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The cascade (Ξ) hyperons provide a unique method to study the flavor inde-
pendence of quantum chromodynamic (strong force) interactions. By comparing
the Ξ spectrum to the light-quark baryons (N’s and ∆’s), this symmetry can be
investigated. Furthermore, a search for strange-quark resonances having quan-
tum numbers not in the SU(3) ordering provides a test of the phenomenological
model: the eightfold way.

The cascade spectrum is studied with the g12 experiment which consisted
of a bremsstrahlung photon beam from threshold to 5.4 GeV on a hydrogen
target using the CLAS detector at Jefferson National Accelerator Facility. The
excitation functions were measured for the Ξ−(1320) and Ξ∗−(1530) in the re-
action γp → Ξ−K+K+ and an order of magnitude improvement was obtained
over previous CLAS experiments g6 and g11. Photoproduction of both states
plateau 1.7 GeV above the threshold beam energy and the total cross section
remains constant at ∼ 9 for the Ξ−(1320) and 2 nb for the Ξ∗−(1530) up to
the maximum beam energy measured. Our data supports the Nakayama et al.
model[41] for Ξ− photoproduction based on processes with several intermedate
Y∗ states.

Total cross section upper limits for photoproduction of Ξ∗− states at 1620,
1690 and 1820 MeV were found to be 0.78, 0.97 and 1.1 nb respectively, with a
confidence level of 90%. This is found to be consistent with the vector-meson
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dominance model of the photon. In addition, several iso-exotic states — the
often controversial Ξ−−, Ξ+, Σ−− and Σ++ states — were qualitatively looked
for in the data and no evidence was found with an estimated 100 nb sesitivity.
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Introduction

The field of particle physics seeks to understand the nature of matter at a fun-
damental level. Physicists have always wished to know how mass and energy
come about and how they interact with each other and the universe. Democri-
tus’ hypothesis of the atomic structure of matter, put forth over 2500 years ago,
has prevailed as one of the most profound advancements in the natural sciences.
Yet, only in the last two centuries have we made progress in identifying and
categorizing the basic constituents that compose this universe.

Great progress has been made in our understanding of matter starting with
the discovery of the atom as an electrically positive nucleus surrounded by neg-
atively charged electrons as proposed by Rutherford and Bohr[1] in 1911 and
depicted in Fig. 1(b). It was found by Chadwick[2] in 1932 that the nucleus con-
sists of protons and neutrons, and in 1937, Stern et. al.[3] found evidence that
protons were not point-like as electrons seemed to be, but had some internal
structure. During the ensuing couple decades, cosmic-ray and collider experi-
ments revealed new particles that did not fit the proton-neutron-electron scheme
of matter, and several new classes of subatomic particles including K-mesons
and hyperons were identified.

In 1964, Gell-Mann organized many of these experimentally seen particles
into what he called the eightfold way. For the first time, subatomic particles were
organized so that their properties and quite literally their very existence could
be predicted. In fact, Gell-Mann’s organizational model successfully predicted
the existence[4] of an unknown particle known today as the Ω− baryon. From all
the known resonances that were observed (more than 20 at the time) Gell-Mann

Figure 1: A block of matter (a) is made of atoms (b) which consist of electrons
orbiting a positively charged nucleus (c). The nucleus is comprised of
protons and neutrons which are each made of three valence quarks (d).
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Table 2: The six flavors of quarks which make up all hadronic matter in the Standard
Model. All have spin 1

2
. The current-quark mass is shown in MeV for each[8].

electric Generation
charge I II III

2
3

up (u) charm (c) top (t)
3 1300 171k

− 1
3

down (d) strange (s) bottom (b)
5 105 4.2k

found that he could describe their properties quite naturally by the existence of
three constituents — the up, down and strange quarks which have half-integer
spin and fractional electric charge. Over the past 50 years, three additional,
heavier quarks have been added for a total of six which are categorized into
three (and likely not more than three[5, 6]) “generations” as shown in Table 2∗.

This theory, for which Gell-Mann won the Nobel Prize, formed the basis for
what is known as the Standard Model of particle physics. The ideas behind
this model retained the atomic structure of matter, and extended it to the
interacting forces between particles. Protons and neutrons became part of a
family of particles called hadrons, while electrons became part of a family of
particles called leptons. The forces between these particles were then mediated
by exchange of other particles called bosons; the photon for example is the force
carrier of the electromagnetic interaction.

Hadrons are complex particles making them difficult to understand. Unlike
the simpler point-like leptons, they are composed of two or more quarks and/or
anti-quarks. The quarks themselves carry a unique three dimensional charge
called color. The color-charge for quarks can be one of three colors: red, blue
or green. The color-charge for anti-quarks can be one of three colors: anti-red,
anti-blue and anti-green.

Quarks and anti-quarks do not exist in isolation, but are found only in
specific combinations. Experimental observation has shown these combination
to be colorless. Three quarks in combination, whose colors are red, blue and
green, are colorless. One quark and one anti-quark in combination with opposite
colors, such as red and anti-red, is also colorless. The three-quark combination
is called a baryon and the quark-anti-quark combination is called a meson.

This dissertation describes the work done to gain understanding of nucleon
structure via measurement of the excitations of baryons, the lowest lying states
(lowest in terms of mass) which can be organized by SU(3) symmetry[7], using
the three lightest quarks: up, down and strange, as shown in Fig. 2. Quantum
chromodynamics, or QCD, is the leading theory to describe the strong force or the
interactions between quarks which give rise to the nucleon structure. However,

∗In this work, we use units where the speed of light (c) and Planck’s constant (~) are equal
to unity, making the units for mass, energy and momentum that of electron-volts (eV); the
division by multiples of c is implied.
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it is analytically insoluble and only recently have computing techniques with
lattice QCD been able to produce reliable results.

The modern formalism used to describe mass and the forces governing the
interaction between masses is not the familiar F = ma of Newton, but what is
known as Lagrangian formulation. This is a way of encoding the equations of
motion so that symmetries that correspond to conservation laws become easily
accessible. The formulation consists of a single function, called the Lagrangian,
which contains all the fundamental particle interactions. It is an abstraction
from which the equivalent of F = ma may be derived — though generally
this is not done directly. Furthermore, we currently lack the capability to do
so analytically for the “strong” interactions between quarks. The Lagrangian
of QCD (LQCD) which governs the interactions of quarks and their intermediary
fields, gluons, is given as

LQCD = ψi

(

iγµ (Dµ)ij −mδij
)

ψj −
1
4
GaµνG

µν
a , (1)

where ψi is the quark field of flavor i, Gaµν is the gluon field strength tensor for
color-charge a:

Gaµν = ∂µG
a
ν − ∂νGaµ − gfabcGbµGcν , (2)

and m is the mass of the quark. The term (Dµ)ij consists of the self interaction
for the quarks and the interaction between the quarks and the gluon fields:

(Dµ)ij = ∂µδij − gGaµγµT aij . (3)

Inserting this into the Lagrangian yields

LQCD = iψiγ
µ∂µψi − ψimψi − gψiGaµγµT aijψj −

1
4
GaµνG

µν
a , (4)

where the first term is quark self interaction, the second term depends on the
quark mass (a subtle issue that is discussed later), the third is the quark-gluon
interaction, and the last term contains the gluon-gluon interaction. The T aij are

�
�

�
��

T
T
T
TT

T
T

T
TT

�
�
�
��

v v

v v

v vv
v

n p

Ξ
−

Ξ
0

Σ+Σ−
Σ0

Λ

s = 0

s = −1

s = −2

q = −1 q = 0

q = 1

T
T
T
T
T
T
T
T
T
T
T
TT

�
�

�
�

�
�

�
�

�
�

�
��

vvv v

v vv

v v

v

∆
−

∆
0

∆
+

∆
++

Ξ
∗−

Ξ
∗0

Σ∗+Σ∗− Σ∗0

Ω−

s = 0

s = −1

s = −2

s = −3

q = −1

q = 0

q = 1

q = 2

Figure 2: Organization of the lowest lying baryons in the octet and decuplet of Gell-
Mann’s eightfold-way.
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the SU(3) generators which can be represented by the Gell-Mann matrices —
these are the SU(3) analog of the Pauli matrices. In the quark-gluon interaction
term, g is a constant and the same for all quarks. It may scale with the energy
of the interaction, but is flavor independent. Therefore, this theory suggests all
quark-gluon interactions are independent of quark flavor.

Notice, the mass term (second in Eq. 4) is the only one that is dependent
on the quark flavor. Therefore, as far as QCD is concerned, the quark-quark
interaction should manifest itself with a simple relation between the masses of
particles made of QCD quarks. A direct consequence of this is that the excitation
spectra of baryons, three quark states whose binding energy is dominated by
QCD, should be independent of the flavor of the constituent quarks. Moreover,
the light baryon resonances, those made from up and down quarks only, will be
governed by the same interactions as the doubly-strange baryons (i.e. those with
two strange quarks and one up or down quark). The result is that the spectra of
these two will have nearly identical shapes. Each light octet (N∗) and decuplet
(∆∗) state will have a corresponding octet or decuplet Ξ∗ state. This will also
hold for singly-strange baryons as discussed in the following sections. The phrase
“nearly identical” was used because the doubly-strange cascade states have two
identical strange quarks and therefore their spectrum contains no singlets, so
there are no Ξ∗ analogs to the singlet Λ∗ states for example.

