors in the center-of-mass. The vectors k and q define the
reaction plane which does not necessarily contain 7.

Fig.5.7b. It evinces a strong rise which is dominated by the ANKE acceptance (as
shown later).

The dK K9 system in the pp center-of-mass (cms) can be described according to
Fig. 5.6. The deuteron momentum is labeled by the vector E, the relative momentum
of the two kaons by ¢ and the proton beam by p. The kaon momentum vector px is
equal to ¢ — /;/ 2. In an unpolarized measurement the angular distributions relative
to the beam have to be symmetric to cosa = 0 (or o = 90°).

As explained in Sect. 7.3, the final state interactions (FSI) influence the distributions
at these angles. The experimental distributions are shown in Fig.5.7¢ - e (shaded).
They are additionally presented after correcting for the chamber efficiency. The ef-
ficiency of the side chambers is taken into account as a function of the hit telescope
whereas the forward chamber efficiency is calculated for each track from the efficiency
maps. The average corrections factor is € = 0.624. In order to simplify the compari-
son of the uncorrected and corrected distributions, the corrected distributions have
been scaled by 0.624.
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Figure 5.7: Experimental distributions without (shaded) and with chamber efficiency
correction (bars). In order to simplify the comparison of the uncorrected and corrected
distributions, the corrected distributions have been scaled by the average (SDS and FDS)
chamber efficiency of € = 0.624.



6. SimulaLk)ns on the Reaction
pp — dKTKU

In order to determine the total cross section oy (pp — dK+K9) as well as differential
distributions (do/dm, do/dS2) from the spectra shown in Fig. 5.7, the total geomet-
rical acceptance of ANKE and the acceptance as a function of kinematic variables
has been studied with the help of Monte-Carlo simulations. In Sect.6.1, the total
acceptance is determined for different initial distributions at the target in order to
obtain an estimate for the systematic uncertainties. In Sect. 6.2, the procedure of
the differential acceptance correction is outlined.

6.1 Total Acceptance

To illustrate the acceptance of ANKE for coincident dK*+K° events produced in
pp collisions at 7,=2.65 GeV, the horizontal and vertical momentum (p, and p,) of
deuterons and kaons is shown in Fig. 6.1 versus their longitudinal momentum p,. The
closed curves define the kinematic limits. Low momentum kaons are detected in tele-
scopes 10 - 15, and deuterons with (mostly) negative horizontal momentum p, in the
FDS. In the vertical direction the gap height of D2 limits the acceptance. In order to
correct the measured distributions for the limited acceptance of ANKE depicted in
Fig. 6.1, simulation calculations have been performed. The program GEANT 3 has
been used in which the ANKE detectors have been implemented (ANKE-GEANT,
[Zyc02]).

Different distributions have been generated and were tracked in ANKE-GEANT. In
order to compare them with experimental data, the same conditions were applied,
e.g. only valid start—stop counter combinations, a hit in telescopes 10 - 15, a coin-
cident hit in the first and the second FDS hodoscope layer and passing through the
chambers. Small angle scattering, energy losses and decay in flight were included in
the simulations.

The total acceptance « is defined as the ratio of pp — dK KO events surviving the
selection chain to the amount of started events. Since the initial distribution at the
target is unknown at this stage of the analysis, different target distributions were
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Figure 6.1: Horizontal and vertical momentum of kaons and deuterons versus their longi-
tudinal momentum, reflecting the acceptance of ANKE for coincident dK T K° events. The
closed curve is the kinematic limit for 7,=2.65 GeV.

considered. The first distribution was phase space, which is physically it not allowed
since there are only S—waves involved (see Sec.1.3). For a phase-space distribution
the cosines of the angles between the proton beam and the deuteron p - k, the beam
and the relative kaon momentum p - ¢ and the deuteron and the relative kaon mo-
mentum % - § are uniformly distributed (the notation” symbolizes unit vectors).
Subsequently, the angles p - k p-q and k - g have been modified separately and the
influence on the total acceptance was studied for each angle (see Table6.1). In addi-
tion, the model distribution from Ref. [Bra02] has been used. The total acceptances
as determined in these simulations are listed in Table 6.1.

