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Abstract

In recent years, the strangeness production reactions in NN collisions have attracted
a considerable amount of interest. These reactions are expected to provide valuable
information on the manifestation of Quantum chromodynamics (QCD) in the non-
perturbative region. For example, the ¢ meson is expected to probe the admixture
of ss quark pairs in the nucleon wave function. The near-threshold reactions are
expected to provide valuable information about the meson-meson, meson-baryon,
and hyperon-nucleon interactions.

We report the differential and total cross sections for the pp — ppKTK~ /¢
reaction at T,= 2.567 (below the ¢ meson threshold) and 2.83 GeV (above the
¢ meson threshold). We use detailed model descriptions to fit a variety of one-
dimensional distributions in order to separate the pp — pp¢ cross section from that of
non-¢ production. The differential spectra show that higher partial waves represent
the majority of the pp — pp¢ total cross section at an excess energy of 76 MeV,
whose energy dependence would then seem to require some s-wave ¢p enhancement
near threshold. On the other hand, strong preferences to the low Kp and Kpp
invariant masses are observed in non-¢ kaon pair productions. The cusp effect in the
K* K~ distribution at the K°K° threshold is clear and some evidence is also found
for coupling between the K~ p and K%n channels. Beside of the mentioned reactions,
we also show the preliminary results for the search for a possible K~ pp bound state

in the pp — pK*A reaction at Tp =2.567 GeV.
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1

Introduction

1.1 Strong interaction

Quantum Chromodynamics (QCD), as the well-accepted theory of strong interac-
tions, provides very accurate predictions in the high energy region where perturba-
tive calculations can be carried out, and well tested by experiments. However, at
low energy the coupling constant becomes larger, and perturbative calculations no
longer work. The fact that particles with isolated strong charge (color) have never
been observed is just one prominent example of the non-perturbative character of
QCD at low energy. Furthermore, our inability to solve QCD Lagrangian analyti-
cally making the study of this (non perturbative) region particularly important and
challenging. A promising description of the QCD in this region could be achieved
through lattice QCD that provides the most promising approach for the theoreti-
cal predictions of the properties of hadrons. However, lattice QCD calculations are
still far from being amiable to solutions for low and intermediate energy scattering
reactions. On the other hand, methods like effective field theories (i.e. Chiral Per-
turbation Theory xPT) employing effective degrees of freedom have had tremendous
success in describing the non-perturbative processes. For instance, baryons such as
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proton are considered to consist of three quarks, and mesons to consist of a quark
and an anti-quark pair. Furthermore, it is more practical to consider the interac-
tions between hadrons (baryons and mesons) rather than quarks and gluons in the
non-perturbative regime.

Experimental data of high quality and precision on hadronic processes at low and
intermediate momenta are necessary in order to verify the systematic low energy
expansion of the yPT, which has already enforced an important insight into the
structure and dynamics of nucleons and mesons in the non-perturbative regime.
Therefore it is very important to know the properties of the mesons, their structure
and interactions in the hadronic environment. Although a large amount of data are
available from measurements with electromagnetic probes, there are still many things
to learn about the physics with hadronic probes at intermediate energies, i.e. the
investigation of production, decay, and interaction of hadrons. An important class
of experiments in this context is related to meson production in nucleon-nucleon and

nucleon-nucleus collisions close to the production thresholds.
1.2 Strangeness production close to threshold

The study of near threshold meson production in NN collision has several features.
Firstly, the theoretical descriptions of such reactions are simplified since a very lim-
ited part of the phase space is available for the reaction products and, hence, only
a few partial waves contribute to the observables. Additionally, it is difficult to
study the unstable particle final state interactions with nucleons due to the lack of
such beams in nature. However, because of the low relative momentum between
final particles, meson production close to threshold in nucleon-nucleon collisions of-
fers an excellent tool to study meson-meson and baryon-meson interactions. One
prominent example is the investigation of the hyperon-nucleon interaction in the re-
action pp — pY K, where Y denotes a hyperon (A, ¥ etc.) and K represents a kaon.
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From the invariant mass distributions of the YN system, information about the
on-shell YN interaction can be extracted. Another example is the ¢ meson produc-
tion, which provides valuable information about ¢N interactions and the existence
of a possible N bound state. Furthermore, the near threshold nucleon-nucleon and
nucleon-nucleus collisions also allow for studies of particular resonances. One exam-
ple is the N*(1535) resonance, which couples strongly to the nN channel. But a large
N*(1535) KA coupling has also been deduced from 7p and pp reactions [1]. More-
over, recent theoretical calculation [1] shows that the N*(1535) also has a significant
coupling to the ¢N channel.

The study of strangeness production reactions in NN collisions is expected to
provide valuable information on the manifestation of QCD in the non-perturbative
regime. The ¢ meson is expected to probe the admixture of ss quark pairs in the nu-
cleon wave function [2] and provide information on the interaction of strange quarks
with the surrounding non-perturbative environment. Furthermore, the enhancement
in the strangeness production has been proposed as a signature for the formation of

the quark-gluon plasma in high energy nucleus-nucleus collisions [3, 4].
1.3 Overview

The proton-proton and proton-nucleus data presented in this thesis consists of part
of the experimental programs of the ANKE (Apparatus for Studies of Nucleon and
Kaon Ejectiles) Collaboration at COoler-SYncrotron (COSY) at Forschungszentrum
Jiilich. The details of the selected channels in pp collisions are presented in Table. 1.1.

A search for a possible N bound state in proton-nucleus reaction with different
targets C, Cu, Ag, Au at T,, = 2.83 GeV is also discussed. This thesis is organized as
follows:

The basic properties of strange hadrons and physics motivations for the reaction

channels are discussed in Chapter. 2. In this chapter existing theoretical models and
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Table 1.1: The selected strangeness productions in pp collisions. The ¢(1020) meson was
identified via the decay channel ¢ — K+ K, and A was detected by A — pr~ channel.

Reaction Channel | Beam Energy GeV
pp — ppo T, =283
pp — pp K+t K~ T, = 2.57,2.83
pp — pKTA T, = 2.57,2.83

experimental data are presented. The experimental apparatus of COSY-ANKE is
discussed in Chapter. 3. The main features of the apparatus including the COSY
accelerator, the ANKE magnetic spectrometer and the target are described in great
details. In Chapter. 4 the main procedures of data analysis such as event recon-
struction, particle identifications, detection efficiency corrections and luminosity de-
terminations are presented, followed by the detector acceptance corrections based on
different parameterizations for different reactions. Chapter. 6 presents the experi-
mental results and discussions. The total and differential cross section results are
presented separately. Finally, the results are summarized in Chapter. 7, which also

contains an outlook for future experiments and theoretical calculations.



2

Physics motivations

2.1 Quark Model

With the discovery of the kaons in cosmic rays in 1947, a new class of particles
was found. Due to their unusual properties, these hadrons were initially named
strange particles. In 1964, Gell-Mann and Zweig proposed that all hadrons, particles
interacting with strong forces, are built out of elementary objects with a spin value of
% (called quarks). Quarks are proposed to have both electric and color charges, which
are responsible for the electromagnetic and strong interactions, respectively. Later,
the heavy quarks ¢, b, t were discovered and included in the quark model. Within
this model, hadrons consist of either three quarks (baryons) or a quark-antiquark
pair (mesons). In low energy, hadrons are combinations of the two lightest quarks
u, d or their anti-particles @, d. With increasing energy, quark-antiquark pairs of
the next heavier flavor s are produced, thus generating the so-called strange hadrons
that include one or more s or § quark. In the quark model, the lightest mesons are
formed from the quark triplet u, d, s (the SU(3) flavor symmetry nonet). The nonets

categorize the various quark-antiquark combinations in a relative S wave state (i.e.
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FIGURE 2.1: Strangeness S versus isospin I3 for the pseudo-scalar (left) and vector
(right) meson nonets [5].

Table 2.1: Flavor wave function and quantum numbers of the ground state pseudo-
scalar (J = 07) and vector (J© = 17) meson nonets [5].

Flavor Wave Function 1 I3 S [JP=0"|J'=1"
lud > 1 +1 0 |«F pr

lad > 1 -1 0 |7 p-
1/v/2(|uti > —|dd >) 1 |0 0 | P°

lus > /2 | +1/2 | +1 | K* K**

s > 12]-1/2 [-1 |K- K*

|ds > 1/2-1/2 | +1| K° K*°

ds > 12 +1/2 -1 | K° K*0
1/vV6(|lut > +|dd > —2|s5>) [0 |0 0 |ns Ps
1/v/3(lutt > +|dd > +|s5>) [0 [0 0 |no bo

L = 0) with either parallel or anti-parallel spins, coupling to total angular momenta
J = 0,1, respectively. The parity of these states is given by P = (+1)(—1)(-1)},
and all these states are characterized by either J¥ = 0~ (pseudo-scalar meson nonet)
or J¥ = 17 (vector meson nonet). The pseudo-scalar and vector meson nonets are
plotted in Fig. 2.1 as a function of the strangeness quantum number S and the z
component of the isospin I3. The corresponding flavor wave functions of the pseudo-

scalar and vector meson nonets are summarized in Tab. 2.1. The physically observed

vector mesons ¢ and w are linear combinations of the singlet ¢y and octet ¢g states,



which have the same isospin and the hypercharge (Y = B + S, where B represents

the baryon number) quantum numbers.

w\ [ cost, sinb, b0
<¢> B <5in9v - cos@) (¢8> (2.1)

where 0, is the mixing angle. For ideal mixing, the mixing angle would be #/d¢a! ~ 35°

ideal __
grreat =

(sin 1/3), and the corresponding ¢ and w ideal mixing states are:

1 _
=88 > w= §(lua > +|dd >) (2.2)

If 6, = el the ¢ meson must consist of only strange quarks and the w meson only
u, d quarks and their antiquarks. Therefore according to Okubo-Zweig-Tizuka (OZI)
rule [6, 7, 8, 9] (see sec.2.2), the decay channel ¢ — 7t7n~7° should be strongly
suppressed. However, using a Gell-Maan-Okubo empirical mass formula [10, 11, 12],
one can determine the value of 6, = 39°. This value is also in good agreement with
the results from ¢ and w radiative decay [5, 13|, which means the ¢ meson is not a
purely s3 state. The deviation from the ideal mixing angle J = 6, — #1%% determines

the corresponding contribution of light quarks (u,d) in the ¢ wave function:

¢ = cosd|ss > —sindlqq > (2.3)

where |q7 >= 1/v/2(utt + dd). With such a small deviation ¢ from ideal mixing, one

is able to explain the branching ratio for the decay of ¢ and w mesons [5]:

¢ — K K~ 49% w—atr® 90%
— K°K°  34% A S W (2.4)

— 7t 7’ 15% — 7wy 8.9%
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FIGURE 2.2: (a) ¢ meson decays into two kaons. (b) ¢ meson decays into three
pions.

2.2 ¢ meson production

2.2.1 Motivations

As mentioned already, the decay channel of ¢ meson into non-strange mesons (i.e.
¢ — wrmw°) is suppressed compared to that of strange final states. This can be
explained by the OZI rule, which states that processes with disconnected quark lines
in the initial and final state are suppressed. This rule is based on the assumption
that such processes proceed via a multi-gluon intermediate state. Suppression of the
decays to three pions is due to that they require the ss pair to annihilate first into
high energy gluons, which must be energetic enough to produce the decay products;
then the gluons couple to several ¢¢ pairs as the quarks (u,d) of the final state
mesons; However, at high energy the coupling of the gluons to quarks is weak (the
QCD asymptotic freedom), therefore such decays are suppressed. While decays of
the ¢ meson into kaons are the OZI rule allowed processes, since all the initial
state quarks exist also in the final states. In addition, due to the fact that mass
of the ¢ meson is very close to that of a K*K~ pair, all virtual gluons are of
low momentum and strongly couple to the final states. The exchange of gluons
between hadrons, which plays a substantial role at high energy interactions, is harder
to study at low energies because diagrams including quark exchange play a more

important role [14]. However, ¢ meson being a nearly pure s§ state is considered as



a great tool to study gluon exchanges. According to the OZI rule: quark exchanges
in the reaction between ¢ meson with ordinary (non-strange) baryonic matter are
suppressed [15] because there are no common quarks between the particles. The
multigluon exchange is therefore expected to dominate ¢N scattering at all energies.
It has been suggested [16] that the QCD van der Waals interaction, mediated by
multi-gluon exchanges, is strong enough to form a nuclear bound state of 7. with
3He. Similarly, one can expect that the attractive QCD van der Waals force also
dominates the ¢N interaction. Hence, a bound state of ¢N is also possible [15].
Using the variational method and a non-relativistic Yukawa type attractive potential
Viss),n = —aet” /r, Gao, Lee and Marinov [15] find that a bound state of ¢-N with a
binding energy of about 1.8 MeV is possible. Such a bound state was also predicted by
Huang, Zhang, and Yu [17] using a chiral SU(3) quark model and the extended chiral
SU(3) quark model solving the Resonating Group Method (RGM) equation. The
model parameters used by the authors in [17] provided good descriptions of baryon
bound states, the deuteron binding energy and NN scattering phases shifts [18, 19].
Sub-threshold production kinematics have also been proposed as being advantageous
for the search of N bound states in yA and pA reactions [15, 20]. In order to have
a reliable prediction of the possible formation of a bound state in the ¢N system,
information about the ¢N interaction is crucial and important.

However, direct measurement of the ¢N reaction is not possible due to the lack
of a ¢ meson beam. Up to now, most of the total cross sections o,n are extracted
from photo-production experiments. An upper limit of o,y ~ 11 mb [21, 22] is
obtained using the ¢ photo-production data on the proton and a vector meson dom-
inance (VMD) model, which is in agreement with the estimate from the additive
quark model [23]. However, a large in-medium ¢N absorption cross section of about
35 mb was inferred by the LEPS collaboration [24] from measurements of K+ K~

pairs photoproduced on Li, C, Al and Cu targets at SPring-8. This large ¢N cross
9



O [mb]

SPring-8 |,

Wi ]
g

JLab |

0.5 1.0 15 z.lol
P, [GeV/c]

FiGUuRE 2.3: The ¢N absorption cross section measured from nuclei targets at
ANKE [25], SPring-8 [24] and JLab [26]. The full squares, full circles and open
triangles are model-dependent cross section extracted from ANKE data [25].

section was also confirmed by Boltzmann-Uehling-Uhlenbeck (BUU) transport model
calculations [28], which are based on binary collisions and the propagation of parti-
cles in a self-consistent mean eld. Recently, values of the in-medium o,y were also
determined by the CLAS collaboration [26] from transparency ratio measurements
at JLab. In this experiment, the photo-productions of the ¢ meson on H, C, Ti, Fe,
Pb targets were measured via e*e~ decay mode. Using a Glauber model, values of
o4n in the range of 16-70 mb were extracted. In addition, the JLab measurements of
coherent [14] and incoherent ¢ meson [29] photo-production from deuterium suggest
that oy > 20 mb. On the other hand, the ¢ mesons productions in proton collisions

with C, Cu, Ag and Au targets have been studied via the ¢ — KTK~ decay at
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ANKE [25]. An effective N absorption cross section in the range of 14-21 mb has
been extracted, which is consistent with these measurements from photo-production,
as shown in Fig. 2.3. The models [30, 31, 32] used are sensitive to the relative strength
of ¢ production in pp and pn collisions. The sizable excesses in the ¢N cross section
might suggest some enhancements in the ¢N systems or even a possible N bound
state.

In order to study such enhancements in N cross sections and search for a possible
¢N bound state in the sub-threshold pA reaction, one should have a full understand-
ing of the near threshold ¢ meson production in pp collisions. Here, the threshold
is defined when the lowest available energy in the center of mass system is sufficient
to create the final state particles. It is more convenient to use the notation of the

excess energy ¢, defined as:

e =+/s — (2my + my), (2.5)

where 4/s is the total center-of-mass energy, m,, and m, are the proton and ¢ meson
mass, respectively.

Moreover, the study of the near threshold meson production can help us gain
insight about the strong interaction physics [33, 34, 35]. For instance, near threshold
heavy meson productions in nucleon-nucleon collisions are sensitive to interactions of
nucleons at short distances [34]. When the momenta of the nucleons in the entrance
channel are large but the momenta of the final state particles are small (they are
almost at rest near threshold), the process results in large momentum transfer at
short distance. For example, the NN — N N¢ reaction at its threshold energy probes
distances between the two colliding nucleons of about 0.2 fm [36, 37]. This distance
corresponds to the overlapping region of the two interacting nucleons, in contrast
to the distance of about 0.5 fm probed by much lighter pion production (see [36]
and references therein). The analysis of such data in the short-range limit permits a
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quantitative comparison of productions leading to two- and three-body final states
and provides relevant information for testing QCD-based NN interactions.

On the other hand, the near threshold ¢ meson production is crucial to address
the question of whether there is a non-negligible amount of strange quarks in the
proton flavor wave function, because the ¢ meson is considered to mainly consist
of strange quarks with a rather small amount of the light quarks u,d. Under the
assumption that the OZI rule is exactly fulfilled, the production of the ¢ meson is
expected to be strongly suppressed (compare to that of the w meson) in hadronic
reactions and the ratio of the production cross sections for the ¢ and w mesons was

calculated as [38, 39]:

_ Yo _ 0(A+ B - ¢X)
2 o(A+ B - wX)

= f xtan®(§) = f x 4.2-107° (2.6)

where f is the correction factor for the available phase space for ¢ and w production,
and 0 ~ 3.7° is the deviation from the ideal mixing angle. Since the OZI rule has been
well-tested in many experiments, a significantly higher value of Ry, than estimated
from the OZI rule may indicate a large amount of hidden strangeness inside the
nucleon [40, 41].

Indeed, measurements on antiproton-proton (pp) annihilation at CERN [42] show
that the ratios of o(pp — ¢X)/o(pp — wX) exceed the estimate from the OZI rule by
more than one order of magnitude. These observed large ¢ production cross sections
were interpreted as hints for an intrinsic s§ component inside the proton. However,
the data can also be explained by the strong re-scattering effects in the final state
without any strangeness content of nucleon [43, 44]. Here it is important to find the
possible OZI violations in other reactions. Further investigations show that strong
violations of the OZI rule were also observed in the reactions pd —3 Heg [45, 46],

pp — ppo [47, 48] and mp — ¢mp [49]. The discrepancy with the OZI rule in these
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reactions was found by a factor of 10-100. Moreover, a very recent analysis of ¢ and
w photoproduction from the proton shows that the ratio Ry, is 0.8 = 0.2 at photon
energies above 30 GeV [50]. These observations in the vp, pp and 7N reactions
provide a strong motivation to further search for substantial OZI rule violations at
low energies. The DISTO Collaboration reported the first near threshold pp — ppV
measurement at 7, = 2.85 GeV also indicating a substantial OZI violation [47].
Later, the ANKE collaboration found the violation of OZI rule and the Ry, is
about eight times larger than the OZI predication at 7, = 2.65,2.70 and 2.83 GeV
(only data at T, = 2.65 GeV has high statistics) [48]. It is interesting that DISTO
has observed also the differences between the angular distributions of the ¢ and w
mesons produced. This may contradict to the OZI rule postulate that the ¢ could
be formed in pp interactions only via w — ¢ mixing, and indicates that the difference
in the ¢ and w meson production might be due to the difference in the production
mechanisms instead of kinematics. Moreover, the analysis of the near threshold
data suggest that the pp — pp¢ amplitude exhibits a significantly stronger variation
with energy than that of the w production. This characteristic energy dependence
could be a sign for additional reaction mechanisms in the ¢ production reaction, and
especially it might be caused by the excitation of a resonance or bound state in the
¢p system [51]. Clearly future measurements should take data at different energies

above the production threshold of the ¢ and w mesons for further investigations.
2.2.2  Models

Various theoretical models have been developed to describe the experimental data of
the NN — N N¢ reaction. Sibirtsev et al. [52] have studied the ¢ meson production
in NN collisions within the framework of a one-pion exchange model. In this model,
the reaction is treated as the emission of a virtual pion from one nucleon with the

subsequent reaction 71N — ¢/N on the other nucleon. This calculation entails a
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folding of the pion propagator in free space with the pion form factor to account for off
shell modifications of the vertex as well as a parameterization of the cross section for
the reaction 7N — ¢N. Furthermore, the coupling constant f,ny as well as a cut-off
parameter A = 1 GeV are required. The results of these calculations, which describe
the higher energy data well, have been fit using the following parameterization:

S0

ooy = ppo) = a1 = )" ()" (27)

where the threshold energy squared sy = 8.38 GeV?, and the parameters are given
as a = 0.06 mb, b = 2.24 and ¢ = 2.7 [52]. However, these calculations that have
an energy dependence similar to a phase-space predication, underestimate the low
energy data point [47, 48] by about a factor of three. Furthermore, the improved cal-
culation [53], which includes the S-wave proton-proton final state interaction (FSI),

results in significant rises of the near threshold total cross sections.
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FIGURE 2.4: Vector meson (w or ¢) production currents, J#, included in the present
studies [27, 55]: a) nucleonic current, b) mesonic exchange current. V = w or ¢ and
M = ™1, pP,W, 0, CL(](: 5)

The calculations described above are based on the premise that the reaction is
completely dominated by pion exchanges. Another approach proposed by Nakayama
et al. [27, 36] explicitly includes not only the mesonic current due to the mp — ¢
coupling, but also the nucleonic current, as shown in Fig. 2.4. For the nucleonic
current, the exchange of the following mesons has been considered: 7,7, p,w, o, ag.
The calculations use a relativistic effective Lagrangian at the hadronic level. The
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reaction amplitude is calculated within the distorted wave with Born approxima-
tion [54], including both the initial and final pp interactions. Although the nucleonic
current is expected to be suppressed relative to the mesonic current, the relative
magnitude of the contributions can not be determined from the total cross section
data alone. However, they claimed that the angular distribution of the produced
¢ meson in the c.m. frame provides a clear signature to disentangle these two re-
action mechanisms. Within this model the observed angular distribution, which is
nearly isotropic, indicates a dominance of the mesonic current in contrast to the cos?6
distribution expected for the nuclenoic current. As a result, measurements of this
observable can yield valuable information on the magnitude of the nucleonic current
and, specifically, on the N N¢ coupling constant. Further calculations show that the
strength of the NN¢ coupling constant is directly associated with the amount of
hidden strangeness inside the nucleon [36].