A perfect one-to-one correlation should not be expected. There will be
electro-weak corrections due to the charge of the quarks via quantum electro-
dynamics (QED). Furthermore, there are spin-spin and spin-orbit energies that
can contribute a shift in the mass differences when a d quark is replaced by an s
quark. Once all these effects are taken into account, mismatching states in the
spectra can be interpreted as some new physics not included in LQCD of Eq. 1.

The masses shown in Table 2 are what is known as the bare or current-
quark masses. These are the best estimates of what the masses would be for
free quarks — that is, outside the influence of an external QCD potential. These
values are the quark masses that would be inserted into the QCD Lagrangian
provided it was solvable analytically, but there are certain problems with these
estimates.

Discussions on masses of particles that can not be measured directly become
philosophic in nature quickly. However, a brief investigation into this subject
is necessary at this point. In a naïve model, one could say that there are three
quarks (uud) in a proton of mass 938 MeV and therefore they are approximately
one third its mass which comes to 313 MeV. This is obviously much higher than
the values given in Table 2. There are other particles we could look at besides
the proton. For example, the pion is composed of two light quarks (up and
down) and has a mass of 140 MeV which brings the mass of the up and down
quarks to around 70 MeV. Still higher than quoted, but much closer.

So what might be going on here? The current-quark theory suggests these
light quarks (a few MeV for the up and down) are surrounded by a “bubbling
sea” of gluons and short-lived quark/anti-quark pairs. The interactions of these
particles coming in and out of existence constantly on very short time scales
effectively adds the mass that is “missing” to the hadronic particles. Even
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with all the calculations made and data collected on this subject[8], there is
substantial controversy on these vital ingredients to the Standard Model and
QCD and more data is needed.

The cascade states provide an accessible way to study the up/down quark
mass difference. Since the two strange quarks are much more massive than the
other light (up or down) quark, interchanging the light quark with another is a
relatively small change on the whole system. Therefore, the effect of this switch
is isolated.

This dissertation presents an analysis of the lowest lying doubly-strange
baryons and the comparison to the known light and singly-strange baryon spec-
tra. The goal is to show the extent to which the strong force is flavor in-
dependent. If the three spectra have a one-to-one correspondence where the
differences can be fully explained (by mass differences, QED, etc.) then the QCD

Lagrangian as written in Eq. 1 will have deeper experimental support. If a dis-
crepancy can be identified, this will be an indication that a modification of the
QCD Lagrangian would be required.

0.1 Cascade Hyperons

Listed in the Review of Particle Properties[8] by the PDG, are eleven cascade
baryons. Only two of these have the highest (4-star) designation indicating
nearly definitive proof of their existence. The spin and parity are known for
only two more states and the others are tenuously identified by mass and width
with little or no spin/parity information as shown in Table 3. The branching
ratios of these states are still in the beginning stages of exploration and most
measurements are only qualitative in nature — the PDG writes for the Ξ(1820)
that the ΛK branching ratio is “large” while the Ξπ branching ratio is “small.”

The N∗ and ∆∗ states, on the other hand, have many observed resonances.
These states are much broader in width and many overlap and become difficult
to separate. The Σ∗ states suffer from the same problems, but to a lesser extent.
The Ξ∗ states are far narrower than their non-strange counterparts as shown in
Fig. 3. This can be explained partially by considering the decay of an excited Ξ∗

to the ground state plus a pion (Ξπ). The pion decay requires a light quark-anti-
quark pair to form via the strong interaction. The anti-quark combines with the
single light quark in the Ξ∗ to form the pion, and the remaining quark joins the
two strange quarks to form the ground state Ξ. The anti-quark combining with
one of the strange quarks in the baryon is suppressed by phase space. In other
words, the decay of the Ξ∗ would be ΛK or ΣK, which requires approximately
150 MeV more mass than the Ξπ decay. This suppression and the limited decay
channels makes the cascade states narrow and allows them to be separated and
identified without the use of techniques such as partial wave analysis.

There are several reasons the cascades are uniquely interesting in baryon
spectroscopy and QCD in general. Because they contain two strange quarks and
only a single light (up or down) quark, they can provide a straight forward
measurement of isospin symmetry breaking. Where isospin can be thought
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Table 3: All Ξ states listed in the Review of Particle Properties by the Particle Data
Group (PDG) with masses and widths given in units of MeV. The width of
the ground state is given as cτ in centimeters. Note that most of the spin
and parity values are unknown.

mass (MeV) width (MeV) Spinparity rating (1–4)

1322 4.9 cm 1
2

+
****

1532 9 MeV 3
2

+
****

1620 30 *

1690 30 1
2

−

?a ***

1820 24 ***

1950 60 ***

2025 20 ≥ 5
2

?
***

2120 20 *

2250 50 **

2370 80 **

2500 100 *

aSee Sec. 0.3.2 concerning the spin and parity measurement of the Ξ(1690).

of as the interchangeability of an up and down quark. There are only two
cascade particles of any particular mass state with just this quark interchange:
negatively charged made from the quarks dss and neutral made from uss quarks.
For example, the mass difference between the ground state Ξ− and the ground
state Ξ0 is a very direct way to observe this symmetry breaking. Moreover,
they are narrower resonances which makes them relatively easy to identify and
separate. Finally, The only QCD calculations being made today which are nearly
model independent (lattice QCD) have only recently been able to approach the
mass range of the heavier baryons, i.e. the Ξ∗ states in particular.
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Figure 3: Plotted here are the 3 and 4-star light and singly-strange baryons along
with the 2, 3 and 4-star cascade states. The y-axis is the half-width of the
states and the full width is indicated by the horizontal extent of the bars.

0.2 Predicted Ξ States

The most referenced prediction of the Ξ spectrum comes from the work of
Capstick et al.[9] using a relativistic quark model which is based on the previous
non-relativistic work of Isgur and Karl[10]. The theoretical predictions indicate
that there should be many more Ξ states than have been seen experimentally, as
shown in Fig. 4, however, only limited information concerning relative branching
ratios is available.

Fig. 5 shows the Ξ∗ predictions for both the chiral-dynamic[11] and alge-
braic[12] models. The results shown in Figs. 4 and 5 are similar: there are
many more states predicted than observed, and although the intensity of many
of them may be small, their widths should be narrow enough, following the
trend seen in Fig. 3, so they can be separately identified. It is interesting to
note that the overall trends of these four predictions are similar. For a more
detailed analysis of the relative merits of these models, see Ref. [13].
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Figure 4: Non-relativistic and relativistic quark model predictions from Capstick et
al. with observed Ξ∗ resonances (2, 3 and 4-star states) in blue. The
vertical extent of the observed states indicate their widths.

Figure 5: Chiral-dynamic and algebraic model predictions with observed Ξ∗ reso-
nances (2, 3 and 4-star states) in blue. The vertical extent of the observed

states indicate their widths.
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0.3 Existing Evidence for Ξ∗ States

By comparing the Ξ states to the other known nucleon states with one or no
strange quarks, the beginnings of the symmetry expected out of QCD can be
observed. Figs. 6 and 8 demonstrate that the mass separation from the ground
state to the first excited is roughly equivalent across the N’s, Σ’s and Ξ’s. There
also seems to be only a uniform shift of the entire spectra corresponding to the
bare mass of the strange quark as listed in Table 2 on page 2.

Figure 6: 3 and 4-star N∗ and ∆∗ resonances in orange and yellow respectively, over-
layed with Ξ∗ resonances (1 through 4-star states) in blue. The vertical
extent of the bars indicates the widths of the states.

By adjusting the spectra in these figures so that the masses are relative to
the ground states — proton for the non-strange baryons, the Σ(1190) for singly-
strange, and the Ξ(1320) for the cascades — Figs. 7 and 9 are obtained. This
makes the comparison of the spectra easier to see and understood. So far, the
data on the Ξ∗ states show no inconsistencies with the flavor independence of
the strong interaction. In other words, all the Ξ states with known spin and
parity have a corresponding N/∆ resonance and a corresponding Σ resonance.
The lack of data for the cascades means the inference of flavor independence is
still unresolved and requires more experimental evidence.

The Ξ states shown in Figs. 6 and 8 include all those from Table 3 for
completeness. As discussed later in this chapter, however, several reported
states may be indistinguishable from background fluctuations and should not
be considered for this comparison to the N∗ and Σ∗ states. Note that virtually
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Figure 7: Same as Fig. 6 where the proton mass has been subtracted from the nucleon
states and the ground state Ξ(1320) mass has been subtracted from the
cascade states.

all data on the cascade spectrum are from hadron interactions such as:

K−p→ Ξ∗−K+, (5)

Σ−p→ Ξ∗−K+, (6)

and that the excited cascade is measured as the invariant mass of its decay
particles — usually Ξπ or ΛK.