They vary between 1.13 and 2.96%, depending on the choice of the initial distri-
bution. For distribution VI from Table 6.1, which is closest to the experimental one,
a total acceptance of o = (2.20 + 0.054.4)% has been obtained. For the determina-
tion of the total cross section (see Sect.7.1) a value of & = (2.20 % 0.204y5) % is used.
The larger systematic error allows for (unknown) uncertainties of the acceptance—
correction procedure from Sec. 6.2 and would include the cases of phase—space pro-
duction or distributions according to the model from Ref. [Bra02] or some of the cases
I-V in Table6.1.

6.2 Differential Acceptance Correction

In order to correct differential distributions, e.g. angular and missing mass distribu-
tions, in a model independent way, a different approach was chosen. It is necessary
to determine the dependence of the acceptance on a set of kinematic variables that
fully describes the reaction. For a three body reaction, the number of degrees of
freedom is 5. In a first approach two invariant squared masses, m?(K +F) and
m?(dK"), and three Euler angles have been chosen. The Euler angles describe the
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distribution  |cos(pk)| |cos(pq)| cos(kq) acceptance
eXp_ :““0{5““: ““0%5““ 'l:ig:il““a
I—— iy
phase space % U (2.05 + 0.04440) %
F;ﬁb 1
model [Bra02] = w1 i (2.21 £ 0.0545401) %

I qi‘i FF; E?i (2.09 £ 0.0444)%

e

II 05 05 1 0 (240 :l: 0.055tat)%
=1 %Eth

III 05 05 1 1 0 (166 :i: 0-045tat)%

Iv 05 1 0 05 1 1 o 1 (296 :t 0.055tat)%

°
°
@
°
°
@
o
°

(1.13 £ 0.034401)%

VI ?;% lj:f[ Ei (2.20 + 0.05,10) %

Table 6.1: Total acceptance for different initial distributions. The shaded distributions
are the initial distributions at the target while the unshaded distributions are observed at
ANKE. The number of started events is the same for all simulated distributions. In the
first row the experimental distributions are shown (see Sect.5.4). Distributions I - VI are
different from a phase space distribution only in the indicated angle.
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matrix element ml m2 m3 m4
variable m?(KtKY)  m?(dK® | cos(fem(d))| vYem(KK)

number of bins 5 5 5 4
variable | coSem (PK)| | cOSem(Pq)|  cOSem (Kq) Ecm(d)

number of bins 5 5 3 4

Table 6.2: Definition of the acceptance matrices I and II.

orientation of the reaction plane, 0.y (d), ¢em(d) and Yem(KK) (see Fig.6.2). In an
unpolarized measurement the cross section does not depend on the azimuthal angle
of the deuteron ¢ (d) and isotropic behavior in this distribution was assumed.
The other four variables have been subdivided into bins which were used to define
an acceptance matrix. The variables and number of bins are listed in the upper part
of Table6.2. Since there are two identical particles in the initial state, f.,(d) has
to be symmetric around 90° and only absolute values of cosf have been studied.
In the Euler angle picture the polar deuteron angle 6.,,(d) corresponds to p - k and
Yem (K'K) is equivalent to the triple scalar product of the deuteron, proton beam and
K™ vectors, (l;‘ X D) - P -

z2=27 z’

Figure 6.2: Definition of the Euler angles ¢, ¢pem and 1em. The z-axis is along the beam
direction.

In a second approach, four different variables have been used, namely p - /%, p-q, l%-(j
and E.m(d). -k and p - ¢ have to be symmetric and only the absolute values have
been studied (lower part of Table6.2).

In total for each matrix there are 5 x5 x5 x4 = 500 elements. 90 million phase—space
events have been generated and tracked through ANKE-GEANT. A transversal tar-
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get extension of Gaussian shape with [' = 5mm has been assumed, multiple angle
scattering, energy losses and decay in flight have been taken into account.

The distribution N(m) over the matrix elements of matrix I and II of particles at the
target has been determined. It is presented in the upper row of Fig.6.3 in a linear
scale from which the index of the matrix element can be calculated according to

m=(ml—1)x100+ (m2—1)*20+ (m3—1)*4+m4 . (6.1)

The same procedure was used for particles which survived the selection chain. The
acceptance is determined by dividing N(mg: ankxe) and N(Mg targer) and is shown
in the lower row of Fig.6.3.
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Figure 6.3: Initial distribution over the matrix elements I and IT and acceptance in linear
presentation.