Within a similar approach by Titov et al. [55], they have calculated total cross
sections as well as the beam-target asymmetry. Their results show that the total cross
section is dominated by the mp — ¢ process and not sensitive to a small amount of
admixture of s5 in the nucleon’s flavor wave function. For example, a 1% admixture of
s5 results in a two orders of magnitude smaller contribution to the total cross section
than the meson exchange process. Without including the s5 in the nucleon wave
function, they predict the total cross section ratio o(pn — pno)/o(pp — ppp) ~ 5.
This is in strong contrast to the intrinsic strangeness model proposed by Ellis et
al. [56], in which the ratio is given as %. Experimental data are required to distinguish
between these models. The beam-target asymmetry (C57) has also been analyzed
with this model. It is further claimed that the elements of the decay density matrix
are poo = 0, p+141 = 1/2 [57]. Furthermore, the results show that a 5% admixture
of s5 modifies the density matrix to pgg = 0.22, p+141 = 0.39. The elements of the
density matrix are extracted directly from the decay angular distribution of the ¢
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meson, and thus can be useful to help determine the intrinsic strangeness in the
nucleon.

The models described above are based on one-boson-exchange (OBE) model,
they did not consider the possibility of nucleon resonances. Faessler et al. [58] claim
that nucleon resonances become important at high energies, and thus propose a
resonance model to describe the ¢ meson production in pp collisions. In their model,
the ¢ meson is produced by a two-step reaction: the excitation of nucleon resonances
and their subsequent decay pp — pR — pp¢. The calculations show that the ¢
meson data can be explained by the dominance of N*(2090)1 . Another calculation
from [1] shows that the total and differential cross sections can be reproduced with the
N*(1535) resonance. Within the resonance model, the production mechanism is due
to the excitation of the sub-N¢ threshold N*(1535) resonance following 7¥—, n— and
p°— meson exchanges between two protons [59, 27, 60]. The significant coupling of
the N*(1535) resonance to ¢N is compatible with previous indications (see Ref. [1]
and reference therein) of a large ss component in the quark wave function of the
N*(1535) resonance which may explain the significant enhancement of the ratio

R¢/ R,.
2.2.8 Partial waves and selection rules

Since in the near threshold region only a few partial waves would contribute to the
final states, which makes the reactions easier to treat in theory. In a non-relativistic
approximation, the total cross section for the ¢ meson production in nucleon-nucleon

collisions can be written as [34]:

q’ma:ﬂ
o J kQQ‘MNN—»NN¢’2dQ7 (2.8)
0
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where ¢ is the momentum of the ¢ meson in the center-of-mass (c.m.) frame, and
k the momentum of either nucleon in the rest frame of the nucleon-nucleon system.
Here we denote that L and [ as the relative angular momentum of the nucleon-
nucleon pair and the ¢ meson relative to the NN system, respectively. Assuming
that the final state particles are non-interacting so that they can be described by non-
distorted plane waves, whose radial parts (g, r) are given by the spherical Bessel

functions:

qr—0 (Q'f’)l

BCE (2:9)

Ui(q,m)ocsi(qr)

An expansion of the transition amplitude | Mp,|? around gr = 0 leads to | M,|?ocq® k?L.
Furthermore, assuming that the production amplitudes are constant, one can calcu-
late the partial cross section by integrating this matrix element:

O_Llocqfnlzl—im-2l+4oc77;L+2l+4 (210)

where 7y = Gmaz/Me (M is the mass of the ¢ meson) [34]. Based on Eq. 2.10, at
threshold the total cross section for the NN — NN¢ reaction with respect to the
energy should display a 773) distribution. The dimensionless parameter 74 can be used
to estimate the classically calculated maximum angular momentum of the ¢ meson
in the c.m. system, and therefore the partial waves involved in the final state. The
similar argument can be also found in the work of Gell-Mann and Watson [61].

The selection rules for nucleon-nucleon induced meson production can be cal-
culated from the symmetries of strong interactions that imply the conservation of
parity, total angular momentum and isospin [33]. According to Pauli Principle, a

two nucleon is required to have anti-symmetric total wave function and
(—1)EST = (—1), (2.11)
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where L, S and T represent the orbital angular momentum, total spin and total
isospin of the two nucleon system, respectively. In the case of a proton-proton system,
T =1, L + S should be even. In addition, according to parity conservation we have
(-DE = my(=1)F+ where 7, is the intrinsic parity of the ¢ meson and L, L’
and [’ are the orbital angular momentum of the incoming nucleon-nucleon system,
the outgoing nucleon-nucleon system and the produced ¢ meson with respect to the
nucleon-nucleon system, respectively. Combined these two criteria, one can obtain
(—1)AS+AT = 7 (—1)" where AS (AT) represents the change in total spin (isospin)
between the initial NN and the final NN system. There is no change in the total
isospin for the pp — pp¢ reaction due to the fact that the nucleons are the same in
the final state as the initial state. This in combination with the intrinsic parity of ¢

meson gives:

(_1)AS _ (_1)1—1-1” (2'12)

The near-threshold regime is dominated by the lowest partial waves which in this
case would be I’ = 0 and L' = 0. Based on Eq. 2.11 and Eq. 2.12, the only possible
transition is 2P, — Ss for the pp — pp¢ reaction. Here the final state is denoted
as Ss (the first one represents the orbital angular momentum of NN system, the
other is the orbital angular momentum of the ¢ meson with respect to NN system).
For further discussions, we have also listed partial waves that are allowed in the
near threshold regime for the pp — pp¢ reaction in Table. 2.2. In the Table, the
spectroscopic notation 2°*'L; holds for the partial waves in the initial state and

25H1], 51, for the final states.
2.2.4 Kinematics and observables

The corresponding cross section for the ¢ meson production in the reaction a + b —

¢+ d+ ¢, where a, b and ¢, d label the incoming and outgoing nucleons, is related
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Table 2.2: List of allowed partial waves for the pp — pp¢ reaction. The notation is
defined in the text [62].

Type 2S+1LJ N 23+1le¢

Ss 3P1 — 1808
Sp 'So — 'Sop
'Dy — 'Syp

Ps 180 i 3P1 S
Dy, - 3Py s
Dy, — 3Pys
Sd 3P2 g 1S()d
3Fy — 1S, d
3F3 - 180 d
Pp Py — 3Po,1,2 p
3P1 - 31:)0,1,2 p
*Py — 3Py1ap
*Fy — *Po12p
*F3 — 3P1ap
*Fy — P,y P
Ds 3Py — 1Dys
3Fy — 'Dys
3F3 - 1D2 S

to the invariant amplitude 7" as [55]:

1 dp. dpy d
do = 72 5Pe EPd CA sy (p, — py), (2.13)
2(2m)%4/s(s — AMZ,)  2E.2E42Ey

where p, = (En,p,) with n=a, b, ¢, d and ¢ = (EFy,q) are the four-momenta of
the nucleons and the ¢ meson in the c.m. system, respectively. s is the total c.m.
energy, and P, s is the total four-momentum of the initial and final states. Further
calculations [55] show that the ¢ decay distribution W in its helicity system can be

written as:

do

Je0s0dD W(cos©, ®) = ZM(’/’; ©,P)p, M*(r'; 0, P), (2.14)

r,r!
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where M (r;©, @) is the decay amplitude with r as the helicity of the ¢ meson, p;.,/

is the density matrix that is expressed in terms of the production amplitudes T7:

2 T5T5"

Prr’ = S e
2 TETE™

(2.15)

with a set of unobserved quantum numbers #. Assuming that the ¢ meson decays

via ¢ — KK, and using the explicit form of the rotation function, one can get:

3.1
Wi(cosO,®) = E[é(ﬂll + p_1_1)sin* O + pyg cos® O (2.16)
1 .
+7§(—R6p10 + Rep_19) sin 20 cos @

1
+—(Impg + Imp_q1p) sin 20 sin &
\/5( P10 P 10) 1

—Repy_4 sin” 0 cos 2¢ + Impy_4 sin? O sin 29],

where the normalization condition piy + p_1-1 + poo = 1 is already applied.

Let g denote the momentum of the ¢ meson in the c.m. frame, p that of the
pp relative momentum, k that of the KK~ relative momentum. According to the
allowed partial waves discussed in sec. 2.2.3, the angular dependence for momenta

(k,q,p) relative to the beam direction can be derived as [62]:

W(k,g.p) = 3[ sin®6i{ aff +V5( ai} Pa(cosy) +aff Pa(costy) ) }/2
+ cos? Ox{ add + V/5( a2 Py(cosb,) + ad2 Py(cosh,) ) }
+ \f5/4 ajp sin26, sin 20y cos(¢r + ¢,)

—+/15/8 a;_; sin*@, sin® Oy cos(2¢x + ¢,) 1/(47)*,  (2.17)
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where P5(cos @) denotes Legendre polynomials and the parameters a hold the condi-
tion { WdQ* = af + af) = oo

The angular distributions for each momenta are given after the integration of

Eq.(2.17),
j_s; = 3 [al sin®fi +2 agy cos”6;]/8m, (2.18)
j_gq = [ aff + ag + \/S( a3 + agy) Py(cos 0,)]/4m, (2.19)
j_gp = [alf + agy + \/5( a¥? + ad?) Py(cos 0,)]/4m, (2.20)
A Tl a5 (o) Pleosty)

+bcos 2¢, Py (cos )] /4. (2.21)
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Here the parameter a are expressed by the partial wave amplitudes:

al) = |Ss|?* +2|P's]?/3 + |P?s|?/3 + |P3s|* + 2|S'p|* + |S*p|?/5

+ 2V2 R(P'sP?%s*) /3 + 4 R(S'pS?p*)/V/10 , (2.22)
agy = |P's|?/3 +2|P%s|?/3 + |S'p|* + 2|S%p|?/5

— V2 R(P'sP?s*)/3 — 4 R(S'pS?p*)/v/10 , (2.23)
af) = —=2|S"p*/V5 — V5|S*p[*/25 — 2v2 R(S'pS°p*)/5, (2.24)
aX) = 21S'pP/V5 + 4v/5|S%p|?/25 — 42 R(S pS?p*) /5, (2.25)

a® = /5|P's?/15 + /5| P2s|?/30 + /5| P3s|?/10 + V10 R(P'sP%s*)/15

+ V30 R(P'sP3s*) /5 + /15 R(P?sP%s*)/5, (2.26)
a? = — V/5|P's|?/15 — 25| P%s|?/15 + 210 R(P'sP%s*)/15, (2.27)
ag = —|P's]’/V15+ [P’ /V/15 — R(PPsP's*)/vV10 — R(PPsP?s*)/\/5

+2 R(P'sP?s*)/v/30 — R(P%sP's*)/v/30, (2.28)

ai_1 = |P's]>/v/30 + | P%s|?/v/120 + /30| P?s|?/20
+ R(P'sP2s*) V15 — R(P'sP%s*)/v/5 — R(P*sP3s*)/v/10.  (2.29)

2.2.5 Previous measurements

The near threshold pp — pp¢ reaction was measured by the DISTO [47] and ANKE [48,
63] Collaboration at four different excess energies. However, only two measurements
provided the total and differential cross sections. The low statistics of the other two
data sets [48, 63] were sufficient to extract total cross sections but it was hard to
draw firm conclusions regarding the differential spectra.

The DISTO Collaboration reported the exclusive measurement of the pp — ppo
reaction at T, = 2.85 GeV, corresponding to an excess energy of € = 83 MeV [47]. A
proton beam with momentum p;,, = 3.67 GeV /c was directed onto a liquid hydrogen

target. Produced charged particles were tracked through a magnetic spectrometer
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and detected by a scintillator hodoscope and an array of water Cerenkov detectors.
The magnetic spectrometer consists of a dipole magnet, two sets of scintillating
fiber hodoscopes inside the field, and two sets of multi-wire proportional chambers
(MWPC) outside the field. The large acceptance of the spectrometer allowed for
coincident detection of the final four charge particles. The total cross section ratio
Ry, is observed to be about an order of magnitude larger than expected from pre-
dictions of the OZI rule. Furthermore, the measured differential cross sections show
strong evidence for the importance of higher partial waves, but no attempt was made
to make a consistent partial wave decomposition. The reason was in part due to the
necessity to study in detail the structure of the non-¢ K+ K~ background.

The ANKE Collaboration has also published results on the ¢ meson production in
pp collisions at three beam energies, corresponding to excess energies of € = 18.5,34.5
and 75.9 MeV. The final states were studied by detecting the decay products (Kt K™)
of ¢ mesons in coincidence with one of the forward-going protons, requiring that
the missing mass be consistent with the non-observed second proton. The particle
identifications in the ANKE spectrometer will be discussed in sec. 3.2. The data on
¢ production at the lowest energy are consistent with the particles in the final state
being all in relative S-waves, with the only feature evident in the measured spectra
coming from the strong proton-proton FSI. However, the low statistics at the two
higher energies were only sufficient to extract total cross sections but it was hard to
draw firm conclusions regarding the differential spectra which, on general grounds,

are expected to be much richer than that at e = 18.5 MeV.

2.3 Kaon pair production

2.8.1 Motivations

The original motivation [65] for investigating the kaon-pair production in the near

threshold pp — ppK*tK~ reaction was to understand the structure of the scalar
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mesons a(980) or fy(980), which decay mainly into nm and 7w [5], respectively.
Both scalar mesons have masses around 980 MeV/c? with the widths of the order of
50 -100 MeV /c? [66]. The nature of these scalar mesons has been a long-standing
problem in meson physics. The standard quark model has difficulty in interpreting
these mesons as quark-antiquark pairs (¢q) [67]. If we assume that ag/ fy belong to the
same JP¢ = 0** nonet, and consider the fact that f; must have a sizable admixture
of strange quark since it couples strongly to KK, then it is difficult to understand
why its mass is the same as ag that would consist of non-strange quarks only. In
addition, the mass and width of ag/fy would be substantially smaller than those of
the remaining members of the nonet, such as the K3(1430) and f,(1300) [68]. In
order to address this question, various explanations have also been proposed. In 1997
Jaffe performed a study of a four quark system (gqgq) in the MIT bag model and
concluded that ag/fy might be ¢ggq states [69]. In turn, the authors from Ref. [70]
have performed a detailed analysis of 77 scattering that show that f, may be a
glueball. It was also suggested by Ref. [71] that the kaon-pair is a hybrid ¢g/meson-
meson system. Another interpretation proposed by Ref. [72, 73] described the ag/ fo
as K K molecules in which kaon-antikaon systems are bounded by strong interactions.
In this case the possibility of such a K K molecule crucially depends on the strength
of the KK interaction, which can be probed in the near threshold production of
kaon-antikaon pairs.

In addition to the KK subsystem, information about the K N system is of equal
importance especially regarding to the possible KN molecular state A(1405) [74]
and kaonic nuclear systems, such as the deeply bound K~ pp states (see discussion
in sec. 2.4). Up to now the scattering length ax-, has been mainly determined from
several kaonic hydrogen measurements [75, 76, 77, 78]. But the situation is not yet
clarified since first, the results of former measurements and the ones extracted from
DEAR [79, 80] are in disagreement and second, it has been shown that contrary to
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pionic hydrogen, the isospin violating correction cannot be neglected in the kaonic
case [81]. Due to these still open questions and the fact that the K~ p scattering
length extracted from previous scattering data has very large uncertainties [179], it
is believed that low energy K ~p scattering data can provide an independent con-
tribution to this important issue [83]. Furthermore, a precise knowledge about the
K*N cross sections appears to be very important for calculations such as possible
kaon condensation in neutron star [84] and strangeness production in a dense nuclear
medium [85, 86, 87, 83, 89].

Furthermore, theoretical models in heavy-ion physics depend critically on input
from elementary interactions. Meson-nucleon and meson-meson interactions dom-
inate the nucleus-nucleus scattering mechanisms [90]. Thus, knowledge about the
kaon pair production in the elementary NN interaction is important for studies of
the production of hypernuclei in nucleon-nuclei scattering, and providing information

about the existence of a quark-gluon plasma [3, 91].
2.3.2 Models

There are several different reaction mechanisms that can lead to the production
of kaon pairs in pp collisions. The first one is related to the scalar meson ag/fo
production, which has been investigated within a meson-exchange approximation.
The relevant diagrams for the NN — NN fy — NN KK reaction are those involving
pions emission from nucleons with the s-channel production of the fy-meson and
its subsequent decay to KK or mm. The coupling constant at the 77 f, vertex is
determined from a fit to the reaction 7p — fon — nK* K~ [92].

Another contribution is from the production of the ¢ (1020) meson that decays
via the ¢ — K+ K~ channel (see discussions in sec. 2.2). One can also expect that
kaon pairs are from the associated production of pp — pK*Y* — pK*K p in pp

collisions [63]. There are several excited hyperons that could contribute to such
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a reaction. Of particular interest for low energy productions are the 3(1385) and
A(1405) [63]. Though nominally lying below the sum of the K~ and p masses, their
large widths ( 50 MeV/c?) ensure that they overlap with the K ~p threshold [93].

Moreover, a one-boson exchange model has also been proposed [94] to describe the
kaon pair production. This model includes an energy dependent scattering amplitude
derived from the fit of the total cross sections in K¥p — K¥p [95] while the pp-FSI
was not included. However, this model underestimates the total cross section at low
excess energies.

Furthermore, a coupled channel model taking into account the K* K~ = K°K°
transition has been proposed [96] to describe the total cross section at low ener-
gies. This model is calculated within the K-matrix formalism and the associated
phenomena discussed extensively by [97, 98]. The calculations show the dominance
production of the I = 0 KK pairs in the near threshold region.

Additionally, a resonance model is also proposed to study the kaon pair pro-
duction in pp collisions [99]. In the model, the resonance N*(1535) is formed via
the pp — pN*(1535) reaction, which decays into K+A(1405). The excited hyperon
A(1450) further decays via A(1405) — K~ p. Within this model, the energy depen-
dence of the total cross sections is well reproduced.

Up to now there is no full calculation available and further theoretical efforts are

required to give a complete picture of the K™K~ production.
2.3.8 A simple ansatz

In principle, one can describe the pp — ppK ™K~ reaction at all energies in terms
of final state interactions between pp and K/~ with the two protons. However,
there is no reliable way of carrying out such a program without solving multi-body
equations, which is outside the scope of this thesis. Here as a first step we make

the ad hoc assumption [63] that the overall enhancement factor is the product of the
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enhancements in the pp , K* K~ and two K~ p systems (it is believed that the K*p
interaction might be weakly repulsive and, if so, its neglect would be interpreted as

extra attraction in the K~ p system):

F = Fpp(qop) * Frp(arp,) X Frep(qrp,)- (2.30)

All final state interactions are evaluated at the appropriate relative momenta ¢ in
the corresponding subsystems.

In order to obtain this formula, firstly one can consider that when two particles
interact strongly in the final state, the resulting matrix element involves an average
of a production operator with the relative wave function (7). If the interaction is
of very short range, the wave function may be evaluated at the origin to leave an

enhancement factor

1

FQ(Q)OC@D@(O)OCW7

(2.31)

where ¢ is the relative momentum in the pair and D(q) is the S—wave Jost func-
tion [100]. In the commonly used scattering length approximation, one retains only
the linear term in ¢, in which case F(q) = 1/(1 — iqa), where a is the scattering
length of the interacting pair.

If two or more pairs of particles interact in the final state, there is no reliable pre-
scription to evaluate an analogous enhancement factor since a three-body equation
then needs to be solved. If we denote the interacting pairs as 12 and 13 (strongly
interacting pairs), the corresponding wave function will be Wz, z. (712, 713). We now

make the ad hoc assumption that this wave function factorizes in the form

\11512@13 (7712, 7?13) = wtﬁz (F12> X wtfm (7?13) . (2'32)

In this case, the three-body enhancement factor is simply the product of the two—
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body factors, evaluated at the appropriate relative momenta:

Fs(chz,thzs) = F2(6h2) ><F2(Ch3)

1
r - - . 2.33
(1 —igqiaa12)(1 — iqi3a13) ( )

It must be stressed that Eq. (2.33) is merely an ansatz to try to understand our
ensemble of data and, even if it provides a satisfactory description of them, this does
not mean that it is applicable more generally. However, Eq. 2.33 has also been used
to treat the near threshold pp — ppn reaction, where all the final pairs of particles
interact strongly [101].

The approach does retain the necessary pole structure when ¢1o = —i/ajs and
similarly for q;3. Thus particle-1 can interact simultaneously with both 2 and 3.
Furthermore, to lowest order in the momenta, the ansatz corresponds to the scatter-
ing length of particle-1 from a composite 2+3 with the desired combined scattering
length of a = a5 + a3.

In principle, one can take the simple ansatz Eq. 2.30 to extract the scattering
length ax-, by fitting the experimental data as [63]. However, it should be noted
here that this ansatz underestimates the cross section at very low K™K~ invariant
masses, i.e., in the interval between the KTK~ and K°K° thresholds. A simi-
lar underestimation is found in the same region of the pn — dK*K~ data [102].
It is therefore natural to speculate that these effects are caused by ignoring the
K*K~ FSI in Eq. 2.30. A further investigation [96] shows that the data can be
understood in terms of an elastic KK~ scattering plus a contribution coming from
the KTK~ = K°K° charge-exchange scattering. In addition, a recent reanaly-
sis [103] of the data from COSY-11 put weak limits on the KK scattering length:
|Re(ag+x-)| = 0.5752 fm and Im(ag+g-) = 3.0£3.0 fm. However, the uncertainties

are too large to make any conclusion regarding the strength of the elastic K™K~ FSI.
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After including the K™K~ FSI, a completed treatment of the final state interactions
in the pp — ppK ™ K~ reaction is applied in the data analysis to perform acceptance

corrections, as discussed in sec. 4.2.
2.3.4 Previous measurements

Measurements of the pp — pp K+ K~ reaction have been performed above and below
the ¢ meson production threshold by the ANKE [48, 63], COSY-11 [83, 103, 104, 105],
and DISTO [47] Collaborations. The above ¢ threshold data with high statistics have
been collected by DISTO and ANKE. However, the investigation of this region was
hampered by the need to separate the non-¢ from the ¢ contribution and the fact
that the data were spread over a very wide range of KK~ invariant masses. The
below ¢ threshold measurement can provide useful information about the interesting
FSI effects without the distortion of ¢ meson. However, the limited statistics in the
low energy COSY-11 data make the study difficult [83, 103, 104, 105].