In this section, I will evaluate the evidence for the states that are kinemat-
ically accessible with the 5.4 GeV photon beam used in the g12 experiment
discussed in the following chapters. The ground and first excited states are well
measured by several experiments and therefore will not be discussed here.
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Figure 8: 3 and 4-star Σ∗ resonances in yellow with Ξ∗ resonances (1 through 4-star
states) in blue. The vertical extent of the bars indicates the widths of the
states.

Figure 9: Same as Fig. 8 where the Σ(1193) mass has been subtracted from the Σ
states and the ground state Ξ(1320) mass has been subtracted from the
cascade states.
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0.3.1 Ξ(1620) Status

There is only suggestive evidence for the Ξ(1620) state which is nearly indistin-
guishable from statistical fluctuations. It has been classified as a one-star state
in the Review of Particle Properties[8] and so it is included in this report for
completeness. The first indication was from Apsell et al.[95] in 1969 with a K−

beam at 2.87 GeV/c on the hydrogen bubble chamber at Brookhaven National
Laboratory. The peak which was observed for the Ξ(1630) consisted of 15 events
with a signal to background ratio close to unity. Similar results were obtained
in 1972 by Ross et al.[14] as shown in Fig. 10 and by Briefel et al.[15] in 1977 as
shown in Figs. 11 and 12. All of these reported a state close to 1620 MeV mass
in the same reaction:

K−p→ Ξ∗0(1620)K0, (7)

where the excited cascade decays to the ground state via pion emission:

Ξ∗0(1620)→ Ξ−(1320)π+. (8)

In these data, the charged state Ξ∗−(1620) was not observed. This is sur-
prising since the state only requires the interchange of an up quark with a down

quark. Figs. 10(b) and 12 show the same data for the reaction

K−p→ Ξ∗−(1620)K+, (9)

where the cascade decays to the ground state in the same manner as before via
pion emission.

Later experiments produced much higher statistics and did not see any signal
in the mass range around 1620 MeV, either for the neutral or the charged state.
An example of this result is shown in Fig. 13 using the hyperon beam (Σ−) at

Figure 10: Evidence claimed for the processes K−p→ Ξ∗0(1620)K0 in the invariant
mass of Ξ−(1320)π+ (left), along with the invariant mass of (Ξπ)− in the
reaction K−p→ (Ξπ)−π+K0 (right) from Ross et al., 1972, Ref. [14].
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Figure 11: Evidence claimed for the process K−p → Ξ∗0(1620)K0 in the invariant
mass of (Ξπ)0 from Briefel et al., 1977, Ref. [15].

Figure 12: Invariant mass of Ξ−π0 in the process K−p → Ξ−π0K+ from the same
paper that claims evidence for the Ξ∗0(1620), shown in Fig. 11 — Briefel
et al., 1977, Ref. [15].

CERN, as contrasted to the kaon beam of the previous results. All other evidence
from kaon beams have roughly the same amount of statistics and could not give
definitive proof for the existence of the Ξ(1620). It is not expected that Ξ
production should differ significantly between kaon and hyperon beams since
both are clearly dominated by hadronic interactions even though they do have
significantly different reaction mechanisms, and these experiments produced an
upper limit on the existence of this state low enough so as not to be considered
a genuine Ξ∗ resonance.

0.3.2 Ξ(1690) Status

The next cascade resonance above 1530 MeV with a clear signal is the Ξ(1690)
which is a three-star state in the Review of Particle Properties[8]. This is
an interesting state because predictions for its properties are different for the
different models. The non-relativistic quark model does predict a JP = 1

2

+
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Figure 13: Invariant mass of Ξ−π+ in the reaction Σ−p→ Ξ∗0K0 from Briagi et al.,
1981[16].

state around 1690 MeV, but the closest state in the relativistic model is around
1750 MeV. The algebraic model predicts a state around 1690 MeV but the chiral-
dynamic model pushes the same state toward 1800 MeV. Therefore, an accurate
measurement of the Ξ(1690) can guide theory to a better model.

The experimental evidence for this low-lying state seems clear. The first of
which came from the Dionisi et al.[17], shown in Fig. 14, but the signal was
shown as the invariant mass of the Σ+K− which is right at threshold for the
Ξ(1690). This means the analysis was susceptible to threshold effects which are
discussed in detail for the g12 experiment in Chapter 3. To account for this, the
authors showed a normalized invariant mass of the Σ+K+ as the dashed line in
Fig. 14. Requiring two strange quarks in a baryon does not admit a charge of
+2 and therefore this figure makes for compelling evidence the existence of the
Ξ(1690).

Further evidence of existence was obtained using the SPS Ξ− hyperon beam
at CERN, where Biagi et al.[16, 18] were able to measure the Ξ(1690) state in
ΛK− and ΛK0 events shown in Figs. 15 and 16. The state, being 100 MeV
above the ΛK threshold, does not suffer from the same ambiguities of the ΣK
data, and the evidence is quite conclusive. The Ξ(1820) resonance seen in these
figures are discussed in the following sections.

The Ξ(1690) was seen first by a ΛK decay, but the Ξπ is also kinematically
accessible and provides approximately 100 MeV of additional phase space. The
most convincing evidence for the Ξπ decay came from the Σ− beam at CERN[19]
shown in Fig. 17. Here, the Ξ(1690) is shown as a small bump on a very
large background. Our estimate of the significance of this signal is 6σ, with
approximately 1350± 230 events in the peak.

The spin and parity of the Ξ(1690) were measured by Aubert et al.[20] via
the decay

Λc → Ξ−π+K+. (10)
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Figure 14: Invariant mass of Σ+K− from Dionisi et al., 1978, Ref. [17]. The dashed
line is the background estimate and comes from the invariant mass of
Σ+K+.

Figure 15: Invariant mass of ΛK using the Ξ− hyperon beam at CERN from Biagi et
al. 1981, Ref. [16].

The invariant mass of the Ξ−π+, shown in Fig. 18 of this work and Fig. 8 of
Ref. [20], has “a dip in overall intensity in the Ξ(1690) region, with very little
effect on the phase.” The signal amplitude, combined with this dip, “suggests”
a spin and parity of 1

2

−

. This is based on only a fraction of the data available
from this BaBar experiment and more conclusive results are still forthcoming.

There is only suggestive evidence from the CLAS experiment g6 that the
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Figure 16: Invariant mass of ΛK− using the Ξ− hyperon beam at CERN from Biagi
et al. 1987, Ref. [18].

Figure 17: Invariant mass of Ξ−π+ using the Σ− beam at CERN from Adamovich et
al., 1997, Ref. [19].

photoproduction cross section for the Ξ−(1690) is large enough to make a spin
and parity measurement feasible. The missing mass off K+K+ in the reaction
γp → K+K+X−, shown in Fig. 19, and the potential for the identification
of several higher mass Ξ states motivated the Super-G proposal for the g12

experiment discussed in the following chapters.
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Figure 18: Invariant mass of Ξ−π+ from Λc decay from Aubert et al., 2008, Ref. [20].

Figure 19: Missing mass of K+K+ in the reaction γp → K+K+X− from the g6c

experiment with CLAS. Taken from Ref. [25].

0.3.3 Ξ(1820) Status

The next state in the spectrum, the Ξ(1820), is also clearly observed by Biagi
et al. as shown in Figs. 15 and 16. These are ΛK events only and there is
little or no apparent signal in Ξπ decay data (see Fig. 17 for example). Alitti
et al.[96] claim a Ξπ signal was observed with K−p interactions as shown in
Fig. 20, however our estimate makes this indistinguishable from noise.

Even without the Ξπ signal, the Ξ(1820) is unique among the cascades since
it is the only one with a measured spin and parity. The state is “consistent” with
a J = 3

2 state and the data “favors” negative parity from a moments analysis
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Figure 20: Invariant mass of Ξ−π0 from Alitti et al., 1969, Ref. [96].

done by Biagi et al.[97], though neither measurement was entirely conclusive.

0.3.4 Higher Mass Ξ States

There are few Ξ states above 1820 MeV that appear to be genuine resonances.
Most of these were claimed as seen in the invariant mass of X from the reaction

K−p→ K+pX. (11)

shown in Fig. 21 by Jenkins et al.[98]. In these two plots, the Ξ(1530) at
2340 GeV2 and the Ξ(1820) at 3310 GeV2 are strong resonant signals. In
Fig. 21(b), the Ξ(1620) and the Ξ(1690) are indistinguishable from each other
and the data is inconclusive. The two higher states at 4100 GeV2 and 4950 GeV2

which correspond to Ξ(2025) and Ξ(2250) respectively, consist of a single bin in
(b). When combined with (c), these states have a significance of 3.3 σ and 2.8σ.
The highest state claimed in this figure is the Ξ(2500), however this peak is
separated from the phase-space peak by only a single bin in the histogram and
the quality of the fit suffers, giving this state a one-star rating in the Review of
Particle Properties[8].