In principle this method of acceptance correction is model independent. The binning
of the variables could give rise to systematic errors when reconstructing distributions
different from a phase space distribution. In order to check this assumption, different
initial distributions have been tracked through ANKE-GEANT and the simulated
distributions observed at ANKE have been corrected for acceptance.

In the first and second row of Fig.6.4 the deuteron missing mass m(pp,d) and
kaon missing mass m(pp, KT) are shown for phase space and the model distribu-
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tion [Bra02]. The solid lines are the initial distributions, the dashed what is observed
at ANKE. On the latter the acceptance correction has been performed using matrix
I. The points with error bars represent the result. The error bars are only statistical.
In case of the phase—space distribution the deviations from the initial distribution
arise from the few acceptance holes in matrix I (see Fig.6.3). It turned out that for
the correction of a particular distribution more reliable results are obtained if this
kinematic variable is explicitly included in the matrix. Therefore, the masses are
corrected using matrix I.

For the reconstruction of the angles ﬁ-l;:, p-q and /%-cj, matrix II was used. The com-
parison has been done for all initial distributions indicated in Table6.1. In Fig.6.4
examples for a phase-space distribution and those which significantly differ from
phase space are shown. The distributions not displayed can be reconstructed equally
well.

In contrast to the experimental data, simulated distributions are in principle not lim-
ited in statistics. To estimate the uncertainty of the acceptance correction imposed
on a sample of about 1000 events, 100 sets of simulated events, each containing 1000
events, have been acceptance corrected and the standard deviation of the mean value
for each distribution has been calculated binwise. For this purpose a distribution has
been used which is similar to the acceptance—corrected experimental distribution (see
Table6.1, IV, and Fig.7.3). The result is presented in Fig.6.5. The error bars are
the standard deviation of the mean. They have been added quadratically to the
statistical error of the experimental acceptance corrected data. It is slightly bigger
than the statistical error. The average deviations of AN from zero in Fig. 6.5 reflect
the systematic error of the acceptance—correction procedure for a distribution similar
to the experimental result and is shown in Fig. 7.3 by the shaded areas.
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Figure 6.4: Acceptance correction of different distributions. The solid lines represent the
distributions started the target, the dashed lines show the distributions observed at ANKE
(normalized to the number of started events). The latter distributions have been acceptance
corrected, resulting in the distribution symbolized by the points with (statistical) error
bars (no normalization!). The mass distributions were corrected with matrix I, the angular
distributions with matrix II.
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Figure 6.5: Statistical and systematic errors of the acceptance correction for a distribution
similar to the experimental results (see Fig.7.3). 100 sets of 1000 events distributed as in
Table 6.1 VI have been corrected for acceptance and the deviation to the initial distribution
has been determined binwise.



7. Results and Interpretation

7.1 Total Production Cross Section

The total production cross section of the reaction pp — dK+ KO has been determined
according to the expression:

N, tel

€SD—MWPC

teff

Lay

€EAE

€EFD-MWPC

1=15 N,
2221:10 :
€SD—MWPC (7.1)

lef - Lay - - €AE - €FD-MWPC

Otot =

number of dK+ K0 events after background subtraction
with a K identified in telescope number “tel”, see Table5.1
corresponding side chamber efficiency, see Sect. 5.2.2
effective time of the data—taking corrected for the

deadtime of the DAQ), see Table A.1

average luminosity during the measurement,

L =(270 £ 0.1 £ 0.7)-10*' s"'em 2, see Ref. [Fed01]

total geometrical acceptance, see Sect. 6.1

average efficiency of the cut on K energy loss

in the telescopes, see Sect. 5.2.1

average efficiency of the forward chambers, see Sect. 5.2.3

The measurement time and deadtime of the DAQ are listed in Table A.1 of the
Appendix. The luminosity has been determined using elastically scattered protons
where the cross section is known. These events are parasitically recorded with trigger
T2. The procedure of luminosity determination has been described in Ref. [Fed01].
The systematic error is dominated by the uncertainty in the total cross section for
elastic proton—proton scattering.
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All other quantities in Eq. 7.1 have been derived before. According to this equation
the total production cross section for the reaction pp — dK K0 is:

g = (38 + 2stat + 14Sys) nb.