The COSY-11 Collaboration has reported the pp — ppK ™ K~ reactions at several
different excess energies € = 3,10, 17 and 28 MeV below ¢ threshold. During the mea-
surements, the produced charged particles were detected by a magnetic spectrometer
that includes a C-shaped dipole magnet, two drift chambers and two scintillation ho-
doscopes. The obtained event counts are rather limited in all energies. But within
such limited statistics the differential K~ p invariant mass distribution normalized to
the KTp system shows a strong preference to the low K~ p invariant masses. The
data clearly demonstrate the sensitivity of the KN interaction in the pp K™K~ final
state and, suggest that K~ p interaction might have a connection to the A(1405) [83].
The results from COSY-11 also show that the scalar meson aq/fy production can-
not in fact to be the dominant driving mechanism in the near threshold kaon pair
production.

The ANKE Collaboration has also measured the kaon pair production in pp
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collisions at three different excess energies of ¢ = 51,67 and 108 MeV, which are
all above the ¢ meson threshold. The non-¢ kaon pair data were separated from
the decay products of ¢g-meson by applying the proper cuts on the K™K~ invariant
masses. The data also showed that the ratio of the differential cross sections in terms
of the K~ p and K *p invariant masses are strongly peaked toward low masses. This
effect can be described quantitatively by considering the K~ p final state interaction
with an effective scattering length of ax-, = 1.5¢ fm. However, the uncertainties of
both the real and image part of ax-, are rather large. The ANKE measurements at
three excess energies also showed some enhancement at low K+ K~ invariant masses
but with at least a break of slope at the K°K° threshold. A combined analysis of all
the results in this region [96] shows that the data can be understood in terms of a final
state interaction involving both K™K~ elastic scattering plus a contribution from
K*K~ = K°K° charge exchange. Although suggestive, the data are not sufficient
to draw firm conclusions. In addition, only the total cross section is available for the

data from DISTO.

2.4 Kaonic nuclear clusters

2.4.1 Motwations

As discussed in sec. 2.3, if the kaon-nucleon interaction is strongly attractive, a quasi-
bound state A(1405) just below the KN threshold can be formed [106]. Therefore, it
is also possible that strong interactions in isospin-zero channel might be sufficient to
form cluster objects of two or more nucleons bound together with kaons [107]. The
lightest system K NN is a fascinating system to investigate such a possibility. The
K~pp bound state was predicted in 2002 [108] with a binding energy of 48 MeV.
The structure of the K~ pp, which emerges from the KN interaction, is deduced
in a semi-empirical model that reproduces the binding energy (27 MeV) and width
(40 MeV) of the A(1405). A schematic representation of the A(1405) and the K~ pp
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bound state with the corresponding rms distance are shown in Fig. 2.5. Here the
K~ acts like a glue between one proton (A(1405)) or the two protons (K pp ).
Recently, the K~ pp bound state has been actively studied because it has the
largest number of KN pairs with I = 0 and is estimated to be the strongest
bound system among the three-body systems. The structure and production mech-
anism of the K~ pp bound state have been investigated using various theoretical
approaches [109, 110, 111, 112, 113, 114]. The binding energy and the width were
predicted to be 9 - 95 MeV and 34 - 110 MeV, respectively. These predicted val-
ues are in considerable disagreement depending on the KN interaction models and
the calculation methods. Moreover, all investigations concerning kaonic clusters are
limited in their predictive power as the relevant energy range is far below the KN
threshold. Due to the fact that the A(1405) is the only accessible observable below
this threshold, a full understanding the production mechanism of A(1405) is cru-
cial for any serious statement about the possible existence of deeply bound kaonic

clusters.

&
e
&

1.36 fm 1.90 fm
rms distance rms distance

FIGURE 2.5: Structure of the A(1405) (left) and K~ pp bound state (right) [108].

On the other hand, according to the theoretical predictions [115], the formation
of a kaonic bound state (K~ pp) is possible in pp collisions via the A(1405) door-
way. The underlying idea is that the A(1405) (being already a K~ p bound state) is
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produced together with another proton with relatively small momentum, the highly
attractive K~ -nucleon interaction might lead to the capture of a second proton by
the A(1405) and hence form a K~ pp bound state via A(1405)p — K~ pp. This sce-
nario is predicted to be favored for pp collisions at kinetic energies between 3 and
4 GeV, where a large momentum transfer from the projectile to the target character-
izes the dynamics and creates the optimal conditions for the formation of the kaonic

cluster [116].
2.4.2 Kinematics

According to Ref. [117], the K~ pp bound state decays into the following channels:

Kpp —- A+p (234)
— X%+, (2.35)
— Xt +n, (2.36)

The analysis in the context of pp collisions performed with the ANKE spectrometer
will focus on the investigation of the K~ pp bound state via its decay into A and p.
The produced A further decays into p and 7. Since the final state contains only
the charged particles (p, K, p, 77), the intermediate A and finally the K~ pp can be
reconstructed via the invariant mass or missing-mass technique (see discussions in
sec. 4.4.2).

However, the ordinary production can also contribute to the ppK 7~ final state,

which should be studied carefully.

p+p — p+p+ K 7, (direct production) (2.37)

— p+ K* + A.(A production) (2.38)

Although further requirements on the invariant mass of pm~ to be consistent with

A mass will remove the contributions from the direct production to the final state,
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it is not trivial for the ordinary A production. Thus a full understanding of the
A production is crucial regarding the formation of the K~ pp bound state. Three
production mechanisms were proposed for the A production in pp collisions, as il-
lustrated in Fig. 2.6. However, in the non-resonance approach, theoretical studies
do not yield a conclusive picture at present. Some calculations are based on one
boson (pion or kaon) exchange amplitudes where kaon exchange was found to be the
dominant process [118, 119]. In other studies the total cross section data at higher
energies are well reproduced by pion exchange [66, 120]. In the resonance model
approach [121, 122, 123, 124, 125], the K'A production proceeds via the excitation of
the N*(1650) resonance or a combination of the N*(1650), N*(1710) and N*(1720)
resonances. In addition, in the calculation of [126], the N*(1650) and N*(1710)

resonances are found to be the dominant contributions.
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P P P p

FIGURE 2.6: Production mechanisms for the pK*A final state including non-
resonant strange (left) and non-strange (middle) meson exchange. The right figure
represents the resonant production via an intermediate N* resonance [64].

To obtain more information on the various contributions, the data taken by the
COSY-TOF collaboration at beam momentum of 2.95, 3.20 and 3.30 GeV/c [64] were
compared with the ISOBAR model by Sibirtsev [51], which takes into account dif-

ferent N*-resonances and the pA final state interaction. The Dalitz plot distribution
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is given as [64]:

d*o

W = fl “ps- |(Z(CR : AR) + C(N : AN) : (1 + CFS] . AFS])|2 (239)

R

Here mga and myp, are the invariant masses of the KA and pA system. The quantity
fl gives the normalization to the total cross section, ps denotes the phase space. Ag
are the relativistic Breit-Wigner-amplitudes of the three considered N*-resonances.
Apgr denotes the amplitude of the pA final state interaction as given by the Juelich
YN-model [127]. The strengths of the various contributions were adjusted individ-
ually to achieve a best fit for the various Dalitz plots. By comparing the different
resonance strengths at various beam energies, an energy dependence of the single N*
contribution strength can be deduced. This dependence is shown in Fig. 2.7. The
red diamonds represent the N*(1650) strengths, the combined strengths of N*(1710)
and N*(1720) are shown by the blue squares. The dashed curves indicate the fits
to the data points and the coloured bands visualize the 30 error bands of the fits
to the contributed strengths. The plot shows a diminishing of the relative N*(1650)
contribution with increasing beam energy, whereas the influence of the N*(1710) and
N*(1720) resonances increases.

Moreover, resonances with higher masses such as the N*(1900) could be pro-
duced at higher energies. A dedicated simulation by the HADES Collaboration, in-
cluding the p KA phase-space distribution and the contribution from N*(1720) and
N*(1900), achieves a good description of the experimental data at T, = 3.5 GeV [116].
But the simulation fails to describe the angular distributions, which suggests the ne-
cessity of a partial wave analysis (PWA) of the p K+ A final state. The details of such
a PWA will be discussed in sec. 5.4. To come to conclusive results concerning the
KA production mechanism, the measurements should concentrate on data covering

the full phase space.
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FIGURE 2.T7: Contribution of N*(1650) compared to the sum of

N*(1710)4+N*(1720) as a function of the beam momentum [64].

2.4.3 Previous measurements

The kaonic bound state was firstly reported by the FINUDA Collaboration [128]
using the measurement of stopped kaons on several solid targets. Later, the DISTO
Collaboration analyzed pp collisions at T, = 2.85 GeV and found evidence for the
K~ pp bound state [129]. However, no obvious evidence of such a bound state was
found in the vd reaction by the LEPS Collaboration [130] and pp collisions at T, =
3.5 GeV by the HADES Collaboration [116].

In the FINUDA experiment [128], K~ from the decay of ¢ mesons were stopped
in several solid nuclear targets to form the reaction. Fig. 2.8 shows the invariant mass
distribution of Ap. The peak at 2256 MeV/c? is interpreted as a K~ pp bound state
with a binding energy of 1155"3 MeV and a width of 677}173 MeV. However, there

are some theoretical interpretations that the observed peak can be explained by the
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two-nucleon absorption with the final state interaction of outgoing particles [131].
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FIGURE 2.8: Ap invariant mass spectrum from FINUDA experiment [128].

The DISTO Collaboration also reported on an indication of the K~ pp bound state
measured in the exclusive pp — pK " A reaction at T, = 2.85 GeV [129]. The observed
spectra of the K missing mass and the Ap invariant mass with high transverse mo-
menta of p and K revealed a broad distinct peak with a mass 226743 + 5 MeV /c?
and a width of 118+8 + 10 MeV. The measured widths from FINUDA and DISTO
are different between the two groups, and they are inconsistent with the existing
theoretical predictions. Thus, the existence of K~ pp bound state has not been es-
tablished yet, and new experiments using different reactions could help to resolve
the controversial situation.

Recently, a search for the K~ pp bound state has also been performed using the
vd — K*7~ X reaction at E, = 1.5 — 2.4 GeV at LEPS [130]. A statistically signif-
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FIGURE 2.9: Ap invariant mass spectrum from the DISTO experiment [129] at
T, = 2.85 GeV after the cut of |cosf.,(p)| < 0.6.

icant bump structure was not observed in the region from 2.2 to 2.36 GeV /c?, and
the upper limits of the differential cross section for the K ~pp bound state produc-
tion were determined to be 0.1-0.7 ub for a set of assumed binding energy and width
values.

In addition, the HADES Collaboration has studied the pp — pAK™ reaction
in pp collisions to search for the K~ pp bound state [116]. Their results show that
the phase-space simulations cannot describe the experimental distributions. The
disagreement cannot be overcome by adding the contribution of one resonance in the
p — A decay channel with a mass around 2300 MeV /c?. Tt suggests that the need

of a partial wave analysis to disentangle the different contributions to the measured
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pK ™A final state, which is important to search for the bound state.
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3

Experimental Apparatus

The experiments were carried out employing the ANKE spectrometer [132] and un-
polarized proton beams from the COSY accelerator [133]. A hydrogen cluster gas jet
target and solid strip targets were used for pp and pA reactions, respectively. The

produced charged ejectiles were then detected by ANKE detection systems.
3.1 The COoler-SYncrotron

The COSY accelerator [133] is operated at the Forschungszentrum Jiilich. It consists
of an isochronous cyclotron (JULIC) (used as an injector), a storage ring with a
circumference of 184 m, and internal and external target stations. COSY provides
beams of polarized and unpolarized protons and deuterons in the momentum range
between 295 MeV/c and 3.65 GeV/c, corresponding to a kinematic energy range
from 45 MeV to 2.83 GeV for protons, and from 67 MeV to 2.23 GeV for deuterons,
respectively. The storage ring can be filled with up to 10'! particles that leads to

2

typical luminosities of 103'em 257! for an internal cluster target. Beams can be

cooled by using electron cooling at injection energy (40 - 183 MeV) as well as by
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FIGURE 3.1: The COoler Synchrotron layout [133]. The ANKE detector was in-
stalled in an internal target position of COSY.

stochastic cooling at high energies (830 - 2830 MeV). With the cooling systems,

the beam momentum resolution is reduced from a typical value of Ap/p = 1073
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down to 107%. The circulating beam has been used by several collaborations of
internal target experiments (COSY-11 [134], WASA [135], ANKE [132]), and for
external experiments (i.e. COSY-TOF [136]). There are several advantages for
the internal target experiments. Firstly, background reactions are minimized for
windowless targets like gas jet targets. Secondly, luminosities can be increased since
the beam repeatedly passes through the target (up to 10° times per second). With
such targets, the degradation of the energy information and the reaction products is

largely avoided. A sketch of the layout of COSY is presented in Fig. 3.1.
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y
— Cerenkov detectors — S, {
m TOF-stop %xw% TOF=stop
D1 ’ ) D3
§ : L MWPCE,7 |-
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FIGURE 3.2: Layout of the ANKE spectrometer including the dipole magnets D1-
D3, a target chamber and vacuum chambers. Detector systems for positively and
negatively charged ejectiles are placed at the side exits of D2 as well as in the forward
direction [132].
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3.2 The ANKE spectrometer

The ANKE magnetic spectrometer [132], which locates at an internal target position
of the storage ring of COSY, is a facility designed for the study of hadronic reactions.
It consists of three dipole magnets D1, D2 and D3. The magnet D1 deflects the
circulating COSY beam by an angle « off its original path onto a target, while D3
guides the beam back to the ring orbit. The rectangular C-shaped magnet D2 is
used as a spectrometer magnet, which has a maximum field length of ~ 1.57 T and
a maximum deflection angle of 10.6°. The angular acceptance of the spectrometer is
+3 — 5° in the vertical direction and +10 — 18° in the horizontal direction.

The target chamber is placed in front of the D2 magnet. Different types of targets
such as a solid strip target, cluster-jet target or polarized storage-cell gas target can
be installed inside the target chamber, see sec. 3.3 for detailed discussions.

In proton-induced processes with hydrogen or nuclear targets, ejectiles of all
charged states are produced either directly or via the decay of short-lived reaction
products (for example ¢ — K*K~). In the ANKE spectrometer, positively charged
particles (p, 7, KT) are deflected into the detectors on the right-hand side of the
COSY beam, while negatively charged ones (7~ and K ) are bent to the left-hand
side. Therefore, ANKE was designed to consist of positive, negative and forward de-
tectors for detecting positively charged, negatively charged and fast-going positively
charged particles, respectively. In the following sections, each detection system will

be discussed in details.
3.2.1 Positive side detection system

The layout of the positive side detection system (Pd) is shown in Fig. 3.3. The Pd
system consists of the START and STOP counters for time-of-flight (TOF) measure-

ments, and two multi-wire proportional chambers (MWPCs) for tracks reconstruc-
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FI1GURE 3.3: Top view of the positive detection system (Pd). Pd consists of the
START and STOP counters, and two multi-wire proportional chambers (MWPCs).
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FIGURE 3.4: Sketch of telescope 13. It consists of a STOP counter, a Cerenkov
counter, two degraders and a AFE counter, and a veto counter.

tion. It is shown [132] that protons, pions and kaons can be identified from each

other on the basis of their TOF and momenta.

The 23 thin START plastic scintillation counters have different thickness de-
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Table 3.1: Dimensions of positive START counters [132].

Counter | Height/mm] | Width|mm] | Thickness[mm]|
1-2 270 20 0.5
3-5 270 20 1.0
5-23 270 50 2.0

pending on the counter number, which are positioned as close as possible to the exit
window of D2. Starting from the low-momentum side, the START counters 1 and
2 have a thickness of 0.5 mm, where it is 1.0 mm for detectors 3-5 and 2.0 mm for
the rest. The thickness of the START counters is a compromise between sufficient
light output and small angular spread by multiple scattering. The dimensions for
Pd START counters are listed in Table 3.2.1.

The Pd system also consists of 21 STOP scintillation counters with different
heights in the range of 520-1000 mm, which are adapted to the vertical acceptance of
D2. All the STOP counters are 10 mm thick and 100 mm wide. The first 15 STOP
counters are part of range telescopes at the focal plane of D2, where the rest of the
6 STOP counters (so called Side Wall) are mounted between the telescopes and the
forward detection system.

The range telescopes are designed by [145] for inclusive Kt measurement as
shown in Fig. 3.4. Each telescope covers a limited momentum range given by its
width and the dispersion of D2. A telescope consists of a stop counter, a Cerenkov
(only telescopes 7-15) counter, two copper degraders, an energy-loss counter (AFE),
and a veto counter. The thickness of the passive degraders was chosen such that the
positive kaons deposit the maximum amount of energy in the AE counter and stop
either at the edge of it or in the second degrader. The decay products of K+ are
then registered in the veto counter. The procedure of K identification using the
delayed veto technique is described in detail in sec. 4.3.

The Side Wall is used for energy loss measurement as well as forward tracking
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FIGURE 3.5: The side view of the negative detection system, which consists of TOF
START-STOP counters and MWPCs.

of fast-going positively charged particles. For all scintillators the light is detected at
both ends via photo-multipliers. During the experiments one inch photo-tubes are
used for the START counters and two inch tubes for the STOP counters.

Besides the START and STOP counters, Pd contains two MWPCs for determin-
ing the emission angles and momenta of the produced ejectiles. The first MWPC is
placed close to ANKE START counters, while the second MWPC is connected to D2
magnet. Both chambers are operated with a gas mixture of 70 % argon and 30 % CO,
with some alcohol admixture. The sensitive areas are 350x 1300 and 600 x 1960 mm?
for the first and second chamber, respectively. Each chamber consists of three planes
of anode wires (vertical, +30°, -30°). Based on hits in the MWPCs, the particle

momentum can be reconstructed with a resolution of ~ 2%.

45



ANEKE D2
vacuum chamber

COsY

p-heam

MWPC s s

scimtil lator
hodoscope

FIGURE 3.6: The top view of forward detection system.

Table 3.2: Dimensions of negative START and STOP counters [145].

Counter Heightmm] | Width[mm] | Thickness/mm|]

START 270 20 2
STOP(1-12) 350 80 10
STOP(12-22) 250 150 20

3.2.2  Negative side detection system

The negative side detection system (Nd) is placed partly inside the return yoke of
the dipole magnet D2 [135]. It consists of 20 START and 22 STOP counters for
TOF measurements, and two MWPCs for particle momentum reconstruction. The
dimensions of the negative START and STOP counters are listed in Table 3.2.2.
Due to space limitation, the measured time resolution between the START and
STOP counters in Nd is about 1 ns, slightly inferior compared with Pd. However,
this time resolution is insufficient to distinguish between 7~ and K~ with momenta
above 500 MeV /c. In order to obtain a better separation, TOF information between
the target and STOP counters is used. In practice, the time difference between the
target and STOP counters is calculated by the TOF difference of correlated positively

and negatively charged particles. In this case, the positively charged particles are
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detected in the Pd system where the STOP counters are located in the focal plane
of D2 and thus, particles have a well defined momenta. The main advantage of this
technique is the better time resolution of the thick STOP counters compared to the
thin START counters. Moreover, the long path length from the target to STOP
counters leads to a larger time difference between pions and kaons. This technique
will be discussed in sec. 4.3.

The MWPCs in Nd have the same design and performance as those in Pd, which

allows a resolution of ~ 2% for momenta reconstruction.
3.2.83  Forward detection system

The ANKE forward detection system (Fd) [138], which consists of three MWPCs and
two layers of scintillator hodoscopes, is located between the D2 and D3 magnets close
to the beam pipe. The distance between the beam tube and the forward detector is
about 0.7 m. Such a location results in severe requirements for the tracking system.
First of all, due to the closeness to the beam pipe, the Fd system must be able to
operate at rather high counting rates. In addition, one has to achieve a sufficiently
high spatial resolution (better than 1 mm) for obtaining a momentum resolution of
~ 1%. To fulfil such requirements, a system including three MWPCs was developed
with a small anode-cathode gap, filled with a fast gas mixture of C'F; and iso-CyH1p.
Each MWPC contains one X and Y module that consists of a wire and strip plane.
Wires are oriented vertically in the X wire planes, and horizontally in the Y planes.
The strips are inclined by 18° with respect to the vertical axis in the X planes, and
at -18° in the Y planes.

In addition to MWPCs, there are two layers of scintillator counters in hodoscope
with eight counters in the first layer and nine in the second layer. The first layer
was shifted by half the width of a counter with respect to the second layer. The

height of these counters are the same while the width gradually decrease towards the
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Table 3.3: Dimensions of the hodoscope in Fd [138].