There is little further data on these high-mass Ξ states, but the experimen-
tal signals are tantalizing indeed, and they all seem to be narrow enough to
obviate separation techniques. Though they are rare and difficult to produce,
the potential exists to make enough of them to measure other properties such
as spin and parity.
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Figure 21: Invariant mass of ΛK and ΣK using the kaon beam at Brookhaven from
Jenkins et al., 1983, Ref. [98].

0.4 Search for Iso-exotic States

There have been many recent experiments focused on baryon states with quan-
tum numbers that can only be made from four quarks and an anti-quark. These
would-be states are patently exotic since they do not fit into the baryon or me-
son groups of known and predicted particles in the Standard Model. There are
three light baryon states with quantum numbers that require no less than five
quarks, two of which have a strangeness −2 and usually labeled as Ξ+ and Ξ−−.

There is evidence for and against all three of the penta-quark states. Recent
high-statistics searches have yielded no signals and the excitement which drove
many of these penta-quark experiments has all but died out. For a detailed
examination of the various experiments associated with the penta-quark search,
see Ref. [8]. In spite of the evidence against the penta-quarks, this work includes
findings from the g12 experiment on the search for doubly-strange patented

exotics, the Ξ+ and Ξ−−, as well as other exotic states such as Σ++ and Σ−−.
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Chapter 1

The CLAS detector at JLab

and the g12 Experiment

The analysis described in this work uses data collected during the g12 run
period of the CLAS detector[21] at the Thomas Jefferson National Accelerator
Facility (TJNAF) shown in Fig. 1.1, also called Jefferson Laboratory (JLab). The
JLab site houses the Continuous Electron Beam Accelerator Facility[22] (CEBAF,
Fig. 1.2) which provides an electron beam to three halls A, B and C. Each hall
houses a particle detector with different strengths and weaknesses. These halls
along with a free electron laser and associated research facilities provides JLab

with a wide range of accessible particle experiments. Also, JLab’s Theory Center
is very active in the physics domain of the experimental halls and beyond, using
an associated lattice-QCD computing cluster.

In Hall B of JLab, the CEBAF Large Acceptance Spectrometer (CLAS) is,
in essence, a large acceptance multi-wire proportional drift-chamber (DC). The
main purpose of the DC in conjunction with the toroidal magnetic field (see
Sec. 1.7) is to measure the momentum of charged final-state particles that leave
the target. For the most part, the rest of the CLAS detector is used to obtain
accurate timing and particle identification. In particular, a photon tagger, spe-
cific to Hall B photon runs as discussed in Sec. 1.4, is used to measure the energy
of photons incident on the target. In addition, there are several beam intensity
and dispersion measuring devices used as described in Sec. 1.3.

The CLAS detector, shown in Figs. 1.3, 1.4 and 1.5, consists of six segments in
φ (angle about the beam line) called sectors, each of which cover approximately
3
4π radians in θ (angle from beam line). Each of the six segments consists of a
scintillator start counter (ST), three layers of drift chambers (DC), a gas Čerenkov
counter (CC), a series of scintillator “time-of-flight” (TOF) counters and an elec-
tromagnetic calorimeter (EC). There is a toroidal magnetic field concentrated
in the middle DC layer which bends charged particles toward or away from the
beam line. This field geometry forces the particles to trace a path lying on
a plane which allows for a simplified reconstruction algorithm. However, an
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Figure 1.1: Aerial view of Jefferson Laboratory (JLab) facing east. Image
source: [23].

Figure 1.2: The Continuous Electron Beam Accelerator Facility[22] (CEBAF) at Jef-
ferson Laboratory (JLab) showing cross-sections of the linear accelerator
(LINAC) halls and the recirculation arcs. Also depicted are the Free Elec-
tron Laser (FEL) and the helium refrigerator and distribution facility.
Image source: [23].

asymmetry in the acceptance of oppositely charged particles is created.
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Figure 1.3: Schematic of the CLAS detector[21] in Hall B at JLab. The detector is
approximately 8 meters in diameter. The beam, indicated by the red
line, enters the hall from the lower right and passes through the tagger
where the electrons are bent toward the beam dump in the floor and the
photons continue to the target. Image source: [23].

Figure 1.4: Schematic of the CLAS detector[21] with subsystems identified. This view
is looking up-stream and the beam enters from the upper left. The
detector is approximately 8 meters in diameter. Image source: [23].
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Figure 1.5: A cross section view of the CLAS detector showing an event with two
tracks emanating from the target. Image source: [23].
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1.1 g12 Proposals and Running Conditions

Three CLAS analysis proposals (04-005[24], 04-017[25] and 08-003[26]) defined
the experimental and theoretical basis for the g12 running period. The 04-005

experiment, Search for New Forms of Hadronic Matter in Photoproduction, also
called HyCLAS, had a meson spectroscopy focus with multiple charged particle
final states such as

γp → pπ+π−π0, (1.1)

γp → nπ+π+π−, (1.2)

γp → pK+K−η, (1.3)

γp → nK+K+π−, (1.4)

γp → ∆++ηπ−, (1.5)

γp → ppp̄. (1.6)

The physics involved with HyCLAS required the configuration of CLAS to pro-
vide the largest acceptance for these multiple particle final states. Phase-space
generated events of γp→ pπ+π−π0 were simulated (see page 30 of [24]) with
the t-slope obtained from the g6c experiment. The primary requirement for
the greatest acceptance of such events was to have the target up-stream (see
Sec. 1.5) of the normal position at the “center” of CLAS. This target placement
gave better acceptance for particles close to the beam-line but sacrificed large
momentum-transfer events where the final state particles were more than about
70◦ away from the beam-line.

The 04-017 experiment, Study of Pentaquark States in Photoproduction off

Protons, also called Super-G, was founded on a search for the Θ+ and Ξ−−,
so-called penta-quarks, as well as a study of the “conventional” Ξ spectrum
(see page 16 of [25].) This analysis is part of the latter topic. The running
requirements were similar to that of HyCLAS with the need for a higher energy
beam. An examination of the ground state Ξ− reaction:

γp→ Ξ−K+K+,

provides a starting point for this analysis. The threshold energy of the incident
photon (Eγ) is given by

Eγ =
m2

Ξ + 4m2
K + 4mΞmK −m2

p

2mp
, (1.7)

where mΞ is the mass of the Ξ, mK is the mass of the K+, and mp is the
proton (target particle) mass. For the ground state Ξ(1320) which has a mass
of 1.322 GeV, the threshold energy Eγ is 2.4 GeV. Since the beam (photon) and
the target (proton) are both known quantities, we can measure the two kaons
and calculate the Ξ− through “missing mass” which is discussed in detail in
Chapter 3. There is a minimum transverse momentum the final state particles
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must have to be measured by CLAS, otherwise they would travel right down the
beam line. Therefore, in order to detect the two kaons with CLAS, a photon
energy approximately 0.5 GeV above threshold is required. This corresponds to
2.9 GeV in the reaction for the ground state Ξ(1320).

The third proposal, 08-003, titled The γp → π+n Single Charged Pion

Photoproduction, was approved just before the g12 run period started. This
was added onto g12 as part of the physics to be done with the data collected.
It required a single track trigger (see Sec. 2.2 on page 46) and lower current.
This configuration allowed the data from these special runs to be included in
analyses of the “production” g12 data set.

At the beginning of g12 run, approval came for purchasing gas for the
Čerenkov subsystem of CLAS; see Sec. 1.8. The Čerenkov counters were filled
and turned on two weeks into the running period enabling the separation of
electrons from pions. As a result, a whole new set of leptonic physics became
available in what was already a very rich data set.

1.2 Electron Accelerator

The CEBAF electron accelerator is able to deliver a 75% polarized electron beam
of up to approximately 6 GeV to each of the three halls simultaneously. The
beam as seen by each hall consists of clusters of electrons separated by approx-
imately 2 ns. Typical intensities for halls A and C are 10–100 µA, however, due
to the nature and sensitivity of the CLAS detector, beam currents to hall B are
typically 10–100 nA.

Using a GaAs photocathode laser driven gun system, a highly polarized elec-
tron beam is produced and accelerated through a radio-frequency (RF) chopping
system operating at 499 MHz. The three-beam, 1497 MHz “bunch train” at
100 keV is then longitudinally compressed and accelerated to just over 1% of
the total machine energy before it is injected into the first main accelerator.
This compression results in a beam of 2 ps bunches separated by 668 ps.

The main accelerator consists of a pair of linear accelerators (LINACs) which
consists of twenty cryomodules each containing eight superconducting niobium
cavities as shown in Fig. 1.6. This was the first use of superconducting cavities
and marked a major advancement in the field of accelerators. Prior to the CEBAF

breakthrough, typical accelerating cavities used non-superconducting metals like
copper whose resistivity would cause a build up of heat. The niobium super-
conducting cavities are kept at 2 Kelvin and are non-resistive, eliminating the
heating problems of copper. The significant cooling requirements are satisfied
by the Lab’s Central Helium Liquefier (CHL).