In Ref. [Gri02] a prediction for the total cross section is given as a function of the
excess energy (). Some parameters of this model have been fixed to describe the differ-
ential cross section for the reaction pp — dag at p, = 3.8, 4.5 and 6.3 GeV /c? [Abo70].
The prediction for the total cross section is shown in Fig. 7.1, where the solid curve
represents the cross section of the reaction pp — dag (980) — dKTKO while the
dashed curve symbolizes non-resonant K *K° production. The prediction for the
total cross section is in very good agreement with the experimental value. According
to the model, about 70% of the KTK0 pairs detected at ANKE stem from an ag
decay, while the rest is produced non-resonantly.

For illustration two other data points are shown in Fig.7.1 for the reaction pp —
ppK+TK~. The COSY-11[Que01] data point has been measured at an excess energy
of @Q=17MeV and the DISTO [Bal01] data point at 110 MeV.
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Figure 7.1: Total production cross sections as a function of excess energy Q. The solid
curve is the prediction for the reaction pp — dag (980) — dK +KO whereas the dashed
curve represents the non-resonant reaction pp — dK+ K0 [Gri02]. The ANKE—-data point
is shown with statistical and systematic errors. The COSY-11[Que01] and DISTO [Bal01]
data points represent the total cross sections for the reaction pp — ppK K .
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7.2 Mass Distributions

The two missing mass distributions my;ss(pp, d) and my,ss(pp, K1) have been cor-
rected for acceptance according to the procedure from Sect.6.2 and are shown in
Fig.7.2. The error bars are statistical errors. The shaded bars indicate the system-
atic error caused by the acceptance correction. The total acceptance can be deter-
mined from this distribution as well. The result is ¢ = 36 nb and thus consistent
with the value from above.
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Figure 7.2: Acceptance corrected missing mass distributions m(pp,d) and m(pp, K).
The experimental data are shown with statistical error bars. The shaded areas indicate
the systematic error. The curves are described in the text.

The deuteron missing mass mmiss(pp, d) (upper figures) is equivalent to the invariant
mass of the KK system and reflects the FSI between the two kaons. The predicted
invariant mass distribution of Ref. [Gri02] for KK production via the ag is shown as
the solid curve in Fig.7.2a whereas the non-resonant (dominated by KK P-waves)
contribution is shown as dashed curve. The dashed-dotted curve is the sum of both
and is in good agreement with the data (normalized to the data).

The solid and dotted curves in Fig. 7.2b are calculated within a simple phase space
approach [Cer02] and show the mass distribution with S—wave production in the kaon
system and a p—wave for the deuteron. The solid curve corresponds to non-resonant
K K—pair and the dotted curve to resonant production via the aqy (c.f. Fig.1.3). The
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dashed curve represents non-resonant KK production with a P-wave between the
kaons. The aim of this approach is not to predict the cross section but to describe the
shape of the experimental distribution. The curves are scaled such that the maxima
have the same value as the highest data point. Our data seem to Cavour an S—wave
between the two kaons which is in agreement with the prediction from Ref.[Gri02].
It is generally believed that S—wave K K—pairs with small relative energies (which is
the case close to the KK threshold) undergo a strong FSI via the aq resonance.

In Ref. [Ose01] it has been suggested that the reaction pp — dK K0 is sensitive to
both the meson-meson and meson-deuteron FSI, the latter driven by the A(1405).
As solid curve in Fig. 7.2 ¢ the distribution is shown if no FSI would contribute. The
dotted (dashed) curve represents the distribution with a certain set of parameter for
meson—meson (and meson—deuteron FSI). It is interesting to note that within the
approach of Ref. [Ose01] the shape of the K K-mass distribution is not well described
taking into account the meson—meson FSI only. A better agreement is achieved when
the meson—deuteron FSI is included. Also here, a qualitative description of the mass
distribution is given and the distributions are scaled to the highest experimental
data point. However, the model of Ref. [Ose01] contains free parameters that are
to be fixed to our data. Thus, the dotted and dashed curves represent one possible
solution only. The distributions with and without FSI are very similar. At this beam
energy, the K+ K0 invariant mass is not sensitive to the FSI. However, in the data
from the measurement at higher energy the mass interval is substantially wider and
the influence of FSI will be studied there.