Counter | Height/mm] | Width|mm] | Thickness[mm]|
I 360 40 15
I 360 60 15
I3 g 360 80 20
IT, 360 40 15
IT, 360 20 15
113 360 60 15
| 360 80 20

beam pipe, where higher counting rates are expected. The dimensions of counters in

hodoscope are shown in Table 3.2.3.
3.3 Targets

Since ANKE is an internal target experiment in one of the straight sections of COSY,
the space is rather limited for the target chamber. Moreover, the target thickness had
to be small enough in order not to decrease the beam intensity significantly but on
the other hand it had to be large enough in order to provide high event rates. These
constraints ruled out the possibility of gas-jet targets and solid targets, and led to the
decision to a hydrogen cluster-jet target [139] for pp collisions as shown in Fig. 3.7.
The target consists of three major parts: the cluster source, the scattering chamber
and the beam dump. The pre-cooled gas, which passes through a Laval-nozzle, is
peeled off the cluster flow by the skimmer and two further collimators. Between the
two collimator stages, another conical aperture with a diameter of 900 um is placed in
order to define the cluster beam diameter and hold back residual gas. The remaining
homogeneous clusters with a small angular divergence cross the scattering chamber
and reach the three-stage beam catcher. Finally, cluster beams with homogeneous
volume density and well defined beam dimensions can be prepared for interactions

with circulating accelerator beams. A typical target density in the scattering chamber
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FI1GURE 3.7: Schematic drawing of the principle for the hydrogen cluster target used
in experiments for pp collisions at ANKE [139].

is about 10* atoms/cm3. The density of the target can be changed by adjusting the
nozzle temperature or the gas input pressure. The complete system can be controlled
manually or automatically by an IEEE-488 bus via a VME system [139].

On the other hand, thin strips of solid target material [132] have been used for
nucleon-nucleus reactions as shown in Fig. 3.8. The strips typically have triangular
shapes with dimensions of 2 mm (width at base) and 20 mm in the length. Several
targets can be inserted simultaneously into the target chamber so that comparative

measurements can be performed without breaking the target system.
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3.4 Electronics and data acquisition system

Digitization of signals from the scintillation counters is performed with CAMAC
(FERA), FASTBUS QDC and TDC modules [132]. All scintillator counters are
read out at both ends via photomultipliers, which provide both amplitude and time
information. The structure of an individual scintillator readout channel is presented
in Fig. 3.9. The precise time information from the counters is achieved by constant
fraction discriminators (CFD) and mean timers that generate the hardware mean
of the time signals of both photomultipliers. A typical time resolution in the mean
timer for STOP counters is on the order of 50 ps. Moreover, the vertical spatial
information in each scintillator is obtained from the time difference of phototubes
at both ends. The spatial resolution for most of the STOP counters is better than
30 mm.

For the side detection system, it is possible to set a common TOF gate ( with
length variable from 3 to 23 ns) in coincidence with up to 16 individually adjustable

START-STOP combinations by using specially built VME-modules [140]. In this way
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FIGURE 3.9: Scheme for scintillator counters read-out system.

corridors of acceptable START-STOP combinations can be defined through which
the charged particles produced from the specified reaction should pass. Sixteen
VME modules are required for the online TOF trigger which allows to select pions,
kaons or protons during data taking. Based on the mean timer information and
the START-STOP combination, these trigger modules decide within 100 ns whether
an event is accepted or not. The readout of the MWPCs is performed using a
highly integrated front-end system based on two chips which were developed at the
Rutherford Appleton Laboratory (RAL) [141].

The readout of the forward scintillators is the same as the side system. A trigger
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signal was generated when both layers of the hodoscope were hit, which can help
reduce the combinatorial background.

The multi-crate data acquisition system (DAQ) supports the standard readout
systems CAMAC, FASTBUS and VME [142], which is designed to meet the require-
ments of ANKE, e.g. recording of high event rates. For a total trigger rate of 10 kHz,
approximately 50% of the events are written on tape. The collected data are then
transmitted in clusters of sub-events via a Fast-Ethernet connection to the event
builder and written on tape using a fast DLT tape drive [140]. In order to ensure the
correctness of every event, each readout system employs a synchronization module
that was developed for this purpose. These modules are interfaced by a ring-like bus
system. The parallel readout system is scalable over a wide range and supported by
an extensive body of software. The software enables interactive communication with
the individual subsystems, which is particularly useful during commissioning and for

general diagnostic purposes.
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4

Data Analysis

The software package RootSorter [143] was used for data analysis, which is based
on the ROOT framework [144]. One can use RootSorter to preselect raw data by
applying rather loose cuts on TOF gates in Pd for different types of particles. The
determinations of the TOF gates for protons relies on the TOF information mea-
sured from START-STOP combinations. While the TOF information is insufficient
to identify the gates for K*. A dedicated system using the so-called decay VETO
technique was developed to provide corresponding K+ TOF gates in different com-
binations of START-STOP counters. It should noted that this criterion is not used
in the final analysis since it reduces the statistics significantly.

After the pre-selection stage, the reduced data were then analyzed to identify
final particles and therefore interested reaction channels. In ANKE, particle identi-
fication relies on the momentum reconstruction and TOF measurements. One can
easily identify 7, K™ and proton in the Pd system, but due to the rather limited
space, the time resolution in Nd is insufficient to separate kaons and pions. Instead,

TOF calibrations for correlated charged particle pairs between Pd — Nd system are
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adopted. Meanwhile, TOF calibrations are also applied in Pd — Fd system for K7
identifications. Therefore, a triple coincident detection is performed with one particle
in Pd, one in Fd and the third particle in Nd. For example, in the pp — ppK K~
reaction, the K™p and K~ p pairs can be identified with K in Pd, proton in Fd
and K~ in Nd. Using a missing mass technique, the pp/K ™K~ final states can be
identified with a small amount of background. The similar processes have also been
applied to the pp — pK ™A reaction.

In this chapter, the particle identification methods including TOF measurements
and momentum reconstruction are described in details. The detection and trigger
efficiencies are also discussed, followed by luminosity determinations using two dif-

ferent methods.
4.1 Running conditions

The experiments discussed in this thesis were performed at COSY-ANKE with dif-
ferent beam energies in 2004 (pp), 2007 (pA) and 2008 (pp). The corresponding

experimental conditions are listed as:

e Beam energy: pp collisions at T}, = 2.83 GeV @ 2004 and T, = 2.57 GeV @
2008. pA collisions at T}, = 2.83 GeV @ 2007.

e Target: a high density hydrogen cluster-jet gas target and solid strip targets
for pp and pA collisions, respectively.

e Magnetic field: D2 magnet field B = 1.57 T.

o Trigger: different triggers in parallel.

During the experiments, three different triggers were recorded simultaneously:

T1 ( a three-particle trigger, which requires events to register simultaneously in Pd,
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Nd and Fd ), T2 ( a one-particle trigger with pre-scaling factor, which requires
events to be detected in the Fd system) and T3 (a scaler trigger, which records
beam related quantities). In some experiments, due to high events rates, particles
were required to pass through certain TOF gates in order to generate a trigger T1
(no such requirement for the experiment performed at 7, = 2.57 GeV in 2008). The
trigger T1 allows a triple-coincidence detection of the four-body final states. The
trigger T2 was used for luminosity determinations based on the proton-proton elastic
scattering method, as discussed in sec. 4.6. Due to the high count rates of pp elastic
events, T2 was pre-scaled by a factor of 999. This scaling factor will be taken into

account in the analysis in order to obtain the correct event counts.
4.2 Data Preselection

The huge amount of data collected during experiments were first preselected by
rejecting scattered backgrounds and accidentals. Then loose cuts were applied on the
START-STOP TOF gates in order to select specific particles. For example, positively
charged particles that produced from the pp — ppK*TK~ reaction and detected
in a range of simulated kaon peak position + 30 channels are considered as kaon
candidates. The peak positions were found with the procedure using delay VETO
technique described in sec. 4.3. Since the TOF resolution in Pd is I'(FWHM) ~
15 channels that corresponds to 675 ps, more than 99 % of kaon events are selected
by applying those cuts. The raw data size was reduced by ~ 75% after this finer
cut for kaons in the data pre-selection step. For negatively charged particles, similar
cuts of the range of peak position + 30 channels are also applied. All cuts will be

checked later on with clean events.
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FI1GURE 4.1: Individual time-of-flight spectra between STOP counter 13 and all the
available START counters.

4.3 Particle identification

The preselected data were stored into a separate ROOT file for further analysis
including particle identification and luminosity determination. In COSY-ANKE,
particle identification relies on TOF measurements and momenta reconstruction.

The selections vary for different types of particles. For example, positive kaons
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were selected by a dedicated KT detection system using TOF information between
the START and STOP counters in the Pd system. The selection of protons only
relies on the TOF information in Pd. While the identification of K~ required TOF

correlations between STOP counters in the Pd and Nd system.
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F1GURE 4.2: Summed TOF over all START-STOP combination.

4.3.1  Time of flight

One of the most important criteria for particle identification for the ANKE spec-
trometer is the particle TOF information [132, 145]. During data taking an open
TOF trigger was chosen such that pions, protons and kaons are selected. Fig. 4.1
shows a typical TOF spectra for different combinations of START counters and the
STOP counter 13 in the Pd system. As shown in the figure, most spectrum show

two distinct peaks for protons (right) and pions (left) that were produced from the
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target region. The combined TOF distribution for STOP counter 13 is shown in
Fig. 4.2. Tt is clear that there is a non-negligible amount of background, which is
mainly caused by fast protons emitted from the target at small angles. These pro-
tons would hit the pole shoes of D2 or the vacuum chamber and produced secondary
particles. These particles were then detected by STOP counters in Pd resulting in a
broad background distribution in TOF spectra since they did not have well defined
momenta. The background can be suppressed by applying vertical angle cuts, see
sec. 4.3.2 for details.

In principle, the observed time resolution is sufficient to discriminate the pions
(protons) and kaons, since the TOF difference (peak-to-peak) between these ejectiles
is ~ 80. However, due to a large amount of produced 7*s that can be up to three
orders of magnitude higher, kaon peaks are not visible in the TOF spectra. Thus, a
dedicated system for K detection was designed for separating kaons from the pions
background [132, 145].

As mentioned before, fifteen telescopes were mounted on the focal plane of ANKE
with each telescope consisting of one STOP counter, one Cerenkov detector, two cop-
per degrader (I,IT), one AE, and one veto counter. The STOP counters combined
with several START counters are used for TOF measurements. The degrader I is
used for stopping protons originating from the target and slowing down kaons such
that they are stopped in the AE counter or in degrader II. This results in a large Kt
energy loss in the AE counter which helps to separate them from pions and scattered
protons. The tapered shape of degrader I accounts for momentum dispersion along
the focal surface of D2: From the left to the right edge of each telescope the degrader
thickness increases in correspondence with the ejectile momentum. In order to min-
imize the spread of kaons, each telescope is positioned such that the first degrader
is located in the focal plan where the momentum spread is the smallest. Pions pass

through the counters and degraders almost unaffected due to high velocity and result
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FIGURE 4.3: Time difference between detection of particles in veto and stop counters
of telescope 13. The arrow shows the cut used during the measurements where the
off-line cut is indicated by the shaded area.

in small energy losses in all counters. While Kaons that stopped in the AFE counter
or degrader IT decay with a lifetime of 7 = 12.4 ns via K™ — utv,(BR = 63.54%)
or Kt — mt7°(BR = 20.68%). The decay products p* and 7" which were emitted
isotropically can reach the veto counter and produce signals with a characteristic
delay with respect to the signals in the STOP or AE counter. This provides an
additional criteria for K *-identification which becomes particularly important for
low energy beams. The distribution of the time difference between veto and STOP
counters of Telescope 13 is shown in Fig. 4.3. One can clearly see a prompt peak

from particles directly passing through the second degrader (pions and secondary
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FIGURE 4.4: Ejectiles from the target and scattered background particles in general
have different vertical angles behind the spectrometer.

protons). In addition, there are delayed events visible which can be attributed to the
decay products of K *-mesons stopped in the second degrader. An exponential fit to
the time distribution in the veto counters yields a value of 7 = 12.0 £ 0.3 ns, which is
consistent with the expected value of 12.4 ns. After applying this criterion, the peak
positions and widths of kaons using TOF are clearly identified. The shaded area in
the sum spectra in Fig. 4.2, shows the time distribution of particles after applying

cuts based on the delayed VETO technique.
4.3.2  Background suppression

The most problematic background is caused by secondary particles produced on the

pole shoes of D2 or in the vacuum chamber. To suppress those backgrounds, several
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FIGURE 4.5: Vertical angle distribution measured with the two MWPCs after ap-
plying the K T-cuts in the scintillator spectrum. The spectrum show a clear peak
of kaons originating from the target. Background from scattered particles is also
visible.

finer cuts are introduced in the analysis: a target vertex cut, vertical and horizontal
angle cuts. The principle of the vertical angle cut [145] is illustrated in Fig. 4.4.
As indicated by the dashed line in the figure, particles from the target within the
angular acceptance of ANKE passing through the first MWPC at vertical coordinate
y are expected to have a certain vertical angle 6. These ejectiles may undergo multi-
scattering inside the detection system and cause some smearing Afy+ (for kaons).
In contrast, scattered particles Pp¢ in general have larger angular differences Af, ..
Thus, the vertical information of MWPCs can be used for effective suppression of
scattered particles. Fig. 4.5 shows a vertical angular distribution for K*. There is
a clear peak corresponding to ejectiles from the target after applying all cuts in the
scintillator counters. The background under the peak was then subtracted. Thus the

vertical MWPC information is very efficient for the suppression of scattered particles.
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Moreover, scatterings inside the MWPCs are neglected during the track selection.
In addition to the cuts on vertical distributions [132], finer cuts are also applied
in the horizontal direction. In the horizontal cuts, events are only accepted if re-
sponding wires are inside a corridor defined by trajectories connecting the edges of
the individual START and STOP counters. Therefore, the good tracks must hit a
certain combination of START-STOP counters in the side system. This criterion can

further suppress scattered backgrounds, accidental coincidences and chamber noises.

60000—

40000—

20000—

40
Target Y [mm)]

FIGURE 4.6: Target distribution in Y direction.

On the other hand, the coordinates of generated particles in Y direction (perpen-
dicular to the reaction plane) should lie within a Gaussian shaped peak while the
background is uniformly distributed. With the recorded coordinates from MWPCs,
one can reconstruct the track coordinates in the target region and apply a finer cut
for background rejections, as shown in Fig. 4.6. For tracks registered in the forward

detector, the crossing point for tracks at the exit window must be in the active region.
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FiGURE 4.7: Correlation of the track parameters in the YZ plane.

Thus, standard cuts on the coordinates of the track intersection with the forward
window were also applied to reject scattered background events [138]. In addition, a
correct correlation of the track parameters in the YZ plane is also required to sup-
press the background. A typical experimental distribution of the track parameters
in the YZ plane is shown in Fig. 4.7, the projection of the whole trajectory onto the

YZ plane is close to the straight line crossing the beam-target intersection area.
4.83.8  Momentum reconstruction

The momenta of ejectiles can be reconstructed based on track information and the
measured three-dimensional D2 magnetic field. A number of momentum reconstruc-
tion algorithms have been adopted for the ANKE detection system, such as the
box-field approximation, polynomial approximation and the Runge-Kutta method.
The box-field approximation was used during the preselection of the raw data.

In this approach the magnetic field of D2 is assumed to be homogeneous in a box
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with effective width and length in an effective region. The trajectory of a particle
inside the magnetic field is defined by the Lorentz force. In addition, the trajectory
is assumed to be a straight line when the particle has left the field. The out-going
vertical and horizontal angles that derived from MWPCs in the side systems are
used to calculate the momentum components. Under these assumptions, the effective
length of the box-field is calculated from the field strength, the beam momentum and
the deflection angle of the ANKE spectrometer. On the other hand, the effective
width is determined from the experimental data using pp — pK A as a calibration
reaction [146]. In the calibration, a K and proton were selected in one of the side
detectors. The K and proton momentum components have been determined using
the box-field method with an assumed effective width. The effective width was then
tuned to make sure that the missing mass of pK ™ be consistent with A. The achieved
momentum resolution for particles detected in the side system is ~ 2% (FWHM).

The polynomial method has been developed for fast determinations of momenta
for the forward detection system. Each component is approximated by a third-order
polynomial of the four track parameters T (tan(0,.),tan(0,.), Ty, yw), where 6, and
8. represent the projection angles on the XZ and Y7 planes, respectively, while z,,
and y,, are the coordinates of the track on the D2 exit window. The polynomial coef-
ficients are determined by a teaching sample of events, produced by a GEANT-based
simulation [147, 138]. The sample is generated for every combination of the magnetic
field value, beam direction and target position. The accuracy of the reconstruction
method was studied on a set of simulated events obtained without smearing by multi-
ple scattering, MWPC coordinate resolution, and the size of the beam-target overlap.
The uncertainty of the reconstructed momentum due to uncertainties in the input
data lies below 0.1%, which is confirmed by the measured resolutions for elastically
scattered protons. The achieved momentum resolution for particles detected in Fd
is ~ 1%.

64



In the final analysis the Runge-Kutta method is adopted for the best accuracy
of the momentum reconstruction for both the side and forward detection systems.
In this method, the Lorentz force is solved using the Runge-Kutta algorithm. More-
over, the energy loss corrections are considered in every step. For fast calculations,
the initial parameters for the Runge-Kutta method are taken from the box-field

approximation.
4.8.4  TOF calibration

As mentioned before, due to the limitations of the experimental setup, the measured
time resolution between Nd START-STOP counters is ~ 1 ns, which is insufficient
to differentiate between 7~ and K~ with momenta above 500 MeV /c. However, the
TOF difference between 7~ and K~ from the target to the Nd STOP counters are
in a range from 1.8 to 5 ns with the achieved time resolution of ~ 550 ps, which is
sufficient to separate K~ from the 7~ background.

In order to obtain the TOF calibrations of PANd, 777~ events were collected
during the experiments. A trigger was set such that the start signal for the TDC
is always derived from the Pd STOP counter. The positive and negative pions are
selected by using TOF information from START-STOP counters. The momenta of
pions are then determined using the hits positions from MWPCs and the polyno-
mial method. The corresponding TDC difference between 7% and 7~ is denoted as
ATDC. On the other side, the TOF difference expected for a 77~ pair ¢,,f can be
calculated based on their measured momenta and path lengths from the target to

STOP counters. The TOF calibration was done by assuming that:

Atyos = a- ATDC + b (4.1)

The parameter a and b can be obtained by fitting experimental distributions for

each combination of PANd STOP counters, as shown in Fig. 4.8. These parameters
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FIGURE 4.8: Right: TDC value versus the calculated time difference between NDS
and PDS for one STOP-STOP combination using the momentum information from
w7~ pair. Left: The sum of all normalized TOF difference of the Pd and Nd STOP

counters i1s shown.

are stored and later used for calibrating TDC values and identifying the correlated
events, such as K™K~ pairs. The same technique has also been applied to the
forward detection system: the TDC calibration for PdFd can be done by selecting

7t p events with proton in Fd and 7t in Pd system.
4.8.5  Correlations

After the TOF calibrations for all possible combinations of STOP counters in Pd,
Nd and Fd, one can identify the correlated particle pairs, i.e. K*K~ and KT p pairs.
Given the established TOF calibration parameters a and b, the TDC difference of a
K™ and a proton can be converted into time information. Firstly, assuming that these
two particles were detected in the Pd and Fd system, respectively, the TOF difference
of K*p pairs can be calculated based on tracks length and reconstructed particle

momenta. Based on this information, good events must be lying in a region where
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these two time differences are consistent, as shown in Fig. 4.9a). The projection of the
time difference is shown in Fig. 4.9b), in which the prompt peak is the corresponding
K*p pairs signals. A 30 cut was applied to this time difference in order to reduce the
misidentified K*p events. The same technique was also applied for selecting K™K~

pairs and other correlated events.
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FIGURE 4.9: The left column shows: the TOF differences between the STOP counter
in the negative as well as in the forward detector system with respect to the positive
STOP counters versus TOF calculated using momentum information under the as-
sumption that the detected particles are K™K~ and K*p. The right column shows
its projection where clear separation between this pair can be performed.

4.4 Reaction identification

4.4.1 The pp — ppp/ K™K~ reaction

After identifying the correlated pK* and pK~ pairs (with K*s in Pd, protons in Fd

and K ~s in Nd), a triple-coincident detection of a K+ K~ pair and a forward-going
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protons can form a missing mass distribution of K™K p:
M? = (P, + P, — Pg+ — Pi- — By)* (4.2)

where P, and P, are the 4-momenta of the beam and target, respectively. P+, Pk-
and P, are the 4-momenta of the detected final states. The obtained missing mass
distributions of K+ K~ p are shown in Fig 4.10 and Fig 4.11 at two different energies,
which show a clear peak around the proton mass. In order to obtain ppK ™K~
final state, a 30 cut was applied in the missing-mass distributions. However, there
are still non-negligible amount of misidentified events inside the +30 cut window
around the proton mass, which were subtracted using weighted data from the side
bands, as parametrized by the solid line in Fig. 4.10 and Fig 4.11. The corresponding
background is estimated to be about 11.5% (2.83 GeV) and 5% (~2.57 GeV) using
a second-order polynomial fit. Any ambiguity in this procedure is less than 3% and
considered as a source of systematic uncertainties in the data analysis.

After identifying the pp/ K™ K~ final state, the separation of non-¢ kaon pair and
the ¢ meson production can be achieved by applying a 30 cut on the invariant mass

of the ¢ meson, further discussions can be found in sec. 6.2.
4.4.2 The pp — pK*A reaction

Following the similar procedures for the pp — ppK ™K~ reaction, one can also iden-
tify the pp — pK A reaction. The A particle is identified via its decay products p and
7. As a first step three charged particles in the final state (p;, KT, ps, 77) can be
identified by the techniques described in previous sections. After identifying the final
state particles, one needs to assign the right proton to the A decay. Since two protons
occur in the final state, it is not known in the first place, which proton originally
stems from the decay of the intermediate state A. In the analysis, both the invariant

masses of 77 p; and 7w py are formed. An 3o cut on the peak around 1115 MeV is
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FIGURE 4.10: The pK* K~ missing-mass distribution in the pp — pK*K~X re-
action at T, = 2.568 GeV. The hatched histogram shows the cuts imposed for the
selection of the non-detected proton. The solid line, which is a second-order polyno-
mial fit, was used to estimate the background contribution under the proton peak.
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FIGURE 4.11: The pK* K~ missing-mass distribution in the pp — pKTK~X re-
action at 7, = 2.568 GeV. The hatched histogram shows the cuts imposed for the
selection of the non-detected proton. The solid line, which is a second-order polyno-
mial fit, was used to estimate the background contribution under the proton peak.
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applied to differentiate the A events from the direct 7~ p productions. Based on the
detection systems and triggers involved during the measurements, there are three

different configurations that form the final state of p K™ A with 7~ s registered in Nd:

e case 1: Protons in Pd, and Protons in Fd.
e case 2: K*sin Pd, and Protons in Fd.

e case 3: Protons in Pd, and K*s in Fd.