A standing electromagnetic wave is induced inside the niobium cavities as
shown in Fig. 1.7 and the electrons passing through experience a continuous
acceleration. Before CEBAF, the copper accelerating cavities used were tuned
by adjusting the cooling system. The resistivity of the copper would cause the
cavity to heat up and expand and the cooling system would be set so the desired
length was obtained. The superconducting niobium cavities on the other hand
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Figure 1.6: A superconducting niobium cavity pair. These devices are tuned for
specific energy resonances by mechanically adjusting their lengths on
the order of a few micrometers. Image source: [23].
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Figure 1.7: As the electron clusters travel through a superconducting niobium cavity,
shown in Fig. 1.6, they experience a continuous acceleration due to a
standing electromagnetic wave indicated by the positive and negative
signs along the inner wall.

are non-resistive and do not heat up. Therefore, the cavities are lengthened
or shortened mechanically (on the order of a few micrometers) to tune the
wavelength and maximize the acceleration of the electrons.

The LINACs are connected by two sets of 180◦ magnetic-dipole bending arcs
(see Fig. 1.2) with a radius of 80 meters. The beam is sent through both accel-
erators and is then recirculated up to four more times. Each LINAC is capable
of accelerating the beam by up to 600 MeV giving approximately 1.2 GeV per
pass. A plan to nearly double the energy of the beam was approved by DOE and
the 12 GeV program started construction on September 15, 2008[27].

The beam is selectively extracted using RF cavities tuned to 499 MHz —
the frequency dictated by the manufactured geometry. By slightly accelerating
every third bunch, while not disturbing the other two, the electrons are bent
out of the recirculating LINAC and sent to one of the halls. Each of the first four
passes can be delivered to only one hall at a time, however the fifth (final) pass
can be sent to all three halls simultaneously. The 499 MHz extraction creates
the final beam as seen by the hall which consists of ∼ 2 ps bunches separated
by 2.004 ns. At the time of the g12 experiment, the accelerator was capable of
delivering a maximum electron beam energy of 5.7 GeV. The tagger subsystem
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(see Sec. 1.4) tagged photons of energies up to 95% of the delivered beam, and
therefore the maximum energy photon seen in g12 was 5.4 GeV.

1.3 Beam Measuring and Monitoring

There are several beam monitoring stations inside Hall B before and after the
CLAS detector. Most of these are used by the accelerator group to steer the beam
to the target as they control all magnets that can substantially move the beam.
Other devices are used to measure the position, flux and dispersion of the beam.
Upstream of CLAS there are two beam position monitors (BPMs) placed before
the tagger. These are used to measure the transverse location of the electron
beam and its intensity. This information is used as feed back for the steering
mechanism.

There are also two harp devices located before the tagger that are used to
measure the size of the electron beam; such a measurement for g12 is shown in
Fig. 1.8. The harp devices consist of fine wires (20 and 50 µm W and 100 µm
Fe) that pass through the beam at specific orientations to obtain a horizontal
(x) and vertical (y) profile. Since this process is invasive, it was only done when
the drift-chambers and DAQ were turned off.

A few meters downstream of the target is the Total Absorption Shower
Counter (TASC) which is used to measure the photon flux. The TASC, consists
of four lead glass blocks, covering the entire beam, each instrumented by a
photo-multiplier tube (PMT) and having approximately 100% photon detection
efficiency at beam currents less than 100 pA[28, 29]. Using these counters,
normalization runs of low current (50 pA, see Table 2.3) were taken several

Figure 1.8: A typical harp scan done just prior to run 56426. Shown are the x and y
profiles of the electron beam just before the tagger. The dashed orange
line is a Gaussian fit to the data: σx = 0.115 mm and σy = 0.105 mm.

27



Goetz The CLAS detector and g12 Experiment

times throughout g12. In this way, the tagger was calibrated to measure the
flux for the entire run period.
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1.4 Radiator and Electron Tagger (TAG)

CLAS can use the electron beam as it is delivered from CEBAF by sending it
directly to the target. There are a number of experiments which use the elec-
tron beam in this fashion. For example, a series of experiments called Deeply
Virtual Compton Scattering (DVCS) is currently on-going[30], however, the de-
tector is also capable of producing a beam of real photons by passing the elec-
trons through a radiator. This causes the electron beam to emit photons via
bremsstrahlung radiation. The electrons are subsequently bent out of the way
by a dipole magnet and the photons continue on to the target. This is known
as photon running with CLAS and a typical reaction studied looks like

γp→ pπ+π−. (1.8)

Knowing the incoming electron’s energy, the photon’s energy can be deter-
mined by measuring the momentum of the electron after it has emitted the
photon. The electrons are then bent by a dipole magnet and the energy and
timing of individual electrons are recorded by the tagger counters[28] (TAG) while
the photons continue to the target. In the g12 experiment, there were usually
many “hits” in the tagger for each event. Normally, the one associated with the
photon that caused the event could be obtained by a timing coincidence with
the tracks, though there are cases when this photon is ambiguous as discussed
in Sec. 3.4.

The g12 experiment was a photon run with an electron beam energy of
5.7 GeV meaning that the tagged photon energy ranged from 1.2 to 5.4 GeV.
The radiator used was a gold foil 10−4 radiation lengths thick. The photons
passed through a 6.2 mm diameter collimator 527 cm before they entered the
target which had a radius of 2 cm.
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Figure 1.9: Scale drawing of the photon tagger system. The electron beam enters
from the left and passes through the radiator where a few electrons
emit photons via bremsstrahlung. The electrons that don’t, follow the
dash-dot red line to the tagger beam-dump. The electrons that lose
energy (black dashed lines) get directed by the dipole magnet to the
E-counter and T -counter planes and the photons continue to the target.
The tagging range for the photons is 20% to 95% of the beam energy
incident on the radiator. The rectangle around the E and T -counter
planes outlines the expanded view shown in Fig. 1.10.

Figure 1.10: Scale drawing of the E-counters (upper plane of counters in blue) and
the T -counters (lower plane of counters in green) showing examples of
incident electrons (red lines) entering from the upper left. This view
corresponds to the rectangle in Fig. 1.9. Notice how both sets of coun-
ters overlap, providing fine segmentation and hermetic coverage. The
T -counters each consist of two PMTs (left and right) which are averaged
together to obtain the time of the hit. The resolution produced by this
setup, crucial for missing mass calculations, is determined by the size
and overlap of the E-counters as discussed in Sec. 2.3.2.
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1.5 Hydrogen Target

The target used by g12 was a cylindrical liquid hydrogen (ℓH2) cell made of
Kapton 40 cm in length. The cell was 2 cm in radius while the photon beam had
a radial size of approximately 1.5 cm as it exited the target. Several experiments
prior to g12 used this same target which could be filled with a number of different
materials such as deuterium or helium. The target cell as shown in Fig. 1.11 is
a simple container design and there is no polarization of the target material.

1.5.1 Position of the Target for g12

The typical position of the target for a given experiment with CLAS is at what
was called the “center of CLAS.” This is a well defined point inside region one of
the drift-chambers. With the midpoint of the target cell placed at the center of
CLAS, the geometric acceptance begins at about 8◦ from the beam-line in the lab
frame. This configuration optimizes the detection of large angle tracks and is
ideal for low energy runs at or below 4 GeV. As discussed on page 24, the target
for g12 was placed 90 cm upstream of CLAS center which yielded a geometric
acceptance starting at approximately 6◦ from the beam-line. This enabled the
optimization of CLAS for small angle track detection.

This placement was not without its drawbacks. Acceptance for large angle
tracks was reduced from approximately 140◦ to 100◦ in the lab frame, and the
drift-chamber resolution was decreased due to the oblique angle the tracks made
with the detector planes. The geometric acceptances at large angles decreased
in the same way for each subsystem, and the final acceptances in the laboratory
frame are shown in the next few sections.

Figure 1.11: The 40 cm long cylindrical Kapton target cell used for g12. Image
source: [23].
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1.6 Start Counter (ST)

The first incarnation of CLAS in 1996 had a three segment start counter, each
covering two sectors. The data acquisition (DAQ) system at that time had a
maximum rate of less than 1 kHz which limited the beam current the detector
could handle. Therefore, the hit rate in the start counter was low and the
triggering was efficient enough to allow only a few false events. As time went
by, the DAQ became more efficient and by 2005 the maximum handling rate was
∼ 5 kHz. This rate was high enough to cause this start counter to act as an
open gate in the trigger.

Youri Sharabian, a JLab staff scientist with Hall B, designed and built a
new 24-segment start counter[31] (ST) in 2006. It was first used with the
g10 experiment[32] and it provided better timing and spatial resolution (see
Sec. 2.3.2) as well as the ability to handle much higher beam currents.

The new start counter, shown in Fig. 1.12, consists of 24 scintillation paddles
which surrounds the 40 cm target hermetically within the acceptance of the
drift-chambers. There are four paddles for each sector and two different paddle
shapes. The start counter is capable of approximately 350 ps timing resolution
making it useful to identify the hit in the tagger associated with the event. The
segmentation allows for event rates that approach the tagger and DAQ limits.