The kaon missing mass mmiss(pp, K) or invariant mass of the deuteron—antikaon
system minv(dﬁ) is mainly influenced by the deuteron—-antikaon FSI, mediated e.g.
by the A(1405) resonance in the nKO system. In Fig. 7.2 e the corresponding distribu-
tions of Ref. [Ose01] are compared to the data with and without FSI (dotted/dashed
and solid curves, resp.). There seems to be a slight discrepancy between the data
and the full FSI solution. However, this could also be attributed to the parameter set
which has not yet been adjusted. In Fig.7.2d, the distributions of Ref. [Cer(2] are
shown. The dashed curve corresponds to the distribution with a P—wave in the kaon
system (c.f. dashed curve in Fig.7.2b) while the solid and dotted curve represent a
S-wave distribution in the kaon system for non-resonant and resonant K K produc-
tion (c.f. solid and dotted curve in Fig.7.2b). As for the KK invariant mass, the
data seem to favor the latter, i.e. S—wave in the kaon system and P—wave between
the deuteron and the kaon system.

7.3 Angular Distributions

In order to study the partial wave decompositions in more detail, three angular dis-
tributions have been determined and are shown in Fig.7.3. These are the angles
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between the beam and the deuteron p - /;‘, between the beam and the relative kaon
momentum p - ¢ and between the deuteron and the relative kaon momentum k - q .
The total cross sections obtained from the angular distributions is ¢ = 38 nb.
Based on the assumption that only the lowest partial waves contribute, i.e. S— and
P—waves, the angular distributions can be described model independently ([Han02],
see App. A.2). Two FSIs can influence the angular distributions, the FSI in the KK
system and in the dK system (see Fig.7.3a) The ag will enhance the Sp state where
the kaons have small relative momenta (notation see Sect.1.3).
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Figure 7.3: a) Notation of the momenta and angular distributions. In the ingoing channel
are the two protons (beam momentum 7), in the exit channel the deuteron (), K+ and
KO (relative momentum §). Acceptance corrected angular distributions are shown in b) -
d) with statistical (error bars) and systematic error (shaded bars). The fit was performed
with first and second order polynomials (see App.7.2) whereas the straight line indicates
the expectations in c¢) and d) if all K+ K0 pairs were ag decay products (no dK FSI).

Following Ref. [Han02], the angular distributions can be described by up to second
order polynomials:

do 1 ,
Acosemph)) & €0t 3Cre2 F G- (cOSem(p)
do 1 )
Acosm(pg)) & G0t 302+ Craz - (cO8em(pa)
do

1 1
m X C() -+ g(cqu + Cka) + (qu + gcpkpq) . (COS(;m(kQ)). (72)
The corresponding fits with their x? values per degree of freedom are shown in Fig. 7.3
and the extracted coefficients are listed in Table 7.1.

If the observed dK+K° events would be produced via the reaction pp — dag only,
the angular distributions between the proton beam and the relative kaon momen-
tum cos.m (pg) and between the deuteron and the relative kaon momentum cos., (kq)
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parameter Cy Chkz Cpg2 Car + 3Cohpq
fit result 5.28 -2.54 4.57 -0.60

Table 7.1: Result of fitting the experimental distributions.

would be flat (indicated by the dashed curves). Thus, we see from the angular dis-
tributions that there has to be some contribution from KK P-waves (see Fig.7.3a).
However, due to the presence of spins, the argument cannot be reversed: a flat an-
gular distribution does not imply pure S-wave dominance since several P-waves can
interfere destructively (see App.A.2). The distributions | cosey,(pg)| and cosqm(kq)
are described well by the fit curves. However, the x? per degree of freedom of the fit
to the angular distribution | cos.m(pk)| is ~3 and the result strongly depends on the
experimental point at forward/backward angles. It is interesting to note that a neg-
ative slope of the distribution is obtained if terms contribute significantly where the
ag couples to the spin of the deuteron or to the spin of the initial state. The model
of Ref. [Gri00] predicted a positive slope. It might happen that this model underes-
timates the coupling. However, this conclusion depends on one experimental point
only and the results should be confirmed by other measurements, e.g. the ANKE
ag experiment at T, = 2.83 GeV. Note also that there is an interference between the
KK S— and P-waves (see Fig.7.3d).

7.4 Conclusions

The measured total cross section oo (pp — dKTKO) = (38 £ 2400 £ 144ys) nb is very
close to the value predicted by Ref.[Gri02]. Within this model resonant af pro-
duction dominates as compared to nonresonant K+ K09 production. This conclusion
is also suggested by the comparison of the mass distribution mj,, (K +F) with the
model. In Ref. [Ose01] it has been suggested that also the dK FSI could contribute.
From the angular distributions it can be ruled out that the events are produced
only via ag production which would imply flat angular distributions | cos.m(pg)| and
coScm (kq). Tt is not possible to derive the share of the two competing FSI (KK, dK).
However, the angular distributions indicate that there is a contribution from KK
P-wave and interference of KK S— and P-waves.