The corresponding missing mass distributions are shown: in case 1, the missing mass
of the p1pom™ system is shown in Fig. 4.12, which should be consistent with the mass
of K*. While in case 2 and 3, the missing masses of the pK "7~ system are shown
in Fig. 4.13 and Fig. 4.14, respectively. In both figures, the peak in the missing mass
distributions is consistent with the mass of proton.

After applying 30 cuts on the missing mass distributions, one can identify the
pprtw~ final states. However, in order to study the A production, an additional
requirement that the invariant mass of pm~ should be consistent with A mass is
required. This requirement removes a large amount of background, which may come
from the direct production process pp — ppK 7. The background contribution
under the missing-mass peak is estimated from the side-band events, the same as the

analysis of the pp K™K~ final state.
4.5 Efficiency

The efficiencies are crucial to determine the real number of events produced from the
reactions of interests, and thus the differential cross sections and total cross sections.
In the analysis, two kinds of efficiency are considered: detection efficiency including
scintillator efficiency and tracking efficiency in MWPCs and trigger efficiency in the

DAQ system.
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FIGURE 4.13: (Preliminary result) The pK "7~ missing-mass distribution in the

pp — pK T A reaction at T, = 2.568 GeV in Case 2.

4.5.1 Scintillator efficiency

The detection efficiencies for pions and kaons in the scintillator counters can be deter-

mined by fitting the energy-loss spectra with Landau distributions. It is found that

the detection efficiency for pions is larger than 99%. And the detection efficiencies

for kaons are even higher and is about 100%, except for the thin START counters,
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FIGURE 4.15: Detection efficiency for K™ and «+ and their ratio are shown.

4.5.2 MWPC efficiency

The tracking efficiency of a particle in the MWPCs depends on its type and mo-

mentum. Since the scintillator efficiency for kaons and pions is almost 100%, one

can determine the tracking efficiency by the ratio of the number of a certain type
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particle with tracks inside the chambers to the total number of particles detected by

the START-STOP counters (and delayed-VETO for K):

Ntracks in.MW PC
e in. 4.3
<7 NSTARTfSTOP ( )

The calculated tracking efficiency varies from 92 to 98 % and 80 to 90 % for K™
and 7", respectively. Following the same way, the tracking efficiency of 7~ can be
determined based on hits inside MWPCs, as shown in Fig. 4.15. However, it is
impossible to extract the efficiency for K~ based on the START-STOP counters,
since the measured time resolution is insufficient to differentiate between K~ and
7~. However, if we assume that the positively and negatively charged particles with
the same momentum should have the same energy loss in material, the ratio of the
detection efficiency e+ /e,+ as a function of momenta combined with 7~ efficiency
can be used to determine the K~ efficiency.

On the other hand, in the forward detection system the situation is different since
there are no START counters. The detection efficiency is determined by the sensitive
area of each plane, which is divided into 20 x 20 squares (2-3 cm in size). The
efficiency in each square is then calculated using track information reconstructed from
other planes [138] using ¢; ; = W, where Nyin and Nyithour T€present the number
of tracks reconstructed with and without signal from the plane, respectively. In order
to achieve reasonable statistics in each square, a large amount of experimental data

are used in the analysis. It is found that the detection efficiency in the forward

detection system is about 96%. The obtained efficiency map is shown in Fig. 4.16.
4.5.8  Trigger efficiency
In addition to the detection efficiency, the dead-time of the data acquisition also

presents a correction for the total number of events. The trigger efficiency is deter-
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FIiGURE 4.16: Efficiency map for the forward MWPCs.

mined by the ratio of the so-called trigger-in events T;, to the accepted events by the
data acquisition system 7,,;. The efficiency of three-particle trigger T} is different
from that of one-particle trigger T5. Fig. 4.17 shows the trigger efficiencies in one run
for trigger T} and T5. Since the trigger rates were not stable during the experiments,

the trigger efficiencies were corrected on a run-by-run basis.

4.6 Luminosity

In order to extract total cross sections, the absolute value of the integrated luminosity
during the experiments must be determined. There are two ways to determine the
luminosity: pp elastic scattering method and Schottky method. In the final analysis,
the pp elastic scattering method was adopted to measure the luminosity, while the

Schottky method was used as a cross-check.
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FIGURE 4.17: Trigger efficiencies for T} and T5 are shown.

4.6.1 Luminosity determination via pp elastic scattering

The small angle pp elastic scattering is considered as a suitable calibration reaction for
luminosity determination in COSY-ANKE [48, 63]. In this method, a forward-going
proton that covers polar angles from 4° to 10° in the laboratory frame was detected in
the Fd system. The pp elastic scattering then can be identified using the missing-mass
technique that requires the missing-mass of the detected proton should be consistent
with the mass of a proton. After background subtractions, the total number of
detected pp elastic scattering events can be obtained. Finally, the elastically scattered
events combined with the theoretical predictions of pp differential cross sections from
the SAID solution [148, 149, 150], allow one to extract the luminosity by the following

formula:



where Ny, is the total number of pp elastic events identified in the forward detection

dg
9)

system is the differential cross section for pp elastic scattering from the SAID
solution [148, 149, 150], while Qg4 is the solid angle of the forward detector.
However, due to the lack of data [151, 152, 153, 154, 155, 156] the SAID database
overestimates the values in small angles (< 10°) between 2.5 and 3 GeV [63]. In order
to describe well the experimental data without introducing an overall scaling factor,
a normalization option has to be taken into account [63]. In addition, the SAID

program does not provide uncertainties. But the uncertainties have been estimated

by R. A. Arndt [157] to be of a few percent level for our energies.
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FI1GURE 4.18: Detector edges in azimuthal angles.

In order to calculate the solid angle, the forward detector acceptance has been
divided into several polar angle bins with a width of 0.5°. For each small bin the

detector solid angle can be calculated as:
Qfet = Ae[cost; — cos(6; + 0.5%)] (4.5)

where A¢; is the range of azimuthal angles in which the event distributions are flat.

The typical spectra for azimuthal angular distributions (—20° < ¢ < 20°) are shown
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in Fig 4.18.
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FIGURE 4.20: The events distribution for pp elastic scattering at 7, = 2.57 GeV.
The points are experimental data and the cure is the prediction from the SAID
solution multiplied by luminosity.

The last step for calculating the luminosity is to determine the total number

7



of elastic events. The large pp elastic cross section in combination with the high
momentum resolution of the forward detector, allows one to separate the elastically
scattered protons from the background using the missing mass technique. Typical
spectra of missing mass in several angular ranges are shown in Fig. 4.19. The clear
peak of pp elastic events sitting on the background was then fitted with a Gaussian
distribution, while the background was subtracted using a second order polynomial
fit. The elastic events have been corrected by the pre-scaling factor, trigger efficiency
and the detection efficiency using the 2D efficiency map, as shown in Fig. 4.16. After
a 3o cut on the missing mass spectra, the total number of final pp elastic events is

determined:

Ndet : f

Etrigger * Edet

Ntot = (46)

where Ny is the total number of detected pp elastic events, f is the pre-scaling
factor and eyigger is the trigger efficiency of T, while e4¢; is the track efficiency.

Finally, the luminosity can be calculated as:

do . 1 Ntot
o=z,

(4.7)

As shown in Fig. 4.20, one can fit the experimental angular distribution to obtain
the luminosity L. The individual contributions to the systematic uncertainty of the

luminosity determination at different beam energies are listed in Table. 4.1.
4.6.2  Luminosity determination by Schottky method

As an independent check of the pp elastic scattering method, one can measure the

effective target thickness and the beam flux, and therefore the luminosity by:

L= np-nr (48)
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Table 4.1:  Systematic uncertainties for luminosity determination via the pp-elastic
scattering. The total error has been obtained by adding the individual elements

quadratically.

Uncertainty 2.57 GeV  2.83 GeV

Track reconstruction efficiency 5% 5%
Acceptance correction 6% %
Momentum reconstruction 1% 1%
Background subtraction 3% 3%
AL=(Ly-Lsean) 2% 2.4%

Total 8.6% 9.5%

where ng is the beam flux and ny the effective target thickness. For experiments
with an internal target at a storage ring, the target thickness cannot be simply
established through macroscopic measurements. However, when a charged beam
passes through a thin target many times, its energy loss is proportional to the target
thickness. Moreover, the energy loss builds up steadily in time and causes a shift in
the frequency of revolution in the machine which can be measured through the study
of the Schottky spectra. Thus, the target thickness can be obtained by measuring
the frequency shift of the proton beam [158]:

14yl 1 Tdf

S B X m 2 di (49)

where  is the Lorentz factor, n is the frequency-slip parameter, dE/dX is the stop-
ping power [5], and m is the mass of the target atom. 7T and fy represents the
initial beam energy and the revolution frequency of the accelerator, respectively.

The frequency shift % during one cycle is measured using the Schottky spectrum as:

d d d
(d_J;>target = (d_é‘)total - (d_];)bg (410)

where (Z_J;)total is the observed frequency shift during the normal measurement and
(%) by is the frequency shift produced by the residual gas of the COSY ring. The mean
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revolution frequency shifts are shown for a sample of machine cycles in Fig. 4.21.
In each cycle, the frequency shift is well described by a linear function, which is
consistent with the assumption that the overlap between beam and target changes

little over the cycle.

300—

200

100

Shift in revolution frequency Af [Hz]

Time [s]

FIGURE 4.21: Typical mean revolution frequency shift derived from the Schottky
spectra for a sample of machine cycles.

The 7 parameter can be calculated using n = = — «, where « is the momentum
8!
compaction factor. The « value a constant value for a given lattice setting can be
measured by:
Af AB

where A f represents the variation of the mean revolution frequency, AB is the change
of magnetic field B by a few parts per thousand. The fitting is shown in Fig. 4.22.

The beam current Ig = nge was measured by a high precision beam current

transformer (BCT), which was continuously recorded by the ANKE DAQ system.
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FIGURE 4.22: Variation of the mean revolution frequency with the field strength in
the bending magnets in parts per thousand. The slope of the straight line yields the
value of the momentum compaction factor a.

It was calibrated to deliver a voltage signal of 100 mV for a 1 mA current. The
initial beam current varies from cycle to cycle, and decreases in each cycle with
respect to time due to energy losses. Thus, in the analysis the mean value (np) has
been determined for each cycle, which yields the integrated luminosity over a certain
period of time. Finally, the luminosity can be determined with the obtained value
of the target thickness and beam current.

The systematic uncertainty in the determination of the effective target thick-
ness mostly comes from the measurement of the frequency shift rate (4%) and the
frequency-slip parameter n (3%). The measurement of the beam current with the
BCT is accurate to 0.1%, therefore its error is neglected in the analysis.

The Schottky method yields a luminosity with an overall uncertainty of 5%, which
is compared directly with the values derived from pp elastic scattering, as shown in

Fig. 4.23. The two method give consistent results within the uncertainties. The pp
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FiGURE 4.23: Comparison of the luminosity determined by the Schottky method
(red points) and by elastic scattering (black points)

elastic scattering method was used in the analysis in order to be consistent with
previous measurements. In addition, according to [63], the Schottky method could
not be applied as reliably in the higher energies.

Careful monitoring of the Schottky spectra not only allows the absolute lumi-
nosity determination with a precision of the order of ~ 6%, but also permits one
to measure momentum changes of the beam during the cycle. A big challenge in
the close-to-threshold measurements is the determination of the beam momentum
with sufficient accuracy, since the total cross section can change significantly with a
small change of the excess energy. One can determine the beam momentum in the
experiment by using the knowledge of the beam trajectory and monitoring the beam

frequency using the Schottky method [159].
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5

Detector Acceptance

After identifications of the specified reaction channels and determination of the ex-
perimental luminosity, the raw experimental distributions can be calculated, which
must be corrected for the detector acceptance in order to extract the differential
cross sections. The acceptance of the ANKE spectrometer is determined through a
Monte Carlo simulation based on GEANT4, in which the geometrical acceptance,
resolution, detector efficiency, and kaon decay probability were taken into account.
Since we were interested in four-body final state, a phase-space calculation may work
well as a starting point. However, most of the time the detector acceptance is not
uniform over the phasespace, there is even zero acceptance for some parts of the
phasespace. Moreover, the real distributions may deviate significantly from the pure
phasespace. Thus, we need phenomenological parametrizations that describe well
the experimental data as much as possible in order to perform necessary acceptance
corrections. In the analysis, a number of parametrizations have been applied to

different reactions to study the ANKE acceptance.
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F1GURE 5.1: The experimental setup in the GEANT4 simulation.

5.1 Geant4d Simulation

A GEANT4 based Monte Carlo simulation has been developed to study the ANKE
acceptance, which uses the database interface to construct the experimental geom-
etry [160]. Tt defines the shape and materials of all the detector setups as well as
passive elements like the vacuum chamber and the beam pipe. Different ANKE de-
tectors can be added into the simulation by calling the corresponding classes. The
following detectors are included in the simulation: the three particle detection sys-
tems (Pd, Nd and Fd), the D2 vacuum chamber and the target chamber. A picture

of the implemented geometries is shown in Fig. 5.1.

84



p

FIGURE 5.2: Diagrammatic representation of (7) direct production of K+ K~ pairs,
where the large blob includes the fsi effects in the pp and K~ p systems considered
in Ref. [63]. The elastic K™K~ fsi is illustrated in (i) and the production of virtual
KK pairs followed by a charge exchange fsi in (1)

Particles generated from an event generator Pluto [162] are read into the sim-
ulation. In the program, the reaction vertex can be specified as a point like or
extended vertex with various shapes. The magnetic field map that implemented in
the simulation was based on Mafia calculations. The simulation outputs contain hits
information in the scintillators as well as trajectories of tracks in the wire chambers.
Each hit carries the information about the particle that produced the hit (type and
momentum), its position and the time since the start of the event. The simulation

results were analyzed in the same procedures as we did for the experimental data,
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as described in Chapter. 4.
5.2  Acceptance correction for the pp — pp K+ K~ reaction

We start the analysis with the non-¢ kaon pair production since it is crucial to mas-
ter this contribution to understand the background under the ¢ peak. The model-
independent acceptance estimation method used in our earlier work [48] cannot be
applied in the present analysis since the number of zero elements in the acceptance
matrix is significant and this leads to large fluctuations and uncertainties. Phe-
nomenological parametrizations must therefore be relied upon in order to perform

the necessary acceptance corrections.
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|al fm ¢ [deg]

FIGURE 5.3: The reduced x? distributions with respect |a| and ¢ at i = 23.9 MeV.
Our best fit was obtained with ax-, = 2.45¢ fm.

A simple ansatz that takes into account the influence of the pair-wise final state
interactions was taken as the basis of the simulation. As discussed before, we assumed
that the overall enhancement factor F' is the product of enhancements in the pp,

K*K~, and K~ p systems [63, 96]:
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FiGUuRE 5.4: (Color online) The raw K*K~ invariant mass distribution at ¢ =
23.9 MeV, IMg+g- (points), is compared with the distribution of events obtained
in a Monte Carlo simulation (curve). The error bars indicate only the statistical
uncertainties.

F = Fpp(%p) X FKP(QKm) X FKp(QKm) X Fri(qrk) (5.1)

where q,p, Grp,s Qxp, and gxi are the magnitudes of the relative momenta in the
corresponding systems. The details of these enhancement factors are discussed as

follows:

e K~ p FSI. To describe the interaction between K~ and p in the final state, the
scattering length approximation with Fg,(¢) ~ 1/|1 — igax-,|* was used. The
scattering length ax -, is unknown and thus applied as a fitting parameter in
the analysis. It is believed that the K*p interaction might be weakly repulsive
and, if so, its neglect would be interpreted as an extra attraction in the K~ p

system.

e pp FSI. The proton-proton enhancement factor was taken into account by
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Ficure 5.5: Differential distributions of experimental (points) and simulated
(histograms) yields for kaon pair production in the pp — ppK* K~ reaction at
T, = 2.57 GeV. Vertical bars represent the statistical uncertainties and horizon-
tal ones the bin widths. The individual panels are (a) the cosine of the polar angle
of the K* in the K" K~ reference frame, (b) the polar angle of the kaon pairs in the
overall c.m. frame, (¢) the polar angle of the emitted proton in the pp reference frame
relative to the beam direction, (d) the polar angle of the proton in the pp reference
frame relative to the direction of the kaon pair, (e) the proton momentum in the pp

reference frame, and (f) the K* K~ p invariant mass distribution.
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means of the Jost function method with:

g+ B g 1 g
[ J(q)] 1=q*m:[7+ 2][—5+7—1Q] g

(5.2)

where Goldberger and Watson parametrization [100] is used. « and § are the
parameters that specify the FSI between the two protons, they are related to

the scattering length by:

_at+p 2
a—a—ﬁ,r—a+ﬁ (53)

The position of the 'Sy virtual state is well fixed at o =0.1 fm~*.

The pp
final state interaction should not influence higher partial waves and, in order
to reduce the effects above ~ 10 MeV, 8 = 0.5 fm~! was taken in the formula:
_ ¢+ P

>+ a?

Fop(@)[? (5:4)

K*K~ FSI. The enhancement factor in the KK~ system takes into ac-
count an elastic K™K~ scattering plus a charge-exchange process Kt1K~ =
KK [96]. Fig. 5.2 illustrates the three types of contributions that are consid-
ered in the analysis. Assuming that By and B; are the amplitudes for producing
s-wave K K pairs in isospin-0 and 1 states, respectively. These amplitudes are
then distorted through a FSI corresponding to elastic scattering. This leads to
an enhancement factor of 1/(1 —ikA;), where k is the relative momentum in
the KK~ system and A; is the s-wave scattering length in the isospin chan-
nels. The scattering length of the charge-exchange K°K° = K+ K~ process is
proportional to the difference between Ay and A; and the relative momentum.

In summary, the enhancement factor has the form:

— B, /(B; + By) By/(By + By) 9
KR |(1 il — A2 (L —ikAy) (1 —iq[Ag — A]/2)(1 = z'k:AO)|

(5.5)
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There are large uncertainties in the numerical values of K K scattering lengths.
Here we take A; = (0.1£0.1)+¢(0.7+0.1) fm [163, 164, 165, 166]. Values of the
isoscalar scattering length can be extracted from fits to data [166, 167, 168, 169],
but what deduced from the BES Collaboration data [170], Ay = (—0.45+0.2) +
1(1.63+0.2) fm seems to be the most reliable. The ratio of the / =1 and I =0

production amplitudes of s-wave K K pairs was parametrized as
B, /By = Ce'%, (5.6)
where C is the unknown magnitude and ¢, the phase angle.

For an unpolarized measurement of the ppK+ K~ final state, sixteen degrees
of freedom (d.o.f) are required to parametrize the reaction. However, there exist
several constraints that reduce the number of d.o.f. Particle identification and four-
momentum conservation law reduce the number of d.o.f to eight. Considering that
the final states should be symmetrical with respect to the beam direction, seven d.o.f
are sufficient, which were chosen to be the K* K~ and K+ K~ p invariant masses, the
relative momentum of the protons in the pp system, and four angular distributions

as follows:

° 003(9?1 - The polar angle of K* in the K™ K~ reference frame.

e cos#X K7 The polar angle of the kaon pair with respect to the beam direction

in the overall center-of-mass (c.m.).

e cosb . The polar angle of the emitted proton with respect to the beam direc-

tion in the pp reference frame.

e cosWl . The polar angle of the emitted proton with respect to the direction of

the kaon pair system in the pp reference frame.
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F1GURE 5.6: Differential distributions of experimental and simulated yields for kaon
pair production in the pp — ppK+ K~ reaction at T, = 2.83 GeV. The notations for
the six panels are the same as those in Fig. 5.5.

Monte Carlo events of the pp — ppK ™ K~ phase space weights were reconstructed
in the same way as the experimental data, which takes into account the detector

resolution. The events were then re-weighted according to Eq. 5.1. It should be
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FIGURE 5.7: The differential distributions of yields in the ¢ region (1.01 GeV/c? <
IMg+x- < 1.03 GeV/c?) for the pp — ppK K~ reaction at T, = 2.83 GeV, where
represent simulations. The notations

the points are experimental data and the curves
for the six panels are the same as those in Fig.

noted here that it was not possible to describe the data at the two excess energies

by the same set of parameters. The purpose
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of the model is to describe data as



closely as possible in order to perform acceptance correction at the two energies.
No attempt was made to fit both data simultaneously. Here we assume a constant
production amplitude, therefore the different energies should be taken into account
by the ¢ factors. Using the coefficients from [63, 96] as starting parameters, a
couple of simulations were carried out for different sets of the coefficients leading to
differential distributions that were convoluted with the acceptance. For each choice
of the parameters, the x? values have been calculated as the difference between
simulated and measured distributions. Subsequently, the coefficients that describe
the experimental data best have been determined by minimizing x? (calculated as
Eq. 5.7)with the MINUIT package, which is an efficient and widely used routine.
In practice, the simulated and measured results are presented as one-dimensional
histograms, which were then used to correct the experimental distributions bin-by-
bin. In order to check the fitting results, a grid fitting method was adopted that

loops each possible combination of the parameters for calculating global minimum

X2

(7, X:))?

0;(X;) —
Z( (Xi)

[

X2 = 2i (57)
i

The uncertainties caused by the fitting procedure are not considered as a source of
systematic uncertainties. Instead, the difference between the model and phase space

are taken into account. Finally, a MC simulation based on the best fit parameters

was implemented to check the match between simulation and data.
5.2.1 T, =257 GeV

The best fit to the data at exx = 23.9 MeV (7, = 2.57 GeV) was achieved with
ak-, = (2.45 + 0.4)i fm. Nevertheless, the uncertainties in the real and imaginary
parts are quite large and strongly correlated with the imaginary part. It should be

noted that the absolute value of the scattering length is determined much better
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than its phase, as illustrated by the projections of the x? contour plot in Fig. 5.3.
To allow easy comparison with the analysis of the higher energy data, the effective
scattering length was taken to be purely imaginary.