Figure 1.12: Schematic of the start counter (ST) with the 40 cm long target cell
(purple) at the center. The beam enters from the upper left of the
figure. Image source: [23].
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Figure 1.13: Angular coverage in the lab frame of the tracks that had an associ-
ated start counter hit showing that the ST covered the entire DC/TOF

acceptance region which is shown in Fig. 1.22.

1.7 Drift Chambers (DC)

The primary subsystem of the CLAS detector is a collection of multi-wire pro-
portional drift-chambers[33] (DC) consisting of three layers in each of six sectors
as shown in Fig. 1.4. There is a toroidal magnetic field encompassing the middle
layer which causes the charged particles to bend either directly toward or away
from the beam-line. The magnetic field at regions 1 and 3 (inner and outer lay-
ers respectively) is relatively weak compared to region 2 as shown in Fig. 1.14.
Therefore, the bending of the tracks is concentrated inside region 2 of the DC

and the charge and momenta of the particles are determined by measuring the
deflection angle of the tracks.

Each region of the DC consists of two superlayers which contain six layers of
evenly spaced 20 µm gold-plated tungsten sense wires each surrounded by six
140 µm gold-plated aluminum alloy field wires. The very first superlayer (region
1, superlayer 1) has only 4 layers due to space constraints. The field wires were
kept at a high negative voltage (approximately −1.5 kV) while the sense wires
were kept at a moderate positive voltage.

The gas used in the DC is 90% argon and 10% carbon-dioxide which is
a non-flammable mixture that ionizes easily when charged particles above a
certain energy pass through it. The ionized electrons cascade and drift to-
ward the sense wires creating a signal that is amplified and passed through
amplifier-discriminator boards (ADBs) and recorded by time-to-digital convert-
ers (TDCs). Due to budget considerations, there were no analog-to-digital (ADC)
signals recorded from the DC. This could have provided information on the par-
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Figure 1.14: Cross-section of the toroidal magnetic field at half current (1930 A).
For g12, the direction of the field was into the page and the 40 cm
target center was placed at −90 cm from the CLAS center. Region 2
of the DC is located inside the region of the coils shown as the kidney
shaped loop at about 3 kG.

ticles’ energy loss as it traveled through the chambers, however, energy loss
through other systems such as the TOF was available and used in this analysis,
as discussed in Chapter 3.

1.7.1 Superconducting Toroidal Magnet

The toroidal magnetic field used in CLAS is created by six kidney-shaped su-
perconducting current loops[21] which are placed between the six sectors of the
drift-chamber (DC) as shown in Fig. 1.4. They each consist of 4 layers of 54
windings of aluminum-stabilized NbTi/Cu superconductor.

During the g12 experiment, the magnets operated at a half-capacity current
of 1930 A corresponding to a maximum field of about 20 kG. The magnetic field
around the target area was low enough to allow for polarizing the target ma-
terial though the g12 target was unpolarized. The field was oriented such that
positively charged particles bent away from the beam line, maximizing accep-
tance for these tracks. Increasing the current would improve the resolution of
the detector, but sacrifice the acceptance for negatively charged particles. Since
the physics goals of the g12 proposals (see page 24) involved many final state
particles, both positive and negative, this balance of resolution and acceptance
was used.
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Figure 1.15: Toroidal magnetic field line diagram looking down-stream toward the
CLAS detector. The field inside the windings indicated by the gray
rectangles is in the counter-clockwise direction, and the field strength
is concentrated in the region between the coils, see Fig. 1.14. Image
source: [23].

1.8 Čerenkov Counters (CC)

The gas Čerenkov counters (CC), indicated in Fig. 1.4, occupies the space be-
tween the drift-chambers and the time-of-flight counters in each of the six sec-
tors. They are divided into 18 segments (shown in Fig. 1.16) in the polar angle,
θ, away from the beam line. These segments are designed to focus Čerenkov-
light emitted from particles originating from the center of CLAS. The coverage
in θ is approximately 8◦ to 45◦ for tracks originating from the center of CLAS.
Because the target was placed 90 cm upstream, the polar coverage was in the
range from 6◦ to 35◦ in the lab frame.

The gas used in the CC is perfluorobutane (C4F10) with an index of refrac-
tion of 1.00153. The charged pion threshold for this detector is approximately
2.7 GeV, while the threshold for electrons is 9 MeV. Thresholds for kaons and
protons are much higher than the maximum beam energy for g12 and were
therefore not detected in the CC. The detecting efficiency for electrons is > 97%
and this detector enabled the distinction between pions and electrons below
approximately 2.5 GeV.

The use of the CC was not included in the original proposals, however a
significant drop in price on C4F10 just prior to the start of g12 allowed the gas
to be added at the last minute. The price drop was due to the recent availability
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Figure 1.16: Diagram of one segment of the Čerenkov counters with an electron
entering from the bottom. Image source: [23].

Figure 1.17: Angular coverage in the lab frame of the tracks that had an associated
Čerenkov counter hit.

of another, much cheaper gas that was demonstrated to have the same general
properties as C4F10.

1.9 Electromagnetic Calorimeters (EC)

The final layer of CLAS is the electromagnetic calorimeter (EC)[34], shown in
Fig. 1.4. It consists of alternating layers of lead and scintillator. The overall
shape is an equilateral triangle and each layer of scintillator consists of 36 strips
as shown in Fig. 1.18. The EC is divided into an inner and outer section where
the energy deposited from incident tracks is recorded separately.

The inner layer consists of 8 logical layers of lead and scintillator while the
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Figure 1.18: Separated view of one sector of the forward electromagnetic calorimeter
(EC) showing the three planes (u, v, w) of scintillator-lead pairs which
make up one of the 13 logical layers. Image source: [23].

outer layer consists of 5. Each logical layer is made of three scintillator-lead
layer pairs where the scintillator strips are turned 120◦ from each other, labeled
u, v and w. There are a total of 39 scintillator-lead layer pairs in each sector of
the EC. The angular acceptance of the EC is shown in Fig. 1.19. Notice that it
covers the entire Čerenkov (Fig. 1.17) acceptance region.

The lead to scintillator thickness ratio (0.2) was chosen so one third of the
showering particle’s energy is deposited into the scintillator. Using the three lay-
ers in each logical layer to provide pixel-like information, the transverse shower
development for a given particle can be determined. The difference in energy
deposit between the inner and outer layers provides separation of electrons
from pions in the reconstructed data. For this analysis, the EC was used as a
secondary time-of-flight measurement as well as an energy loss determination
which provided additional information on particle identification. Furthermore,
all final-state photons were identified in the EC by a signature that consisted of
a hit only in the first layer of scintillators since the photons are absorbed in the
leading sheet of lead.
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Figure 1.19: Angular coverage in the lab frame of the tracks that had an associated
electromagnetic calorimeter hit.

1.10 Time-of-Flight Detectors (TOF)

Accurate measurement of the speed of the final state particles, as discussed in
Sec. 2.3.2, is challenging. Because of their relatively low momentum, typically
1–2 GeV, the particles travel slow enough that the time it takes them to reach
the time-of-flight[35] (TOF) counters is significant. It is thanks to the fine timing
resolution of CLAS that enables the TOF to provide the particle identification
used in this analysis.

The TOF consists of six outer shells, one of which is shown in Fig. 1.20, of
57 scintillator paddles. The paddles are grouped physically into four panels.
The paddles are all 5.08 cm (2 inches) thick but are of varying lengths and
each has a PMT attached to both ends. This provides close to 100% efficiency of
minimum ionizing particles and a timing resolution of 150–200 ps as discussed
in Sec. 2.3.2. The TOF detector was used in the level 1 trigger (see Sec. 2.2)
for g12 to identify “prongs” or track candidates. Also, the ADC signals from the
TOF were used to measure the energy deposit of the tracks to assist in particle
identification in Sec. 3.5.
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Figure 1.20: Diagram of one sector of the time-of-flight (TOF) paddles. There are 57
scintillator paddles covering the entire acceptance region of the drift-
chambers for each sector. Image source: [23].

Figure 1.21: The CLAS detector during a maintenance period where the time-of-flight
“shell” (left) was pulled back from the drift-chambers (DC, right). The
beam line enters from the lower right on the other side of the DC. The
TOF paddles seen are the two center panels shown in Fig. 1.20 for three
of the CLAS sectors. Image source: [23].
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Figure 1.22: Angular coverage in the lab frame of the tracks that had an associated
time-of-flight hit. This can be interpreted as the total drift-chamber
coverage of the CLAS detector.
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1.11 Data Aquisition System

The data acquisition system for the CLAS detector is composed of several layers
of electronics. The amplified signals from the various wires and photo-multiplier
tubes are received by the TDC and ADC counters. A certain set of these signals
are used in the trigger to determine if an event of interest has occurred. If it
has, then all the signals are sent to the “event builder” via CAMAC[21] crates and
recorded as a single event.