8. Outlook

The measurement described in this thesis is the first in a series to study the light
scalar resonances ay(980)/ fo(980) in pp, pn, pd and dd reactions with ANKE( [Cer97],
[Biis01]). In this measurement not only coincident dK* (discussed here) but dr™
events have also been investigated. For these dr™ pairs an 1 peak is observed in the
missing mass m(pp, dw ™) sitting on top of a broad background from multiple pion
production. In the corresponding missing mass m(pp, d) a shoulder at the mass of
the ao(980) is seen. After background subtraction based on the assumption of equal
background behavior around the n peak, a peak structure is revealed which is shown
in Fig. 8.1 b. The analysis of this reaction channel is still in progress and is the topic
of a different PhD thesis [Fed02].
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Figure 8.1: Preliminary missing mass distributions of coincident dnt pairs at T, =
2.65 GeV.

The combined results from the analysis of both reactions pp — dK+K0 " and pp —
dn™n will be used to derive an estimate of the branching ratio ay — K+ K°%/7tn.
In the beginning of 2002 a second measurement on the reaction pp — dK*(77)X has
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been performed at 7,=2.83 GeV, after the COSY crew managed to achieve higher
proton beam energies than before. In a preliminary analysis the K9 has been ob-
served and the missing mass m(pp, d) covers a substantially wider mass range (see
Fig.8.2).

From this mass distribution it will be easier to distinguish KK pairs which are pro-
duced via the ag or nonresonantly. The solid and dotted line represent the mass
distributions of Ref. [Gri02] for resonant and nonresonant K+K° production in the
predicted ratio. The dashed-dotted line is the sum of both distributions. The dis-
tributions are scaled to fit the data.
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Figure 8.2: Preliminary missing mass distributions of coincident dK* pairs at T, =
2.83 GeV. The solid and dashed lines are the mass distributions of Ref. [Gri02] for res-
onant and nonresonant K K9 production in the predicted ratio. The sum (dashed-dotted
line) is normalized to the data and describes them very well. However, the distribution
presented here is obtained after a very first analysis without any corrections for efficiency
and acceptance, and conclusions cannot be drawn yet.

In the measurement two layers of sidewall counters were used and placed at a dis-
tance of about 1m behind each other, allowing one to set a TOF gate additional
to the start-stop gate. In a preliminary analysis, kaons could be observed in the
sidewall counters as well. Being able to identify kaons in the telescopes and the
sidewall counters increases the statistics and (even more important) the acceptance.
A proposal to investigate ag/ fy production in pn and pd collisions has already been
accepted [Biis01] and a proposal for dd collisions is in preparation. In these reaction
channels both the ay and f; can be produced and mixing effects may distort angular
distribution [Biis02b].
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A. Appendix

A.1 List of Runs

Run Tape meas. trigiin/ effect. Trigger Trigger Trigger Events

time trig_out time T1 T2 T3
3277 13 5888 0.316 1861 (T+S)*F  F/999 (T+S)/200 15494764
3278 13 5552  0.316 1755  (T+S)*F  F/999  (T+S)/200 14667137
3279 13 2557 0.314 803 (T+S)*F  F/999 (T+S)/200 6765006
3280 13 4192 0.321 1346 (T+S)*F  F/999 (T+S)/200 11042386
3281 13 5865 0.323 1894 ( *F  F/999 (T+S)/200 15402908
sum 24054 7658 63372201
3290 14 6042 0.323 1952 (T+S)*F  F/999 (T+S)/200 15876848
3291 14 4701 0.258 1213 (T+S)*F  F/999 (T+S)/200 13386507
3292 14 5775 0.277 1600 (T+S)*F  F/999 (T+S)/200 16112748
sum 16518 4764 45376103
3294 15 3796 0.291 1105 ( V*F  F/999 T+S)/200 10413573
3295 15 7347 0.300 2204 ( V*F  F/999 /200 19765545
3296 15 5354 0.281 1504 (T+S)*F  F/999 /200 15102389
3297 15 4202 0.275 1156 ( V*F  F/999 T+S)/200 11936548
sum 20698 5969 57218055
3298 16 414 0.277 115 (T+S)*F  F/999  (T+S)/200 1172234
3299 16 396 0.277 110 (T+S)*F  F/999 (T+S)/200 1132759
3300 16 810 0.280 227  (T+S)*F  F/999  (T+S)/200 2315566