Table 5.1: The fit results for the magnitude and phase of the ratio of the I = 1 and
I = 0 amplitudes of Eq. (5.6). The data are fitted using the ansatz of Eq. (5.6)
with (i) both elastic and charge-exchange fsi, (ii) elastic fsi alone, and (iii) purely
charge-exchange fsi.

Fit parameter. el.+c.e. el. alone | c.e. alone
C 0.54£0.03]0.74£0.1]0.57+0.01
¢c (deg) —112+4 181 +1 —145+2

The fit results for Kt K~ FSI was shown in Table. 5.1. As it is seen that the
resulting descriptions of the experimental data in Fig. 5.4 and Fig. 5.5 are very good

and certainly sufficient for evaluating the ANKE acceptance.
5.2.2 T, =283 GeV

The best fit of the K~ p scattering length at 7T}, = 2.65 —2.83 GeV is ax-, = 1.5¢ fm
with large uncertainty in both real and imaginary parts, as shown by the countour
plot (Fig. 5.8). The free K~p I = 0 and I = 1 values from Ref. [63] are also shown
there along with their one-o limits. There is an overlap with either isospin scattering
length.

The fit results for KK~ FSI were shown in Table. 5.2. The resulting descriptions
of the experimental data as shown in Fig. 5.6 are very good and certainly sufficient

for evaluating the acceptance.
5.3 Acceptance correction for the pp — pp¢ reaction

Turning now to the ¢ meson production in proton-proton collisions, the only ampli-

tude that survives at threshold corresponds to the 3P; — Sys transition. We here
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F1GURE 5.8: Contour plot corresponding to the one—o level uncertainty of the fits of
the complex parameter a of the fsi ansatz. Our best fit is obtained with a = 1.5 fm
(marked with a cross). Also shown are the best fit values (points) and correspond-
ing contours (dashed lines) for the isoscalar (ag) and isovector (a;) K~ p scattering
lengths derived from the study of free K~ nucleon scattering [179]

Table 5.2: The notations are the same as 5.1.

Fit parameter. | el.+c.e. el. alone | c.e. alone
C 0.66 £0.1 | 0.9 £0.01 | 0.50 £ 0.04
oo (deg) —87+10 | 151+2 —132+6

denote the final state using 2°*'L;¢, where S, L, and J represent the total spin,
orbital angular momentum and total angular momentum of the pp system, respec-
tively, and ¢ the orbital angular momentum of the ¢ relative to the pp system. Our
previous analysis indicates that the differential cross section at an excess energy
€4 = 18.5 MeV with respect to the ¢ threshold is dominant by the S-wave, with a

clear effect coming from the pp final state interaction [48].
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In contrast, significant contributions from higher partial waves were suggested by
the DISTO data at £, = 83 MeV [47]. The measured differential cross sections as
functions of the relative momentum in the pp reference frame and the momentum of
¢ meson in the c.m. system were interpreted as reflecting the importance of Ps and
Sp final waves, respectively. The anisotropy in the helicity distribution shows the
necessity for a Pp wave contribution. As it is shown in sec. 2.2.3, there are many
possible transitions that could lead to a pp¢ final state. Here we keep only typical
ones in our model description, in which the spin-averaged squared transition matrix

element can be written as:

M2 = Ags (kx K)? 4 Ap, g2+ App(7-7)?
+ASp [3((? K>2 . @2:| ) (58)

where the momenta of the proton beam and ¢ meson in the overall c.m. system are
denoted by K and q, respectively. k represents the momentum of decay kaons in the
¢ reference frame, and p is the relative momentum in the final pp system.

Apart from the explicit momentum factors, we assume that the coefficients Ay,
in Eq. (5.8) are constant except that, at low invariant masses, the final pp system
in the 1S; state is subject to a very strong final state interaction. The Ag, and Ag,
contributions in Eq. (5.8) were therefore multiplied by an enhancement factor which
was calculated using the Jost function in Eg. (5.4). The Coulomb interaction was
neglected and, crucially, no attempt was made to include a final state interaction in
the ¢p system.

The ¢ meson was taken to have a Breit-Wigner form with a width of I' =
4.26 MeV/c* [171], convoluted with a resolution width of ¢ ~ 1 MeV/c®. The
values of the coefficients Ar, in Eq. (5.8) were determined by the following proce-
dure: the simulations were carried out for different sets of the coefficients leading

to differential distributions convoluted with the acceptance. For each choice of the
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coefficients Aj,, the x? values have been calculated for the difference between simu-
lated and measured distributions. Subsequently, the coefficients which describe the
experimental data best have been determined by minimizing x? with the MINUIT
package [172]. The best fit results are shown in Table 5.3. The resulting descriptions
of the experimental data in Fig. 5.7 are very good and certainly adequate for carrying
out the acceptance corrections. The invariant mass distribution of K+ K~ is shown
in Fig. 5.9. A clear ¢ peak is observed above a slowly varying background. A cut
was applied to divide the experimental data into two samples, a ¢-rich region where
1.01 GeV/c? < IMg+i- < 1.03 GeV/c? and a non-¢ (the rest) region.

Table 5.3: Values of the model parameters of Eq. (5.8) deduced by comparing the
simulations with data in the ¢ region. The momenta are measured in GeV /c. All the
parameters are normalized to Ags = 1 and the corresponding uncertainty of +0.25
is not included.

Parameter | Fit value
Ag, 1.0
Asp 99+1.8
Apg 143 + 4
App 293 + 21

The systematic uncertainties arise from the acceptance correction were estimated
by comparing the final results that have been corrected according to the model to
those corrected by phase space. This difference probably represents the worst case
scenario, in the sense that no model differed more from our parametrization than

phase space would be considered.
5.4 Acceptance correction for the pp — pK ™+ A reaction

The acceptance correction for the pp — pK ™A reaction is based on the program

that is designed to fit NN — BBP data where B is a JI' = %Jr baryon and P is a
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FIGURE 5.9: (Color online) The raw K*K~ invariant mass distribution, M+
(points), is compared with the distribution of events obtained in a Monte Carlo sim-
ulation (curve). The error bars indicate only the statistical uncertainties. The blue
curve shows the non-¢ contributions within the fitted parametrization, the red curve
the four-body phase-space simulation of pp K+ K™, and the dotted histogram the ¢
contributions. The solid line is the incoherent sum of the ¢ and non-¢ contributions.
The vertical lines indicate the cuts used for the separation of the ¢-rich and non-¢
regions. The fluctuations reflect the Monte Carlo sampling effects.

pseudoscalar meson. The cross section for the pp — pK* A reaction is given by [173]:

4 2
o = LA

4|k|\/§ dq)?)(Pa Q1aQ2aQ3> 3 P:k1+k27 (59)

where A is the reaction amplitude, k is the 3-momentum of the initial particle calcu-

lated in the c.m.s system of the reaction, and s = P? = (k; + ko). The two colliding
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particles have 4-momenta k; and ko, while final particles have 4-momenta ¢;. The

invariant phase space is given by:

3
d3q;
d®,, (P, qy ... qpn)=0" Z H TR (5.10)

=

and the total reaction amplitude A can be written as a sum of the partial wave

amplitudes:

Ry,

A= A8()Qn , (SLT)An(i, SaLas)(si) x QLM (i, SaLaJyS'L'J) .

(SLJ) and final states Q1™ (i, SyLoJoS'L'J)

where the operators for initial states Q" A

Hi-..pog
can be found in [174]. S, L, J represent spin, orbital momentum and total angular
momentum of the pp system, Sy, Lo, Jo are spin, orbital momentum and total an-
gular momentum of a two-particle system in the final state, and S’, L’ are spin and

orbital momentum between the two particle system and a third particle. The best

description of the transition amplitude Af.(s) was obtained with the parametrization:

al +G3\[ za

An(s) = ——a (5.11)

where af are real parameters.
For the description of the final pp interaction we use a modified scattering length

approximation formula:

A5y (s:) = Ve (5.12)

1 — 1rBq2ap, + iqap,q?=/F(q,r, L)’

where multi-index [ denotes possible combinations of a kinematic channel i and

quantum numbers Sy, Ly and Ja, ap, is a pp-scattering length and r? is the effective
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range of the pp system. The F(q,r, L) is the Blatt-Weisskopf form factor and ¢ is a
relative momentum in the pp-system.

As a first step, we carried out simulations of the p/&K ™A final state by pure phase
space emission within the ANKE acceptance. All possible configurations describe
in sec. 4.4.2 were combined in order to cover the full phase space. Then, these
simulations were weighted by PWA calculations and compared to the experimental
data within the acceptance. Fig. 5.10 shows preliminary results for the best fit of
three invariant mass spectra of the p/K A final state within the ANKE acceptance.
The histograms show the experimental distributions of the invariant mass of the
particle pairs: (a) M(AK™), (b) M(pK™), and (c) M(pA). The red line show the

same distributions obtained from the PWA results of the p/K ™A final state.
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FIGURE 5.10: (Preliminary results) The black lines show the experimental distribu-
tions for the invariant mass of the particle pairs. AK, pK, and pA. The red lines
show the same distribution obtained from PWA fitting.

Fig. 5.11 shows the angular distribution for the PWA fitting results and the
experimental data within the ANKE acceptance for all combinations in the c.m.,
Gottfried-Jackson and helicity reference frames, which were defined analog to [175].

The Gottfried-Jackson (G-J) frame is defined as the rest frame of two final particles.
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In this frame, the G-J angle is defined as the angle between one of the rest frame
particles (e.g. the kaon in the p — K system) and the proton beam. The G-J angle is
denoted as (9{){_ ~2), where the superscript (K — B) represents for the angle of kaon
with respect to the beam direction, the subscript (p — K) stands for the G-J rest
frame. The motivation to study the G-J angles arise from the fact that in case of
kaon exchange, the p — K rest frame is equivalent to the rest frame of the exchanged
meson and the proton. The helicity angle is defined in the same rest frame as the G-J
angle, but instead of calculating the angle between one particle in the rest frame and
the proton beam, the angle of the particle with respect to the third particle is used.
In this sense, the helicity angle interrelates only the kinematics of the final three
particles of the reaction. The helicity angular distribution is a special projection
of the Dalitz plot, and thus a proper observable to identify the kinematics behind
the particle production. A uniform populated Dalitz plot should result in isotropic
helicity angular distributions, while the distorted Dalitz plot will reflect anisotropic
distributions. Therefore, the helicity angle is an ideal tool to study not only final

state interactions but also the possible contributions of intermediate resonances.
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FIGURE 5.11: (Preliminary results) Angular distributionsfor the production in c.m.
of A, p,and K* (top: (from left to right) cos®X | cos©?  and cosO?, ), Gottfried-
Jackson (middle: (from left to right) cos@f_ 2, cosOK~F and cos@z:f)), and helic-
ity angles (bottom: (from left to right) cos@f_}?, cos©\ 2 and cos@g:f\()) frames.
The black lines show the experimental data and the same distributions (red curve)

obtained from PWA fitting of the pK A final state.

102



Results

After the determination of the luminosity and detector acceptance, the differential

cross sections can be obtained by

d_o-_lN'raw
dQ L A-e

(6.1)

where L is the luminosity, A and e represent the ANKE acceptance and the overall
efficiency (including both trigger efficiency and tracking effifiency), respectively. The
discussions of the efficiency and acceptance corrections can be found in previous
chapters. In this chapter, we focus on the extractions of differential and total cross

sections.
6.1 Systematic uncertainty

Four major sources of systematic uncertainties were identified for the present analy-
sis. An obvious one is the uncertainty of the luminosity determination. The second
source of systematic uncertainties stems from the determination of the yield with a

sizable background subtraction. The acceptance correction itself is the third source
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of systematic uncertainties. The last source comes from the tracking efficiency cor-
rections in the Pd, Nd and Fd system.

The systematic uncertainty due to the luminosity determination has been studied
previously. In principle the luminosity can be determined by two different methods.
However, in the analysis the pp elastic scattering method was used in order to be
consistent with previous measurements. The major errors in this method come from
efficiency corrections in the Fd system, acceptance corrections for pp elastic reaction,
and momentum reconstructions.

The systematic errors caused by background subtraction were estimated by vary-
ing the range of the side-band around the missing-mass peak when fitting the back-
ground underneath the signal.

The uncertainties from acceptance corrections were estimated from the differ-
ences between the distributions corrected by the models and those corrected by the
phase space. As the observed distributions deviate significantly from those based
on phase space simulations, such estimations should provide upper limits on these
uncertainties.

The errors from the determination of tracking efficiencies mainly come from the
momenta spread inside each of the STOP counters [63].

In the case of the total cross section these four systematic uncertainties were
added quadratically. While in case of differential cross sections the systematic un-
certainties for the determination of the yield and the acceptance correction were

investigated in detail for each bin of the observable under consideration.

6.2 The pp — ppK K~ reaction

6.2.1 Differential cross sections at T, = 2.57 GeV

The differential cross section for the pp — ppK* K~ reaction at an excess energy

of ¢ = 23.9 MeV is shown in Fig. 6.1 as a function of the KK~ invariant mass.
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FIGURE 6.1: (Color online) The K+ K~ invariant mass distribution for the pp —
ppK T K~ reaction at e = 23.9 MeV. The dotted curve shows the four-body phase
space simulation whereas the inclusion of the final state interactions through Eq. 5.1
gives the dashed curve for ag-, = 1.5¢ fm and the red solid curve for ax—, = 2.45¢ fm.
The dot-dashed curve was obtained by considering only the pp and K~ p final state
interactions with ax-, = 2.45¢ fm.

Also shown are simulations based on a four-body phase space and those distorted by
the final state interactions in the KT K, pp, and K~ p systems within the product
ansatz of Eq. 5.1. This was done separately with effective scattering lengths of ax -, =
1.5¢ fm and ax-, = 2.45¢ fm. The most striking features in the data are the strength
near the K™ K~ threshold and the dip at Mg+ k- ~ 0.995 GeV /c?, which corresponds
precisely to the K°K©? production threshold [96]. This is compelling evidence for

a cusp effect coming from the K°K° = K*K~ transitions. Similar effects were
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observed in pp — ppK ™K~ by DISTO [47] and by ANKE in pn — dK*K~ [176].
Although these enhancements must be due to K K final state interactions, including
K*K~ = KYK° charge exchange scattering, they could be connected with some
small production of the ag/fy scalar resonances. However, in reality, the data are
only sensitive to the KK scattering lengths. To investigate this phenomenon in
greater detail, the K™K~ invariant mass distribution was divided by a simulation
where only the final state interactions in the pp and K~ p with ax-, = 2.45¢ fm were
considered.

The best fit to the data is shown in Fig. 6.2. On the basis of the parameters
quoted in Table. 5.1, the best fit is achieved with a production of I = 0 K K pairs in
the near threshold region that is about three times stronger than that for I = 1. This
sensitivity originates mainly from the very different I = 0/I = 1 scattering lengths,
which is a general feature of the various analyses. This suggests that the production
of I = 0 pairs is dominant in the pp — ppK* K~ reaction, independent of the exact
values of the scattering lengths. This finding is consistent with our earlier result [96].
The deviations apparent in Figs. 6.1 and 6.2 at high K* K~ invariant masses might
be connected with the approximations made in our coupled-channel model [96].

Previous analyses of the pp — ppK* K~ reaction at different excess energies [177,
63, 83, 103] have all shown a strong preference for low values of the K~ p and K pp
invariant masses, Mg-, and Mg-,,. To study this further, we have evaluated dif-

ferential cross sections in terms of these invariant mass distributions and also their

ratios:
R . dO’/dMKfp
K= dojdMy,’
do/dM -,
- LK, 2
K00 = G [ My (6:2)

The corresponding experimental data and simulations are shown in Figs. 6.3 and 6.4.
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FIGURE 6.2: Ratio of the measured K™K~ invariant mass distribution in the
pp — ppK T K~ reaction to a simulation that includes only K~ p and pp final state
interactions (shown by the dot-dashed curve in Fig. 6.1). In addition to the current
data (solid circles), weighted averages of previous measurements (open squares and
circles) are also presented. The solid curve represents the best fit in a model that
includes elastic K* K~ FSI and K°K® = K+ K~ charge-exchange [96]. The best fits
neglecting charge exchange and including only this effect are shown by the dashed
and dot-dashed curves, respectively.

Both Rk, and Rgp, display the very strong preferences for lower invariant masses
seen in the earlier data. The low mass enhancements in Figs. 6.3c and 6.4c clearly
indicate once again that the pp — ppK* K~ reaction cannot be dominated by the
undistorted production of a single scalar resonance ay or f;. On the other hand,
the strength of the K ~p interaction suggests that the kaon pair production might be
related to that of the A(1405) through pp — pK*(A(1405) — K~ p) [178]. This idea
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was put on a quantitative footing by assuming that the A(1405) was formed through
the decay N* — K*A(1405) [99]. Within a four-body phase space simulation both
ratios should be constant and equal to one and such a simulation also fails to describe
the individual Mg, and M, distributions. Whereas the inclusion of a K~ p FSI with
an effective scattering length ax-, = 1.5¢ fm improves the situation, it overestimates
the data in the high invariant mass regions for both Ry, and Rg,,. With the larger
effective scattering length ax-, = 2.45¢ fm, these ratios, as well as the individual
distributions, can be well reproduced. Within the product ansatz of Eq. 5.1 the K™p
final state interaction effectively becomes stronger at lower excess energies. This
illustrates the limitations of this simple ansatz to the complex four-body dynamics.
Although the K~ p elastic final state interaction describes well the vast bulk of
the data shown in Figs. 6.3 and 6.4, it is interesting to note that there seems to be a
small but significant deviation between the K ~p data and simulation in Fig. 6.3b at
low invariant masses. Since the K%n threshold is at 1437.2 GeV /c?, this suggests that
the data in this region might also be influenced by K~p = K°n channel coupling.
Due to the low statistics, the COSY-11 data at excess energies of 10 and 28 MeV [83,
103] cannot distinguish between predictions based on effective scattering lengths of
ag-p, = 1.5 fm and ax-, = 2.45¢7 fm. This observation is illustrated for the invariant
mass of K*K~, Ry, and Rk, in Fig. 6.5 for an excess energy of 10 MeV. The

similar phenomenon is also found at an excess energy of 28 MeV.
6.2.2  Differential cross sections at T, = 2.83 GeV

The corresponding experimental data and simulations at an excess energy of ¢ =
23.9 MeV are shown in Figs. 6.6 and 6.7. The general features of these results
are well reproduced by the simple factorized ansatz of Eq. 5.1. It is nevertheless
surprising that the distortions produced by the constant effective scattering length,

a = (0 + 1.5i) fm, used at gg, = 51 MeV [63] still describe the data so well at an
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FIGURE 6.3: (Color online) Differential cross sections for the pp — ppK* K~ reac-
tion with respect to the invariant masses of K*p (upper panel) and K~ p (middle
panel), and their ratio R, (lower panel). The dotted histograms represent the four-
body phase-space simulations, whereas the red solid and dashed black ones represent
estimations based on Eq. 5.1 that take into account K p, pp and K™K~ final state
interactions with ax-, = 2.45/ fm and ax-, = 1.5¢ fm, respectively.

excess energy with respect to the K™K~ threshold as high as 108 MeV, though some
deviations are apparent for Kp invariant masses above about 1.5 GeV/c%.
The similar distortions of Figs. 6.6 and 6.7 also clearly indicate that the direct

production of the scalar resonance ag or fy cannot be the dominant driving mecha-
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FIGURE 6.4: (Color online) Differential cross sections for the pp — ppK+ K~ reaction

with respect to the invariant masses of K pp (upper panel) and K~ pp (middle panel),
and their ratio Rk, (lower panel). The conventions for the theoretical estimates are

as in Fig. 6.3.

nism in the pp — ppK ™K~ reaction.

A combined analysis of previous ANKE data at three energies [96] and the data
presented here suggests that, independent of the exact values of the scattering lengths
and beam energies, the KK enhancement is mainly in the isospin-zero channel.
The model for the enhancement factor fitted from [96] has been introduced into

the simulation to describe better the data shown in Fig. 6.14 for invariant masses
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FIGURE 6.5: (Color online) The distributions of the Mg+x-, Rk, and Rk, for
the pp — ppK* K~ reaction measured by COSY-11 at ¢ = 10 MeV, respectively.
The red solid cure and black solid ones represent the theoretical calculations taking
into account K "p, pp and K"K~ final state interactions with ax-, = 2.45¢ fm and
1.5¢ fm, respectively.
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FIGURE 6.6: Differential cross sections for the pp — ppK+ K~ reaction in the non-¢
region with respect to the invariant masses of K*p (upper panel) and K~ p (middle
panel), and their ratio R, (lower panel). The dashed histograms represent the
four-body phase-space simulations, whereas the solid ones represent the theoretical
calculations taking into account pp and K ~p final state interactions through Eq. 5.1.

IMgx < 995 MeV /c?. Tts effects can be seen more clearly in the plot of the ratio of
the K* K~ invariant-mass data to the simulation based on Eq. 5.1, where no KK
FSI was included. This, together with the results of previous measurements above
¢ threshold [63], are shown in Fig. 6.8. The two data sets are in agreement and are

consistent with the existence of some coupled-channel effect at the K°K° threshold.
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FIGURE 6.7: Differential cross sections for the pp — ppK K~ reaction in the non-¢
region with respect to the invariant masses of K *pp (upper panel) and K~ pp (middle
panel), and their ratio R, (lower panel). The dashed histograms represent the
four-body phase-space simulations, whereas the solid ones represent the theoretical
calculations taking into account pp and K ~p final state interactions through Eq. 5.1.