The controlling program makes use of the CEBAF On-line Data Acquisition
System (CODA)[21]. At the time of the g12 experiment, the DAQ was capable of
over 10 kHz. This high rate was due in part to a new field-programmable gate
array FPGA logic control processor that was integrated into the trigger system
for CLAS[36].

The input components to the triggering system of CLAS are obtained from the
tagger, time-of-flight, start counter, electromagnetic calorimeter and Čerenkov
counters. The TOF and ST are used to identify “prongs,” or charged tracks, at
the trigger level. These composed by a coincidence of any one TOF hit in a
given sector with any one ST hit in the same sector. Additionally, a coincidence
between the EC and CC above certain thresholds was included as a lepton trigger.
The various trigger bits used by the system are discussed in Sec. 2.2.

Figure 1.23: Trigger logic for one of the six sectors of CLAS. The ST×TOF signal is a
coincidence between any of the four start counter TDC signals (numbered
from 0 to 3) and any of the 57 TOF TDC signals. The ECEinner and ECEtotal

are the electron-threshold EC signals for the energy deposited in the
inner layer and in all layers. These are combined with a CC signal to
produce the EC×CC trigger for this sector. The ECP trigger signal is the
photon-threshold EC signal. These trigger signals are discussed further
in Sec. 2.2.
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Chapter 2

g12 Data Acquisition &
Reconstruction

A raw event collected by the data acquisition (DAQ, see Sec. 1.11) consisted
of many hundreds of “hits” corresponding to signals from the detector that
were strong enough to be recorded, that is, above a certain threshold. The
hits paired detector element identification numbers with either an ADC or TDC

value. These were converted to manageable units in energy for ADCs, time
for TDCs and sector/wire number for the element IDs. After that, these hits
were grouped into “clusters” which eventually represented measured particles
that had traveled through the detector. This process, called reconstruction, is
detailed in the following sections and starts with the definition of the “trigger”
that told the DAQ to record an event.

The main production trigger used by the g12 experiment was a coincidence
of two charged tracks in different sectors and at the same time as a tagged
photon above 4.4 GeV. These tracks were identified at the trigger level by the
coincidence of a start counter hit and a time-of-flight hit in the same sector as
identified by “ST×TOF” in Fig. 1.23. With an electron beam current of 60–65 nA,
the DAQ rate was approximately 8 kHz with the two-track trigger contributing
approximately 5.5 kHz to this total. All trigger bits used during g12, numbered
1–12, can be found in Tables 2.4, 2.5 and 2.6.

Several lower-rate triggers were used in addition to the main production
trigger. Of special note was bit 6: a single lepton in coincidence with a single
charged track. This trigger matched hits in the electromagnetic calorimeter
with the Čerenkov counter, both above certain thresholds as discussed below.
It is designated by “EC×CC” in Table 2.5, and overlapped with the production
trigger adding approximately 1 kHz to the DAQ rate. Also of note, bit 12 was
a three-track coincidence without requiring an in-time tagger hit (see Sec. 1.4)
contributing an additional 1 kHz.

The g12 experiment incorporated several runs which consisted of lower cur-
rent (∼ 24 nA), single track triggers. These were part of a late proposal led by
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the Duke University group[26] as discussed in Sec. 1.1 on page 24. Also, Several
calibration and normalization runs were taken throughout the experiment as
shown in Table 2.3. For this analysis, these were used largely for alignment
corrections and the total photon flux determination.

The raw data recorded from the CLAS detector consisted of ADC and TDC

signals from the individual elements of each subsystem. The data also included
scalar values from the accelerator such as the RF clock, which had the best timing
resolution of all signals. Reconstruction of tracks from these element hits started
by spatially grouping the drift-chamber (DC) hits into hit-based candidate tracks
and then refining these using the timing from the start (ST) and time-of-flight
(TOF) counters. Particle identification was then done on these tracks by several
means including mass determination and energy deposit as discussed later in
this chapter. Neutral particles that did not fire the DC (photons, for example)
were identified by certain signatures in the electromagnetic calorimeter (EC),
though the efficiency for detecting neutral particles was much lower than for
charged particles.

The tracks which were the result of reconstruction consisted primarily of
momentum and vertex information. Timing from the TOF and ST were used
during analysis to fine-tune the particle identification. This chapter discusses
the reconstruction of tracks from raw data, the resolution of the momenta and
timing information, and finally, a technical itemization of the variables used in
the analysis of this work, and their inter-relationships.

2.1 Run Summary

The g12 experiment is divided into several “runs,” each consisting of approx-
imately 50 million triggers. Calibrations were largely determined and applied
based on run number or a specific range of runs. Table 2.1 contains a list of the
runs that had at least 1M triggers and were reconstructed successfully, along
with the current of the beam for these runs. Table 2.2 shows a list of the single-
sector runs taken throughout the g12 running period. Data from these runs
represent approximately 97% of the production running period of g12. There
were many diagnostic runs that were not recorded. Most of these involved test-
ing the DAQ system, however, the run number still incremented for each of these.
Further complicating matters, several files did not have adequate information
for the reconstruction process due to hardware failures during periods where
the DAQ was active and data was being written to disk — wire tripping in the
DC, for example. In the end, the g12 experiment consisted of 622 “good” runs
starting with 56363 and ending with 57317.
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Table 2.1: List of successfully reconstructed production runs and their beam currents
in nA.

runs runs runs
current (nA) current (nA) current (nA)

56363 20 56605 60 56900-56908 60
56365 30 56608-56612 60 56914-56919 60
56369 30 56614-56618 60 56921-56922 60
56384 5 56620-56628 60 56923 65
56386 20 56630-56636 60 56924 70
56401 50 56638-56644 60 56925 80
56403 70 56646 60 56926-56930 60
56404 60 56653-56656 60 56932 60
56405 50 56660-56661 60 56935-56940 60
56406 40 56665-56670 60 56948-56956 60
56408 80 56673-56675 60 56958 60
56410 90 56679-56681 60 56960-56975 60
56420-56422 5 56683 60 56977-56980 60
56435 5 56685-56696 60 56992-56994 60
56436 15 56700-56708 60 56996-57006 60
56441 35 56710-56724 60 57008-57017 60
56442 30 56726-56744 60 57021-57023 60
56443 20 56748-56750 60 57025-57027 60
56445-56450 60 56751-56768 65 57030-57032 60
56453-56459 60 56770-56772 65 57036-57039 60
56460-56462 70 56774-56778 65 57062-57069 60
56465 70 56780-56784 65 57071-57073 60
56467-56472 70 56787-56788 65 57075-57080 60
56478-56483 70 56791-56794 65 57095-57097 60
56485-56487 70 56798-56802 65 57100-57103 60
56489-56490 70 56805-56815 65 57106-57108 60
56499 70 56821-56827 65 57114-57128 60
56501 60 56831-56834 65 57130-57152 60
56503 57 56838-56839 65 57159-57168 60
56504 56 56841-56845 65 57170-57185 60
56505-56506 40 56849 65 57189-57229 60
56508-56510 60 56853-56862 65 57233-57236 60
56513-56517 60 56864 65 57249-57253 60
56519 60 56865-56866 60 57255-57258 60
56521-56542 60 56870 65 57260-57268 60
56545-56550 60 56874-56875 60 57270-57288 60
56555-56556 60 56877 60 57290-57291 60
56561-56564 60 56879 60 57293-57312 60
56573-56583 60 56897-56898 60 57317 60
56586-56593 60 56899 65
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Table 2.2: A list of the single-sector runs using the trigger configuration described
in Table 2.6.

run current (nA) run current (nA)
56476 24 56910 35
56502 24 56911 30
56520 24 56912 25
56544 24 56913 24
56559 24 56933-4 24
56585 24 56981-3a 24
56619 24 56985a 15
56637 24 56986 15
56663-4 24 56989 24
56697 24 57028 24
56725 24 57061 24
56747 24 57094b 24
56769 24 57129 24
56804 24 57155-6 24
56835 24 57237-8 24
56869 5

aNo Level-2 trigger was used for runs 56981-56985
bA shorter ST ADC gate was implemented starting with run 57094.

In addition to the production data taken, there were several special cali-

bration runs which are listed in Table 2.3. These consisted of normalization,
zero-field, and empty-target data. The normalization runs were used to cali-
brate the tagger for the measurement of the total photon flux and there were
two specific runs for the left and right TDC signals of the tagger to check for con-
sistency. The zero-field data was taken with the main torus magnet off. This
meant that the particles traveled in straight lines through the drift-chamber
which made track reconstruction simple and accurate. Though their momenta
were unknown, these tracks were used to account for the position and orienta-
tion of the drift-cambers in the reconstruction. Finally, the empty target run
was used to investigate the contributions of the target wall to the data sample.