(T+5) (T+S)

(T+5) (T+S)

3301 16 3167  0.279 883  (T+S)*F  F/999  (T+S)/200 9011607
3303 16 6541  0.277 1812 *F F/999  (T+S)/200 18450149
sum 11328 3147 32082315
3309 17 7681  0.270 2074 (T+HS)*F  F/999  (T+S)/200 20429434
3310 17 4954  0.288 1427 (T+S)*F  F/999  (T+S)/200 12095765
3311 17 3591  0.318 1142 (T+S)*F  F/999  (T+S)/200 9433988
3312 17 2593 0.316 819  (T+S)*F  F/999  (T-+S)/200 6810116
sum 18818 5462 (T+8)/200 48769303
3313 18 4519  0.331 1496 (T+S)*F  F/999  (T+S)/200 11047925
3314 18 3745  0.325 1217  (T+S)*F  F/999  (T+S)/200 9668541
(T+8)
(T+8)
(T+8)
(T+8)
(T+8)

)
)
3317 18 3243 0.330 1070 T+S)*F  F/999 T+S)/200 8301626
3318 18 4119 0.340 1400 T+S)*F  F/999 T+S)/200 10506790

)

)

)

3319 18 3800 0.331 1258 T+S)*F  F/999 T+S)/200 9779000
3320 18 3438 0.371 1276 T+S)*F  F/999 T+S)/200 8247984
3321 18 3885 0.323 1255 T+S)*F  F/999 T+8S)/200 10045004

sum 26750 8972 67596870
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Run Tape meas. trig-in/ effect. Trigger Trigger Trigger Events
time trig_out time T1 T2 T3

3323 19 4351 0.316 1375 (T+S)*F F/999 (T+S)/200 11356586
3324 19 5227 0.327 1709 (T+S)*F F/999 (T+S)/200 13431970
3326 19 5189 0.515 2672 (T[K]+S)*F F/999 (T+S)/200 10027102
3327 19 5081 0.505 2566 (T[K]+S)*F F/999 (T+S)/200 10011623
3328 19 5070 0.499 2530 (T[K]+S)*F F/999 (T+S)/200 10065116
3329 19 5296 0.498 2637 (T[K]+S)*F F/999 (T+S)/200 10161949
3330 19 2746 0.472 1296 (T[K]+S)*F F/999 (T+S)/200 5717686
sum 32960 14786 (T+S)/200 70772032
3331 20 4926 0.463 2281 (T[K]+S)*F F/999 (T+S)/200 10385353
3332 20 5362 0.470 2520 (T[K]+S)*F F/999 (T+S)/200 11209387
3333 20 5065 0.461 2335 (T[K]+S)*F F/999 (T+S)/200 10756643
3334 20 5049 0.468 2363 (T[K]+S)*F F/999 (T+S)/200 10565169
3335 20 4467 0.291 1300 (T+S)*F F/999 (T+S)/200 12075704
3336 20 3030 0.296 897 (T+S)*F F/999 (T+S)/200 8166763
3337 20 3472 0.485 1684 (T[K]+S)*F F/999 (T+S)/200 6647417
sum 31370 13379 69806436
3339 21 6117 0.542 3316 (T[K]+S/3)*F  F/999 11190828
3340 21 6090 0.546 3325 (T[K]+S/3)*F  F/999 11029722
3341 21 5835 0.548 3198 (T[K]+S/3)*F  F/999 10532410
3342 21 5478 0.538 2947 (T[K]+S/3)*F  F/999 10023792
3343 21 5768 0.526 3034 (T[K]+S/3)*F  F/999 10810400
sum 29288 15819 53587152
3344 22 5868 0.523 3069 (T[K]+S/3)*F  F/999 11113485
3345 22 5498 0.527 2898 (T[K]+S/3)*F  F/999 10382343
3346 22 3906 0.527 2058 (TK]+S/3)*F  F/999 7364292
3347 22 5947 0.259 1540 (T+S/3)*F F/999 (T+S)/200 16850507
3348 22 7709 0.524 4039 (T[K]+S/3)*F  F/999 14670822
sum 28928 13604 60381449
3349 23 468 0.530 248 (T[K]+S/3)*F  F/999 870670