6.2.3 Total cross sections

The acceptance-corrected K+ K~ invariant mass distributions shown in Fig. 6.1 and
6.14 were used to determine the value of the total cross section for ppK ™K~ pro-
duction, details are discussed in Appendix A. The extracted total cross sections are
given in Table. 6.1 for different energies measured at ANKE, where the first error is
statistical and the second systematic. The systematic uncertainties considered here

arise from the background subtraction, tracking efficiency corrections, luminosity
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FIGURE 6.8: Ratio of the measured K™K~ invariant mass in the pp — ppK K~
reaction to estimates based on Eq. 5.1. In addition to the current data (solid cir-
cles), the weighted averages of previous measurements (open squares) [63] are also
presented. The solid curve represents the best fit in the model of Ref. [96], which
includes charge-exchange and elastic KK~ FSI. The best fits neglecting charge ex-
change and including only this effect are shown by the dashed and the dot-dashed
curve, respectively.

determination, and acceptance correction.

Our total cross section results are plotted in Fig. 6.9 along with previous mea-
surements from DISTO [47], COSY-11 [83, 103, 104, 105], and ANKE [63]. The new
data point at low energy seems high compared to the COSY-11 result at ¢ = 28 MeV
but it should be noted that this value was already increased by 50% compared to

that originally quoted [83]. This was achieved through a re-analysis of the data that

114



Table 6.1: Total cross section for the pp — ppK K~ reaction at different energies
measured at ANKE. The uncertainties are, respectively, statistical and systematic.
The results of previous measurements [48, 63| are also given.

T,]GeV] | ex+x-[MeV] o[nb]

2.57 [183] 23.9 6.66 £ 0.08 + 0.67
3.65 [48, 63] 51 6+1+1
2.70 48, 63] 67 30+2+3
2.83 [48, 63] 108 08 +8+ 15

2.83 [177] 108 Ol +3+ 114

included pp and K ~p final state interactions with ax-, = 1.5¢ fm [103]. It is there-
fore possible that a further increase might follow if the K+ K~ final state interaction
were included in the evaluation of the acceptance corrections as well as an effective
scattering length of ax-, = 2.45 fm was used instead. There seems to be less sen-
sitivity to the FSI assumptions at ¢ = 10 MeV, where the original re-analysis only
increased the total cross section by 20%.

It is clear from Fig. 6.9 that the four-body phase space cannot reproduce the
energy dependence of the total cross section. With the inclusion of the pp, KTK—,
and K ~p FSI, with an effective scattering length of ax-, = 1.5¢ fm, the data above
the ¢ threshold can be described well but those at lower energy are significantly
underestimated. An increase in the value of ax-, might help in this region but the
coincidence of strong effects in different two- or even three-body channels must also
bring the factorization assumption of Eq. 5.1 into question. The dashed line, which
represents a calculation within a one-boson exchange model [94], also underestimates
the near-threshold data. This model includes energy dependent input derived from
fits to the K*p — K*p total cross sections, though it does not include the pp final
state interaction.

The KK elastic and charge-exchange FSI both enhance the cross section at low

masses (0.9874 < I Mgy < 0.9953GeV /c?) and, since this region represents a larger

115



O, [ND]

10

T
—

L | | |
0 50 100

O[MeV]

FIGURE 6.9: Total cross section for the pp — ppK* K~ reaction as a function of
excess energy €. The present result (closed circle) is shown together with earlier ex-
perimental data taken from DISTO (triangle), ANKE (circles), COSY-11 (squares).
The dotted line shows the four-body phase space simulation, whereas the solid line
represent the simulations with ax-, = 1.5¢ fm. The predictions of a one-boson
exchange model are represented by the dashed line [94].

fraction of the total spectrum at low excess energies. It is clear that these will also
affect the energy dependence of the total cross section. As described before, the
KK final state interaction approach used here does not rely on knowing the basic
production mechanism. Even if one assumed that the major contribution to the cross
section came from a combination of ay and fy production, where these resonances
are described by Flatte shapes [184], this would lead to a similar structure to that of

the present work in the vicinty of the K K thresholds. Thus the observation of cusps
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or smooth enhancements at low K™K~ invariant mass may be due to the formation
of these scalar resonances, but should not be taken as evidence.

A full treatment of the dynamics of the four-body ppK ™K~ channel is currently
impractical. As a consequence, an energy dependence of ax -, is possible because this
is merely an effective parameter within a very simplistic description of the four-body
final state interaction. The strong K ~p final state interaction may be a reflection of
the excitation of the A(1405) in the production process, and it has been suggested [99]
that the production of non-¢ kaon pairs proceeds mainly through the associated
production pp — K*pA(1405). This would also lead to deviations from the simple
product ansatz for the final state interactions, for example because an attraction
between the A(1405) and the proton would involve three final particles.

The effective K~ p scattering length extracted here can be compared with the
scattering length extracted from other experiments. In earlier work, the data for
KN interactions came from scattering experiments performed from the 1960s to
the 1980s. However, the cross section data of K~ p did not constrain the scattering
amplitude sufficiently well, so that the extraction of K N scattering still suffered from
large uncertainties. While the energy shift AE and the width I' of kaonic hydrogen is

related to the K ~p scattering length ax-, via the modified Deser-type relation [81]:
AE —iT/2 = =2’ 12ag—p[1 — 2ax—ppea(l — Ina)], (6.3)

where o ~ 1/137 is the fine-structure constant and p, is the reduced mass. A precise
determination of ax-, is crucial for a reliable subthreshold extrapolation of the cor-
responding scattering amplitudes. Several previous kaonic hydrogen measurements
extracted AFE and I' have been published. The data from KEK [78, 185] gives the

K™ p scattering length ax-,:
ag-p = (—0.78 £ 0.15 £ 0.03) +4(0.49 + 0.25 + 0.12) fm, (6.4)
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and the DEAR experiment at Frascati [79, 80].

ar-p, = (—0.468+0.090(stat.)+£0.015(syst.))+:(0.302+0.135(stat.)+0.036(syst.)) fm,
(6.5)
Taking the recent measurement from SIDDHARTA collaboration [186], which leads

to much smaller errors, one obtains:
arx-p = (—0.65 + 0.15) 4+ 7(0.81 £ 0.18) fm, (6.6)

A combined analysis of antikaon-nucleon scattering cross sections and the SID-
DHARTA kaonic hydrogen data [187] gives the scattering length for the elastic K p
channel:

arc-p = (=0.687517) +(0.907513) fm, (6.7)

and the resulting scattering lengths for isospin I = 0 and [ = 1, i.e. ag and ay
are displayed in Fig. 6.10. It should be noted that in our ansatz the neglect of
K*p interaction will cause an extra attraction in the K~ p system, which willcause
our K~ p effective scattering length larger than the ones extracted from scattering

experiments and kaonic hydrogen data.

6.3 The pp — pp¢ reaction

6.3.1 Differential cross sections at T, = 2.83 GeV

As described in sec. 2.2, the pp¢ final state can be defined by two angular momenta,
[ is the orbital angular momentum of the two nucleons relative to each other, [y is
the orbital angular momentum of the ¢ meson relative to the two nucleon system.
The definition of the threshold energy region is [y = Il = 0, which can be quite
broad. In this case, the initial pp system should be in a spin triplet P wave state due
to the Pauli principle. Thus the total angular momentum and parity of the system

is J© = 17. Due to parity conservation, the initial angular momentum L must be
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FIGURE 6.10: Real and imaginary part of isospin 0 and 1 KN — KN scattering
lengths. The light shaded (green) areas correspond to the 1o region of our approach
around the central value (full circles). The darker (blue) areas correspond to the
1o region around central value (empty circle) from Ref. [179]. the cross and empty
triangles denote older experimental values from [180] and [181], respectively.

odd, thus the only allowed transition is from an initial state with L = 1 and parallel
proton spins (S,, = 1) to a final state with S,, = 0. In this case, the ¢ meson spin
must lie along the beam direction. The polar angular distribution of the decay kaons
in the ¢ meson rest frame should then display a sin? Hf distribution, where 9(;( is the
angle of a daughter kaon from the ¢ decay in the ¢ rest frame. The data collected
from ANKE at ¢, = 18.5 MeV [48] are consistent with such a dependence and any
deviation from this behaviour is a sign of higher partial waves. The isotropic angular
distribution of the ¢ meson in the center of mass (c.m.) frame indicates also that
the ¢ meson is produced in S wave. While the flat distribution of the proton polar
angle in the pp system [48] indicates the pp system I3 = 0.

To test these expectations, the angular distributions for the pp — pp¢ reaction

measured in this experiment and those of DISTO [47] are shown in Fig. 6.11. These
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FIGURE 6.11: (Color online) Angular distributions for the pp — pp¢ reaction (solid
circles) obtained in this experiment, where the systematic uncertainties are shown by
the hatched histograms, compared with the scaled DISTO data (open squares) [47].
The dotted curves represent isotropic distributions whereas the solid ones show fits
to the ANKE results. (a) The distribution with respect to the cosine of the K* polar
angle in the ¢ rest frame (Decay angle). The dashed curve demonstrates a sin® 9({5{
behavior. (b) The distribution in the ¢ polar angle in the overall c.m. system. The
blue, red and green curves are typical theoretical predictions from Refs. [182], [36]
and [1], respectively. (c¢) The distribution in the proton polar angle in the pp reference
frame relative to the incident proton direction (Jackson angle). (d) The distribution
of the proton polar angle in the pp reference frame relative to the ¢ direction (Helicity
angle).

distributions must be symmetric about cos@ = 0 and the data can be parametrized
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in the form:

99 _ 11+ b Py(cos)].

= (6.8)

where P, is the second order of Legendre polynomial. The numerical values of the

coefficients obtained from fitting the data are reported in Table 6.2.

Table 6.2: Values of the coefficients of Eq. 6.8 for the K decay angle with respect
to the beam direction, the c.m. production angle, and the helicity angle, deduced by
fitting the data of ANKE and DISTO [47]. The DISTO data have been scaled by
0.7 in order to allow a direct comparison of the two sets of results.

ANKE DISTO (scaled by 0.7)
a [nb/sr] b a [nb/sr] b
cos Qf 10.96 £ 0.23 | —0.11 £0.04 | 10.78 £ 0.50 | —0.27 £ 0.08
cos 6¢ 1 10.71 £ 0.21 0.21+0.04 | 10.81 £ 0.45 0.07 +£ 0.07
cos WP | 11.06 + 0.22 0.07£0.04 | 10.64 +0.64 0.30 £0.14

Quite generally, the differential cross section of the daughter of K from ¢ decay

is of the form:

do

1~ [(1 = poo) sin® 85 + 2pgo cos® 0% |, (6.9)

where poo = (1 + bx)/3 is a spin density matrix element. From the value of by given
as b value of cos Qf in Table 6.2 one can see that the ANKE results correspond
to poo = 0.30 + 0.01, which is close to the unpolarized value of % This is to be
compared with the value of pyy = 0.23 £ 0.04 reported by DISTO at the marginally
higher ¢, = 83 MeV [47] where, in both cases, only statistical errors are quoted.
These results indicate that the higher partial waves play an important role at even
relatively modest excess energies. A similar conclusion is reached in a study of the
available pn — d¢ data [102].

The angular distribution of the ¢ meson in the overall c.m. frame shown in

Fig. 6.11b is symmetric within experimental uncertainties. The ANKE data show a
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stronger anisotropy than those of DISTO, as evidenced by the larger b parameter in
Table 6.2, but the error bars of the DISTO data are significant. Theoretical calcu-
lations [36, 182, 1] can describe a non-isotropy in the experimental data reasonably
well, as shown in Fig. 6.11b. The angular distribution is expected to be isotropic
when the mesonic current is dominant, whereas the nucleonic current leads to a cos?
distribution. The angular distribution might therefore provide some information on
the NN¢ coupling constant [27, 36].

It could be interesting to compare our or the DISTO results of Table 6.2 with
the analogous measurement at COSY-TOF of the pp — ppw reaction at an excess
energy of 92 MeV [64]. Unfortunately, the error bars in the w angular distribution,
1.0+ (0.2340.26) Py(cos @), are too large to draw any useful conclusions as to whether
the shapes are similar or not.

The distribution in the proton polar angle measured in the pp reference frame
relative to the beam direction is nearly isotropic, as shown in Fig 6.11c. This is
consistent with the DISTO results. On the other hand, the analogous observable
relative to the ¢ direction shown in Fig 6.11d has some anisotropy. This feature,
which was also seen in the DISTO data [47], is evidence for a contribution from a
Pp final wave.

In neither the ANKE data at ¢4 = 76 MeV nor those of DISTO at €, = 83 MeV is
there an indication of any FSI enhancement in the proton-proton relative momentum
spectrum. The lack of such an effect can be understood by looking at the momentum
distributions of the ¢ meson in the c.m. system and relative momentum distribution
of the final protons in the pp reference frame that are shown in Fig. 6.12. The
contributions of the different partial waves obtained by fitting Eq. 5.8 to the ANKE
data are also indicated. From these one sees that, within the given parametrization,
the pp P-wave is completely dominant and this reduces considerably the influence of
the 1Sy pp FSL.
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FIGURE 6.12: (Color online) (Upper panel) Differential cross section for the pp —
pp¢ reaction as a function of the momentum of the ¢ meson in the c.m. system.
(Lower panel) Differential cross section for the pp — pp¢ reaction as a function of
the proton momentum in the pp rest frame. The systematic uncertainties are shown
by the hatched histograms. The curves show the fitted contributions of different
partial waves within the parametrization of Eq. 5.8.
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The invariant mass distributions of the ¢p system obtained in this experiment
and in the previous one at €4 = 18.5 MeV are presented in Fig. 6.13. For both
energies the data differ significantly from uniform phase-space predictions (dashed
curve). Calculations that include in addition the pp final state interaction (dotted
curve) can describe the data at e, = 18.5 MeV, but fail at ¢4 = 76 MeV, where the

higher partial waves of Eq. 5.8 are successful (solid curve).

6.3.2 Total cross section

Table 6.3: Total cross sections for the pp — pp¢ reaction at different excess en-
ergies. The data have been corrected for the ¢ — KK~ branching ratio. The
uncertainties are, respectively, statistical and systematic. The results of previous
measurements [48, 63] are also given.

T,[GeV] | g4[MeV] o[nb]
2.65 [43, 63] | 185 33+2+4
2.70 [48, 63] | 34.5 64 4+ 4+ 10
2.83 48, 63] | 76 133 4 12 + 27
2.83 [177] 76| 142.2 2.1+ 17.9

The acceptance-corrected invariant mass distribution of K+ K~ is shown in Fig. 6.14.
This distribution has been used to determine the total cross sections for ¢ production
measured in the pp — ppK ™K~ reaction at 2.83 GeV. The shape of the ¢ contri-
bution is given by the natural line shape of the ¢ meson folded with a Gaussian
distribution that takes into account the detector resolution. The total cross sections,
together with our previous measurements at different energies at ANKE, are sum-
marized in Table 6.3. The two data sets measured at €, = 76 MeV are consistent
within statistical uncertainties, though the precision of the current one [177] is much
higher. It should be noted that the total cross section for ¢ production has been
corrected for the branching ratio I'g+ i /Tor = 0.491 [5].

The total cross section for the pp — pp¢ reaction is plotted in Fig. 6.15a alongside
other existing near-threshold data [48, 47] as a function of excess energy 4. The
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FIGURE 6.13: The acceptance-corrected differential cross section as a function of
the ¢p invariant mass at excess energies (a) ¢4 = 18.5 MeV and (b) £, = 76 MeV.
The dashed curves show phase-space predictions, while the dotted cures include the
pp FSI. The solid curve represents the description of Eq. 5.8, with parameters being
taken from Table. 5.3.

error bars shown are quadratic sums of the systematic and statistical uncertainties.

If the coefficients A, were constant, apart from the explicit momentum factors in
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FIGURE 6.14: (Color online) The acceptance-corrected pp — ppK* K~ differen-
tial cross section as a function of the K™K~ invariant mass. The error bars in-
dicate only the statistical uncertainties; systematic uncertainties are shown by the
hatched histograms. The blue curve shows the non-¢ contributions within the fitted
parametrization, the red curve the four-body phase-space simulation of pp K+ K,
and the dotted histogram the ¢ contributions. The solid line is the incoherent sum
of the ¢ and non-¢ contributions.

Eq. 5.8, then these could be used to predict the energy dependence of the total cross
section. The resulting black solid curve, which by construction passes through the
76 MeV point, underestimates severely the low energy data. This behaviour comes
about because at 76 MeV the fit indicates that only a small fraction of the total cross
section corresponds to a Ss final state and, as seen in Fig. 6.15a, the contributions

from the higher partial waves decrease faster as threshold is approached. It therefore
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FIGURE 6.15: Total cross section for the pp — pp¢ reaction as a function of excess
energy 4. The present result (solid circle) is shown together with experimental
data taken from DISTO [47] (solid square) and previous ANKE measurements [48]
(open circles). (a) The data are compared to the black solid curve derived using Eq.
with the parameters taken from Table. The individual contributions from the S's
(dotted curve), Sp (dashed curve), Ps (dashed-dotted curve), and Pp (double dotted-
dashed) are normalized to their predicted values at 76 MeV. (b) The predictions of
Tsushima and Nakayama [36] (magenta), scaled to pass through the 76 MeV point,
underestimate the low energy data. Also shown are the predictions of Kaptari and
Kampfer [182] (green), which are very similar to those of three-body phase-space with
the inclusion of the pp FSI, the results within a resonance model Xie [1](blue), and a

one-pion-exchange model of Sibirtsev [52] (brown), and this plus exotic baryons [22]
(red).
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FIiGURE 6.16: Total ¢ and w production cross sections in pp collisions. The three
lines show the energy dependence of three-body phase space including the effect of
final state interaction normalized to the w (top) and ¢ (middle and bottom) cross
sections.

seems that there must be a strong energy variation in some of the Ay,, which might
be driven by a ¢p near-threshold enhancement.

If one ignores the information from the differential distributions derived in this
experiment, the energy dependence of the total cross section is close to the predictions
from Kaptari and Kampfer [182], which including mesonic and nuclenoic current
contributions are very similar to those of three-body phase space modified by the
effects of the pp FSI. This curve can fit most of the data in Fig. 6.15b because, unlike
the Ss curve, it takes the full strength at 76 MeV. The model of Tsushima and
Nakayama [36] includes also both nucleonic and mesonic current contributions but
gives too steep an energy dependence. Both models did not consider contributions
from nucleon resonances which, if they existed, would change the energy dependence

of the Aps. Also shown are the predictions of the resonance model of Xie et al. [1].
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FiGURE 6.17: The ratio of the total cross section of ¢ to w production in pp
collisions.

For ease of comparison, these have all been scaled to pass through the 76 MeV point.
On the other hand, the one-pion-exchange calculation [52], which fits the high energy
(¢4 > 1 GeV) ¢ production results, fails to describe any of the near-threshold data.
The model was subsequently extended through the inclusion of baryonic resonances
with masses close to the ¢p threshold [22]. This achieves a better description at lower
energies, as shown in Fig. 6.15b. It is clear from this discussion that the behaviour
of the total cross sections is insufficient by itself to distinguish between different
theoretical models; such calculations must be tested against differential spectra of

the type presented here.
6.3.3 ¢/w ratio

The total cross sections for the pp¢ and ppw reactions presented in this thesis is

plotted in comparison to the other existing data Fig. 6.16. With the new total cross
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section of ¢ meson production, we can investigate further the ratio Ry, of the total

cross sections for ¢ meson to w meson production by:

Ry o(pp — pp9) (6.10)

o(pp — ppw)

D
o
o

Counts/ 1 MeV
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FIGURE 6.18: The K™K~ invariant mass distributions in pC' collision at T, =
2.83 GeV, not corrected for acceptance. The dotted histogram and the dashed curve
represent the ¢ events and the background, respectively.

Taking the recent measurement of the total cross section for w production at
€ = 92 MeV with a proper extrapolation, one can get the ratio Ry, normalized by
Rozr = 4.2 x 1073 to be 5.6+1.1. It is presented as the green circle in Fig. 6.17,
together with the other existing data. In theoretical predictions, the coupling of the
¢pm and wprm ratio should also be equal to Rpz;. However, the experimental ratio
deduced from 7N interaction gives a value of (3.24+0.8) x Rozr [53], which indicates
that the decay of ¢ — pr itself violates OZI rule. Thus, theoretical models based on
these coupling constants should give a ratio of Ry, ~ 3 x Roz;. The experimental
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FIGURE 6.19: (Preliminary result) (Left) The plot of the invariant mass of K* K p
versus KK~ invariant mass. (Right) The invariant mass distribution of K* K p
with and without non-¢ cut I Mg+ - < 1.014 GeV/c?.

Counts/4 MeV

1.95 2 2.05 21 1.9 1.95 2 2.05 21
2 2
M., p[GeVic?] M. p[GeVic?]

FIGURE 6.20: (Preliminary result) (Left) The invariant mass distribution of K* K~ p
with and without a ¢ cut. (Right) Contributions to ¢ production from two-step
processes, no angular distribution taken into account.

measurements show that the ratio at high energies ¢ > 1 GeV is consistent with

3.2 X Rozr, whereas the near ¢ threshold Rpyz; significantly exceeds this value.
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The current estimate of the pp — pp¢ total cross section at 76 MeV given in
Table 6.3 is only a little higher than our previous value [63]. The conclusion drawn
there, that the ratio of this to the cross section for w production is about a factor of

six above the OZI limit, is therefore still valid.
6.4 Searching for ¢p bound state in pA reaction

The K"K~ invariant mass spectra measured at 7, = 2.83 GeV in pA reaction look
similar for the four targets and the result for *C target is presented in Fig. 6.18. A
clear peak of the ¢(1020) meson sitting on a background of K* K~ together with a
small amount of misidentified events has been observed.

If the produced ¢ meson has a slow velocity, it can interact with another proton
and then form a ¢p bound state [15], which decays into a KK~ p final state. One
can perform a triple coincidence detection of kinematically correlated K+, K~ and
proton using the same technique for pp collisions. In order to identify clearly the
signal of a ¢-N bound state, other possible background contributions to the KK p
final state should be studied carefully. The study [20] shows that the dominant
background contribution is the reaction channel, in which a ¢ meson decays into
K*K~ without the formation of a ¢-N bound state. In order to remove such a
background, a detailed Monte Carlo simulation has been carried out, which shows
that additional cuts on the momentum correlation between proton and K+, and the
invariant mass of the K, K~ and proton system can clearly separate the signal of
a ¢-N bound state from the backgrounds.

Fig 6.19 shows the invariant mass of K+ K " p versus KK~ invariant mass dis-
tributions, and the invariant mass distribution of K+ K~ p without and with a cut
on the I M+ - < 1.014 GeV/c? Due to the loose binding, a ¢-N bound state may
directly decays into K+ K~ p which requires the K™K~ pair stem from non-¢ region.
Moreover, if one assume that the binding energy of ¢-N bound state is 1.8 MeV,
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the corresponding ¢-N mass should be around 1.956 GeV/c?. However, no obvious
evidence in current analysis indicates the existence of a ¢-N bound state due to the
low statistics. Anyhow, the corresponding invariant mass distribution of ¢p has also
been investigated. A cut on the ¢ region (1.014<IM g+ - <1.024 GeV/c?) is applied,
the invariant mass of K+ K~ p is shown in Fig. 6.20, the shaded area represents ¢p
events after cuts.

It should be noted that sizeable excesses have been observed in the numbers of
¢ mesons produced with momenta below 1 GeV/c [25]. These are not reproduced
by the models employed and might suggest some enhancement in the low mass ¢N
systems. In order to get a deeper insight about the ¢-N bound state, more theoretical

calculations and experimental data are required.
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7

Summary and outlook

We have presented the differential and total cross sections for the ¢ meson and non-
¢ kaon pair production at a beam energy of 7, =2.83 GeV, as well as those for
kaon pair production at 7T}, =2.57 GeV. All the reactions were identified through a
triple coincident detection of a K K~ pair and a forward-going proton in the COSY-
ANKE magnetic spectrometer, with an additional cut being placed on the missing
mass spectrum.

The main feature of the non-¢ data is the very strong distortion of both the
K~p and K~ pp spectra by the K~ p final state interaction. Such distortions are
even stronger in the low energy data, and can be explained quantitatively within
an effective K~ p scattering length ax-, = 2.45¢ fm. This is to be compared with
the 1.5 fm obtained from the analysis of data measured above the ¢ production
threshold. A full treatment of the dynamics of the four-body ppK* K~ channel is
currently impractical. As a consequence, an energy dependence of ax-, is possible
because this is merely an effective parameter within a very simplistic description of
the four-body final state interaction. The strong K~ p final state interaction may be

connected with the A(1405) in the production process and it has been suggested [99]
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that the production of non-¢ kaon pairs proceeds mainly through the associated
production pp — K"pA(1405). This would also lead to deviations from the simple
product ansatz for the final state interactions, not least because an attraction between
the A(1405) and the proton would involve three final particles.

Our results also show a very strong preference for low K~ pp masses and this
effect seems to be even more pronounced than in the higher energy data [63, 177].
Although this might be connected with the ideas of a deeply bound K~ pp state [128,
109, 111, 129], it must be stressed that our data were measured far above threshold.
They should not therefore be taken as necessarily implying that the K~ will bind
with two protons.

There is strong evidence for a cusp effect arising from the K°K° = K+ K~
transitions. Our analysis within a coupled-channel description suggests that, with
the values of the KK scattering lengths used, the production of isospin-zero KK
pairs dominates. Though this is consistent with results extracted from data taken
above the ¢ threshold [96, 177], there is clearly room for some refinement in the
model. On the other hand, the structure of the K~ p invariant mass spectrum in the
1437 MeV/c? region suggests that there might be important coupling also between
the K~p and K°n systems.

It is evident that the interactions in the four-body ppK* K~ final state are ex-
tremely complex. Nevertheless, the energy dependence of the total cross section can
be well described above the ¢ threshold by introducing the effects of the pp, K+ K~
and K~ p final state interaction with an effective scattering length of ax-, = 1.5¢ fm.
This would, however, have to be increased to have any hope of fitting the lower
energy data. Further theoretical work is required to clarify the reaction mechanisms.

Having a good description of the background, it was possible to derive detailed
invariant mass and angular distributions for the pp — pp¢ reaction. Although the

DISTO collaboration [47] showed the significance of higher partial waves at the
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marginally higher excitation energy of ¢4 = 83 MeV, they did this mainly on the
basis of relative momentum spectra. Their conclusion is confirmed unambiguously
by the angular distributions presented in this thesis. For example, at €, = 18.5 MeV
the ¢-meson is completely aligned, as it has to be in a Ss final state [48]. In con-
trast, in the present data the emerging ¢ is almost unpolarized and this clearly
signals the presence of higher partial waves. This is consistent with the evidence
from the momentum distributions, which also show the dominance of P waves in
the final pp system. This explains why the 1Sy pp FSI, which is so important at
g4 = 18.5 MeV [48], is not observed at 76 MeV. Furthermore, in contrast to the
DISTO result [47], clear anisotropy was observed in the ¢ c.m. angular distribution
and this can be ascribed to the contribution from p wave. This angular distribution
might provide information on nucleonic current contributions and the N N ¢ coupling
constant [27, 36].

Even if one considers only a few partial waves, there are simply too many param-
eters to perform useful fits and only typical Ss, Sp, Ps, and Pp contributions were
considered in Eq. 5.8. The fitted data show that the contribution of the final Ss wave
to the cross section represents only a small amount of the total at ¢4 = 76 MeV. As
a consequence, the extracted parameters predict a total cross section that grossly
underestimates the measurements at lower energies.

The simplest way out of the total cross section dilemma would be to assume that
a ¢p threshold enhancement leads to a significant energy dependence of some of the
A coefficients. In this context it is interesting to note that the large contribution
of the Pp wave to the pp — ppn cross section at an excess energy of 72 MeV was
ascribed to a strong np FSI driven by the N*(1535) isobar [188]. Against the ¢p
enhancement hypothesis is the fact that the large excess of events in the ¢p invariant
mass distribution at low masses can be explained in the partial wave fitting of Eq. 5.8,
without including any ¢p enhancement. We have not, however, shown that the fitting
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of the data is unambiguous and there could be other truncated partial wave forms
that might be equally successful. Furthermore, from the start we have not included
any final state interaction between ¢ and protons in the parametrization. There
could therefore be a possible trade-off between some of the partial wave parameters
and an FSI in the ¢p system. Nevertheless, the phenomenological parametrization
is sufficient for acceptance correction and it describes well most of the differential
distributions.

In the parametrization of Eq. 5.8, the coefficients Ay, were taken to be constant
and no resonance effects were included. Recent theoretical studies have suggested
that bound states or resonances might be formed in the near-threshold ¢p system [15,
129] and, if so, they would certainly influence the behaviour of some of the Az,. In
this context, it is interesting to note that a bump was observed in the near-threshold
¢ meson photoproduction from hydrogen by LEPS [189] and in the preliminary
results of CLAS [190]. Furthermore, it seems that s-wave production of the ¢ in the
pd — 3He X reaction is anomalously large compared to the w and 7’ mesons [191].
Such effects might even be part of the explanation for the violation of the OZI rule
in the ratio of ¢ to w production. Alternatively, it is possible that other strangeness
production channels could influence the energy dependence of the pp — ppK+ K~
reaction [192, 193, 194].

Although some theoretical models have been able to describe a posteor: the pub-
lished total cross sections for ¢ production, calculations of differential distributions
with which to compare our experimental data are rather limited. It is only when a
model is tested against a range of differential distributions, as presented here, that
some credence can be given to the model. Total cross sections are insufficient and

more theoretical work is therefore required.
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Appendix A

MEE distribution

mu

The Kt K~ invariant mass distribution for the reaction pp—ppop—ppK K~ is given

based on the phase space model,

do 1 VSi—miK 5
deK = 214ﬂ8p¢mS-J2 |M| PKKPpPK dmpp dQKK de dQK
r 1
x =2 (A1)

2m (mgx —mg)? +15/4°

where M is the invariant ampitude.
Py P, and Py denotes the momentum of the KK system in the initial center
of mass system, the relative momentum of final protons and the relative momentum

of kaons, respectively, and is given by

Py = f(VSi,mppmik),
Pp = f(mppa mpy, mp)a
PK = f(mKKamkamk)7

where f(M,my,my) = [(M? — (my + m2)?)(M? — (my —my)?)]Y2/2M.
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The normalization of M to the invariant amplitude My of the reaction pp—pp¢,
4qr?
IMJ* = — M,
Py

where P{ denotes the momentum of decayed kaon in the rest frame of ¢-meson.
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Appendix B

Summary of non-thesis work

In addition to the subject of this thesis on experiments performed at COSY-ANKE,
I was also involved in three experiments carried out at the High Intensity ~-Ray
Source (HIvS) facility located at the Duke University Free Electron Laser Laboratory
(FEL). The first one was a beam test of Compton scattering from ®He, which was
carried out in March 2013. The second was the three-body photodisintegration of
3He with double polarizations. And the last one was a beam test of two-body
photodisintegration of 2 He. The following sections provide a summary of these three
experiments. This section focuses on the design and build of a solenoid target, which

was mostly designed and built by me, as well as the beam test for Compton scattering

from 2 He.

B.1 Polarized 3He Targets

Naively, one would use a neutron target to study the structure of the neutron. How-
ever, due to the short lifetime (less than 15 minutes), no stable free neutron targets

exist in nature. Instead, a polarized *He target has been used as an effective po-
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larized neutron target because of its unique ground state spin structure (two proton
spins cancel each other). In the ground state, the spin of polarized 3He is carried
mostly by the neutron.

The polarized ® He target is based on the principle of spin exchange between opti-
cally pumped alkali-metal vapor and noble-gas nuclei [195, 196, 197]. The polarized
3He target is a glass cell that contains 6-7 atmospheres of *He gas. To improve the
optical pumping efficiency, a small quantity of Ny was used as a buffer gas. The
cell is separated into two chambers: a pumping chamber and a target chamber. The
cylindrical target chamber has a length of 40 cm. The ®He target has to be placed
in a homogeneous holding magnetic field during the optical pumping. The magnetic
fields gradients can contribute to the depolarization of polarized 3He.

In our labs, there are two different methods to provide the uniform magnetic field:
one method is using Helmholtz coils, the other one is via solenoid. The Helmholtz
coils were used in the experiments of Three- and Two body photodisintegration of

3He, while the solenoid was designed for Compton scattering from 3 He.

B.2 Compton Scattering on *He

B.2.1 Motiwation

Understanding the nucleon structure is one of the major goals of nuclear physics.
Electric and magnetic polarizabilities of the nucleon are quantities which describe
the response of the nucleon to an external electromagnetic field. These two polar-
izabilities are named ag and (), indicating the ability of the nucleon to produce
induced dipole moments under the external electric and magnetic field. Another set
of fundamental quantities related to the nucleons structure are nucleon spin polariz-
abilities, which characterize the stiffness of the nucleon spin. These quantities can be
studied by polarized Compton Scattering on nucleons. Especially, double polarized

Compton Scattering from *He provide a tool to extract the neutron polarizabili-
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Ficure B.1: (Color online) One Nal detector with core-and-threshold structure for
rejecting comsimic events.

ties [198]. Such an experiment has been proposed at a photon energy of 125 MeV at
HI~S with circularly polarized photons on a high-pressure polarized 3 He target. The
scattered photons were detected by the HIyS Nal Detector Array (HINDA), which
consists of eight Nal detectors (16.25 in.(diameter) and 12 in. (length)). One Nal

detector is shown in Fig. B.1
B.2.2  Ezxperimental apparatus

The Helmholtz coils will not be used in this experiment in order to position the Nal
detectors near the polarized 3He target. A single layer solenoid is therefore developed
to provide the holding field for the polarized 3He target.

The solenoid is in a single layer configuration and wound around 106 cm long
PVC pipe (40.64 cm in diameter) by using 1.02 mm copper wire (AWG 18). The
number of turns of the solenoid is 1000. The coil winding system is established in
the machine shop of Physics department. After the winding, we applied epoxy to
glue the wire together.

For mapping the magnetic field (Bx, By, Bz) inside the solenoid, a magnetic field

mapper is designed by using a motor-system, a Gaussmeter, two different probes
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(one is for Bz, the other for Bx (By)) and a data acquisition system, see details
in [199]. The probes are placed on an non-magnetic arm, and the arm is capable
of incremental three-axis motion by using a three-axis motor. With the motor, the
probes can scan different points in space by step of 0.5 in. Inside the solenoid, the
cylindrical axis of the target chamber is not the same as the axis of the solenoid, the
offset is about 6.12 cm. A cuboid which includes the target chamber and pumping
chamber is scanned as region of interest (ROI). The whole system is controlled by a
PC which can store the magnetic field values and position coordinates (x, y, z) into
a file for future analysis.

A pair of Tungsten collimators was employed in the experiment. The goal of
the target collimators is to shield photons generated from the target windows, which
are major background contributions to the elastic Compton scattering events. Each
collimator is a 9.5 ¢cm long tube with 7.2 cm (2.83 in.) outer and 3.2 cm (1.26 in.)
inner diameter. The inner diameter is 0.2 cm larger than the diameter of the target
chamber, so that we can move the collimators without scratching the cells.

Considering the limited space inside the solenoid, a careful and feasible design
of the target system is developed. Fig B.2 shows the conceptual design of the 3He
target system. The support design for this target system is not shown here since it
depends on the design of the table for the HINDA system. During the experiment,
a 3He target cell and a Ny reference cell (a cell used for background measurement,
has the same dimension of the target cell but filled with Ny instead of *He) can
move up and down together with the solenoid, in and out of the y-ray beam by a
motor-controlled support.

A combination of rails and bearing balls are used to move each collimator along
the target chamber axis in the horizontal plane by using another motor system. In
this way, we can switch between two different sets of target cell with collimators and

reference cell with collimators to study the signal and background. The collimator
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FIGURE B.2: (Color online) The design of 3He target system for the Compton
Scattering experiment.

movements are labeled as arrows shown in Fig. B.2. In order to make the alignment
simple, we plan to align the target cell, reference cell and collimators without the
solenoid with lasers first. After the alignment, the solenoid is in to the designed
position with the target system inside, instead of moving the aligned cells and the
collimators.

The new target system has been built in our lab, as shown in Fig. B.3.
B.2.3 Beam test

In the experiment, background contributions need to be taken care of, such as the
cosmic radiation, scattering photons from the air and the target windows, and scat-

tered photons from N, in the target cell and so on. In order to understand the
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FIGURE B.3: (Color online) The ne 3He target system in the lab.

background contributions, a 60 hours beam test was performed at 87+4 MeV in
March 2013. In the beam test, an unpolarized 3 He target cell was used. The average
beam flux was 6.7 x 105y/s. Six Nal detectors were positioned at three angles (40°,
87°, and 130°).

In order to suppress backgrounds, several apparatus were installed. Tungsten
collimators were placed around both ends of the target chamber in order to reject
the scattered photons from the target windows. Lead walls were positioned upstream
of the target to suppress the beam induced background. Vacuum pipes were used
to reduce the scattered photons from the air. The pulse-nature of the beam time
structure and anti-coincident measurements between Nal core and shield were used
to remove the cosmic events. The beam test data were analyzed by X. Yan and S.
Jawalkar. The result is shown in Fig. B.4.

The Compton events are expected between 80 and 90 MeV in the Nal core.
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FIGURE B.4: (Color online) *He run data in one Nal detector at 40°. Blac line: no
cut applied. Red line: only an anti-coincidence-shield cut applied. Magenta line: a
cut of beam-time-stucture applied. Blue line: with both cuts [202].

Considering the low cross section of Compton scattering, eight events are expected
in the test configuration. Therefore, the result is consistent with our expectation,
and indicates that we have a good control of the background. Further study [202]
shows that the major contribution comes from cosmic radiation.

Therefore, additional criteria are required to reject cosmic background in order
to observe Compton events. Moreover, high photon flux is crucial and necessary for

perform the double polarized experiments.
B.3 Three-body photodisintegration of 3He

The three-and two body photodisintegration of 3He experiments are the thesis
projects of G. Laskaris. I have wrote the basic codes for Geant4 simulations of both
Three-body and two-body reactions. Moreover, I also involved in the data analysis

of three-body experiment, and took shifts for the beam test of two-body experiment.
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All the data and figures shown in this and next section are from G. Laskaris.
B.3.1 Motiwation

The three- and two body photondisintegration of 3He with double polarizations
are important in testing state-of-the-art three-body calculations [203]. The spin-
dependent total cross sections from the photodisintegration of > He below pion pro-
duction threshold are of further importance for investigating the Gerasimov-Drell-

Heam (GDH) sum rule [200, 201].
B.3.2  The Experiment

The measurements of three-body photodisintegration of *He using a longitudinally
polarized 3He target and a circularly polarized y-ray beam with beam energies of
12.8 and 14.7 MeV. A schematic view of the experimental apparatus including the
3He target and detector system is shown in Fig. B.5. A high-pressure *He cell was
employed as a target. The target cell was a one-piece glassware made of Pyrex glass.
The Helmholtz coils were used to providing the holding field for the target system.
Sixteen liquid scintillator detectors were used to detect the neutrons generated from
the three-body photodisintegration of *He. These detectors were positioned 1 m
away from the center of target at angles of 30°, 45°, 75° 90°, 105°, 135°, 150°,
and 165°. p-metal tubes were used around the photomultiplier tubes to shield the
outside magnetic field. A cylindrical D50 cell along with two neutron detectors was
employed to monitor the flux of y-ray [203].

The selection of the neutron events from 3He was based on cuts on the Pulse
Height (PH), time-of-flight (TOF), and Pulse shape discrimination (PSD) values. A
PSD cut was first applied to the > He target data to remove photon events. Then, a
PH cut was applied to determine the detector efficiency. The same cuts were applied

to the data taken with the N reference cell to subtract the background. The neutron
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SHe Cell

FIGURE B.5: (Color online) Shematic view of the experimental apparatus.

detection efficiency varies rapidly as a function of neutron energy below 1.5 MeV.
Therefore, we report cross sections only for neutrons with energies above 1.5 MeV

as defined by the TOF cut [203].
B.3.3  Results

Figs. B.6 shows the spin-dependent double-differential cross sections at an incident
photon energy of 12.8 MeV as a function of the neutron energy at lab angles of 75°,
90°, and 105°. The dashed and solid curves are the GEANT4 simulation results using
as cross section inputs the calculations provided by Deltuva et al. and Skibinski et
al., respectively. The band in each panel shows the overall systematic uncertainties
combined in quadrature. The spin-dependent double differential cross sections for
the rest of the scattering angles will be presented in a future publication. The results

for a photon energy of 14.7 MeV can be found in [203].
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Ficure B.6: (Color online) Experimental spin-dependent double-differential cross
sections for parallel (left panel) and antiparallel (right panel) states as a function of
the neutron energy E,, at ¥=12.8 MeV compared with the calculations of Deltuva et
al. (dashed curve) and Skibinski et al. (solid curve). The bin width is 0.2 MeV. The
band shows the combined systematic uncertainties [203].

The overall shape, magnitude, and location of the neutron peak in the exper-
imental results are described better by the calculations of Deltuva et al. Further,
studies show that the differences between Deltuva et al. and Skibinski et al. are
dominated by the proton-proton Coulomb force that is included only in the calcu-
lations by Deltuva et al. with all other ingredients playing a minor role in these
differences. Therefore, one can conclude that the inclusion of the proton-proton
Coulomb repulsion in the calculations is important for this process.

Fig. B.7 shows the contributions from three-body photodisintegration to the 3He
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Ficure B.7: (Color online) GDH integrand results with statistical uncertainties
only compared with the theoretical predictions from Deltuva al. (dashed curve) and
Skibinski et al. (solid curve).

GDH integrand together with the predictions based on the calculations of Deltuva
et al. and Skibinski et al. as a function of the incident photon energy. Our data
are in very good agreement with predictions of Deltuva et al. Both predictions
show that the GDH integrand maximizes at 16 MeV and decreases significantly
after 40 MeV. As such, extending these measurements to higher photon energies
and carrying out measurements on two-body breakup channel will provide crucial
tests of the differential cross sections, the energy dependence of the predictions, and
whether the contribution to the GDH integral is indeed dominated by the three-body
channel below the pion threshold. These measurements, when combined with data
above pion threshold from other laboratories, will directly test the *He GDH sum
rule prediction. They will also provide a unique test of how effective a polarized 3He

target is a polarized neutron target.
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Ficure B.8: (Color online) The proposed SSB detection system for two-body mea-
surements [204].

B.4 Two body photodisintegration of *He

In the following sections, I would like to present the beam test results from the two-

body photodisintegration of He. The results were analyzed by G. Laskaris [204].
B.4.1 The Experiment

A cell similar to the 3He cell used in the three-body breakup experiment will be
employed in the two-body experiment. The main difference is that the wall thickness
of the chamber will be a uniform 700 gm. The 3He density of the new cell will
be about 4 amg. The protons from the two-body photodisintegration of *He are
detected by 72 fully depleted Silicon Surface Barrier detectors (SSB). Fig. B.8 shows

the schematic of the proposed experimental layout.
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B.4.2 Beam test

The beam test was performed in April 2013 at an incident photon energy of 30 MeV
with an energy spread of AFE/E ~ 3%. The protons from the two-body photodisin-
tegration of unpolarized *He were detected by sixteen fully depleted Silicon Surface
Barrier detectors (SSB). The detectors were positioned at scattering angles of 45°,
70°,95° and 120° (four detectors at each angle), and ~11 cm away from the center
of the 3He target cell.

The photon flux was monitored using a 5-paddle system that was calibrated
using a Nal(Tl) detector. Additionally, a D2O cell along with two liquid scintillator
detectors, positioned downstream of the target served as a second flux monitor. The
detectors were placed at 90 © with respect to the beam axis and counted the neutrons
coming from the d(y,n) and O(vy,n) reactions. The ~-ray beam was collimated using
a 12 mm collimator and the photon flux was estimated to be ~ 3 x 107y/s. Fig. B.9

shows the acquired spectra from the April 2013 beam test.
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FIGURE B.9: The proton energy spectra from 2-body 3He photodisintegration (black
line) in comparison with the reference cell background (red line) normalized to the
same integrated flux [204].
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