3350 23 8032 0.528 4241 (TK]+S/3)*F  F/999 15133667
3351 23 1537 0.532 817 (T[K]+S/3)*F  F/999 2879791

3352 23 8152 0.537 4378 (T[K]+S/3)*F  F/999 15074107
sum 18189 9684 33958235
3358 24 5606 0.546 3061 (T[K]+S/3)*F  F/999 10192222
3359 24 5229 0.553 2892 (T[K]+S/3)*F  F/999 9372510
3360 24 5794 0.290 1680 (T+S)*F F/999 12612040
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Run Tape meas. trig-in/ effect. Trigger Trigger  Trigger Events
time trig-out time T1 T2 T3

sum 16629 7633 32176772
3365 25 5170 0.492 2543 (TK]+S/3)*F  F/999 10437770
3366 25 5340 0.476 2542 (TK]+S/3)*F  F/999 10333286
3367 25 5413 0.465 2517 (TIK]+S/3)*F  F/999 11386991
3368 25 4733 0.480 2272 (TK]+S/3)*F  F/999 9719868
3369 25 3838 0.487 1869 (TK]+S/3)*F  F/999 7785434
sum 24493 11743 49663349

total sum 300022 122619 684760272

Table A.1: List of the runs used in this analysis. The trigger notation is the following:
T means telescopes, S sidewall and F forward. With the setting (T[K]+S/3)*F a trigger
signal was generated when either a particle hit was registered in one of the telescopes OR
one of the sidewall counters AND a hit in one of the forward counters (layer 1 OR layer
2). In the case of a hit in the telescopes, the particle must have the TOF of a kaon (T[K]),
while the sidewall count rate was prescaled with a factor of 1/3 with the above setting.
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A.2 Description of Angular Distributions

The most general form of the reaction amplitude for the Sp final state may be written
as (see Ref.[Cer02])

Msp = asy(p-S)(k-€)+bsy (p-k)(S-€)+
csp(k-S)(p-€)+dsy(p-S) (p-€)(k-p) (A.1)

and for the Ps final state as

Mp, = aps(p-S)(q-€)+bp;(p-q)(S-€)+
cps(q-S)(p-€)+dps(p-S) (p-€)(q-p). (A.2)

p, k and q are the cms—momenta of the proton beam, the deuteron and the relative
momentum vector of the two kaons. S is the spin of the initial proton pair, € the
polarization vector of the outgoing deuteron. The coefficients a, b, ¢ and d are
independent complex scalar amplitudes, only weakly depending on the total CM—
energy.

The squared matrix element W, averaged over the initial spins and summed over
the final spins has been calculated ([Han02]):

with the constants

Co = SR (asyl? + les,?) + P apl? + lepsl?)
Cpo = PR by + 5 sy + sy +
Re (a%,csp + (asp + csp)” (bsp + pdsy) )]
Conr = P@bral? + lbes + P+
Re (a/_*P_gCPS + (aps + cps)*(bps + pZdPs))] ;
Cy = kgpRe (apsaf‘gp + cPscgp) ,

Cpkqp = kaqRe((a’Ps + st +cps + p2dPs)*(aSp + bSp + Csp + p2d5p) +
2bpsbsp) - (A4)
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With the definition of the three angles x = plk(p k), y= piq(q -p) and z = qik(q - k)
Eq. A.3 can be re-expressed. Integration over the azimuthal angle of the deuteron
(unpolarized measurement) and over two of the above angles leads to the following

dependences:

do 1

a XX 00 + ngqz + $2Cpk2

do 1

@ x Coy+ ngkg + yQCqu

do 1 1

& x Cy+ g(cqu + Cpkg) -+ Z(qu + ngkM) (A5)

By fitting the corresponding experimental angular distributions four of the five pa-
rameters can be extracted.

If there are only S—waves in the KK system involved (Sp configuration) all terms in
Eq. A.4 which are due to the Ps configuration are zero. Thus, Cpge, Cor and Chpigp

are also zero and g—; and ‘31—‘; are proportional to a constant.

Analogous arguments can be used for the Ps configuration where ‘3—; and 3—2 would

be proportional to a constant. In the reaction pp — dag — dK+KP° only the config-
uration Sp is possible if higher partial waves are suppressed.
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