Table 2.3: List of special calibration runs done during the g12 experiment.

run current (nA) description
56397 0.05 normalization
56475 10 zero-field

continued on next page.
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continued from previous page.

run current (nA) description
56511 0.05 normalization, tagger TDC-left
56512 0.05 normalization, tagger TDC-right
56584 0.05 normalization
56682 0.05 normalization
56790 0.05 normalization
56931 0.05 normalization
56947 0.05 normalization
57169 0.05 normalization
57239 24 empty-target, single-sector
57241 80 empty-target, production
57248 0.05 normalization

2.2 Trigger Configuration

The g12 experiment was the first Hall B run-period to implement field pro-
grammable gate array (FPGA) processors to handle the trigger logic of the CLAS

detector (see Sec. 1.11). With this new FPGA-powered triggering system, came
the ability to modify the trigger quickly during the experiment. While poten-
tially dangerous — these changes must be accounted for in total-cross-sectional
analyses for example — this allowed the group to tune the trigger to get the
highest possible rate of physical events.

The trigger bits used during the g12 running period are defined in Tables 2.4,
2.5 and 2.6. They generally consisted of a number of tracks which were the
coincidence of any one of the four start counter paddles and any of the 57 time-
of-flight paddles in a given sector as discussed in Sec. 1.11. The hardware and
configuration did not allow triggering on two tracks in the same sector because
there were only six signals coming from the TOF — one for each sector. The
coincidence of these tracks with the photon tagger, called the “Master-OR,” is
defined in Table 2.7.

There were two sets of thresholds for the EC labeled photon and electron.
These labels did not mean photon or electron specifically, but were considered
a first-order approximation. The actual particle identification was done much
later in the analysis of the reconstructed data. The thresholds for the CC and
EC during the g12 running period are shown in Table 2.8.
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Table 2.4: Trigger configuration for g12 runs from 56363 to 56594 and 56608 to
56647. (ST×TOF)i indicates a single prong which is a trigger-level track
defined as a coincidence between a start counter and time-of-flight hit in
the ith sector or any sector if the subscript index, i, is not specified. An
added ×2 or ×3 indicates the coincidence of multiple prongs which are
not in the same sector. MORA and MORB represent coincidences with tagger
hits within a certain energy range as specified in Table 2.7.

g12 runs 56363–56594, 56608–56647
bit definition L2 multiplicity prescale
1 MORA·(ST×TOF)1·(ST×TOF) – 1
2 MORA·(ST×TOF)2·(ST×TOF) – 1
3 MORA·(ST×TOF)3·(ST×TOF) – 1
4 MORA·(ST×TOF)4·(ST×TOF) – 1
5 MORA·(ST×TOF)5·(ST×TOF) – 1
6 MORA·(ST×TOF)6·(ST×TOF) – 1
7 ST×TOF – 1
8 MORA·(ST×TOF)×2 – 1

11a MORB·(ST×TOF)×2 – 1
12 (ST×TOF)×3 – 1

abit 11 and MORB were included in the trigger starting with run 56519.
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Table 2.5: Trigger configuration for g12 runs from 56595 to 56607 and 56648 to
57323. (EC×CC) represents a coincidence between the electromagnetic
calorimeter and the Čerenkov subsystems within a single sector using the
thresholds as described in Table 2.8. ECP represents the photon thresh-
old trigger from the EC as detailed in Fig. 1.23. See Table 2.4 for other
explanatory details.

g12 runs 56595–56607, 56648–57323
bit definition L2 multiplicitya prescale
1 MORA·(ST×TOF) 1 1000/300b

2 MORA·(ST×TOF)×2 2/–c 1
3 MORB·(ST×TOF)×2 2 1
4 ST×TOF 1 1000/300
5 (ST×TOF)·ECP×2 1 1
6 (ST×TOF)·(EC×CC) 2 1
7 MORA·(ST×TOF)·(EC×CC) – 1
8 MORA·(ST×TOF)×2 – 1
11 (EC×CC)×2 – 1
12 (ST×TOF)×3 – 1

aLevel 2 triggering was turned off on all bits for runs 56605, 56607 and 56647.
bPrescaling for bits 1 and 2 were 1000 for runs prior to 56668 at which point they both

were changed to 300.
cLevel 2 triggering of bit 2 was set to 2 for runs prior to 56665 at which point it was

turned off.

Table 2.6: Trigger configuration for the single-sector runs of g12. Trigger bits 7–12
were not used for these runs. See Table 2.4 for explanatory details.

bit definition L2 multiplicity prescale
1 MORA·(ST×TOF)1 sector 1 1
2 MORA·(ST×TOF)2 sector 2 1
3 MORA·(ST×TOF)3 sector 3 1
4 MORA·(ST×TOF)4 sector 4 1
5 MORA·(ST×TOF)5 sector 5 1
6 MORA·(ST×TOF)6 sector 6 1
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Table 2.7: Master-OR definitions for g12. The TDC counters were used in the trigger
and since each of these corresponds to several energy paddles, the ener-
gies given here are approximate. T -counter number 1 corresponds to the
highest energy photon of approximately 5.4 GeV. Both MORA and MORB are
referenced in terms of the trigger logic in Tables 2.4, 2.5 and 2.6. The
single-sector runs are listed in Table 2.2.

MORA MORB

run range T -counters energy (GeV) T -counters energy (GeV)
56363–56400 1–47 1.7–5.4 – –
56401–56518 1–25 3.6–5.4 – –
56519–57323 1–19 4.4–5.4 20–25 3.6–4.4
single-sector 1–31 3.0–5.4 – –

Table 2.8: Threshold values for the electromagnetic calorimeter (EC) and Čerenkov
counter (CC) during the g12 running period. EC thresholds are shown as
inner/total, and CC thresholds are shown as left/right.

EC
CC

photon electron

50/100 mV 60/80 mV 20/20 mV
150/300 MeV 180/240 MeV ∼0.4 photo-electrons

49



Goetz g12 Data Acquisition & Reconstruction

2.2.1 Trigger Efficiency Study

In the first few weeks of g12, during “commissioning,” an attempt to determine
the efficiency of the two-track trigger (bit 8 in Tables. 2.4 and 2.5) was made.
The rate of this main production trigger rose quadratically with the beam cur-
rent while the physical event rate increased linearly. The number of accidentals,
which must be cut from any analysis, increased with increasing current and at
a certain point, the majority of the events taken were accidentals. The trigger
rate as a function of the beam current is shown in Fig. 2.1. An estimate of
the linear part of the trigger rate shows that approximately 60% of the events
recorded during the g12 experiment (which ran at 60–65 nA beam current) were
accidentals.

Figure 2.1: The production trigger rate (bit 8 in Tables 2.4 and 2.5) was measured for
various beam currents shown by the blue dots. The rates below 10 nA
are roughly linear and are extrapolated via the red solid line to show
an estimate of the physical event rate. The actual trigger rate is fitted
with a quadratic shown by the green dashed line. By this estimate, the
accidental rate is shown to equal the physical event rate at approximately
40 nA. The g12 experiment was done at 60–65 nA.

50



Goetz g12 Data Acquisition & Reconstruction

2.3 Calibrations

The raw data recorded from the CLAS detector consisted of timing and pulse-
height information from the drift-chambers and counters. Timing from all the
elements such as wires and PMTs were initially offset from each other. The align-
ment of these times was accomplished during the reconstruction (see Sec. 2.4)
using a database that stored the corrections needed to produce timings that
were relative to each other. The ADC pulse height was used by the start counter
and time-of-flight to account for the propagation time of the signal, in this case
light from the scintillator, to the PMT. Determining these corrections took us
a year and three months with a team consisting of two JLab staff scientists,
three university professors, two post-docs and four graduate students as listed
in Table 2.9. This huge amount effort was necessary due to the large extent of
timing information from such a complex detector.

The general calibration procedure began by determining the timing offset
of the systems associated with the event trigger which were the start counter,
time-of-flight and tagger. Then, the drift chambers were calibrated for physical
alignment and TDC alignment using the zero-field run. The tracks obtained from
the DC, along with the ADC signals from the ST and TOF could then be combined

Table 2.9: The principal calibrators of the g12 data set.

name institution position systems and
responsibilities

C. Bookwalter FSUa graduate student TOF

P. Eugenio FSU professor coordination
J. Goetz UCLAb graduate student reconstruction
L. Guo JLab post-doc coordination

V. Kubarovsky JLab staff scientist coordination
M. Paolone USCc post-doc EC, CC

J. Price CSUDHd professor coordination
M. Saini FSU graduate student RF, ST, TAG

D. Schott FIUe graduate student DC

B. Stokes GWUf post-doc DC

A. Vlassov ITEPg professor CC

D. Weygand JLab staff scientist coordination
M. Wood Canisius College professor EC

aFlorida State Univ.
bUniv. of California Los Angeles
cUniv. of South Carolina
dCalifornia State Univ., Dominguez Hills
eFlorida International Univ.
fGeorge Washington Univ.
gAlikhanov Inst. for Theoretical and Experimental Physics
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to determine the time-walk corrections which were used in subsequent iterations.
This process would then be repeated several times until adequate resolutions in
the various subsystems were achieved.

We started by aligning all the TDC signals from the scintillators “paddle
to paddle” in the start counter, tagger and time-of-flight systems. Then, the
timings of these systems as a whole were aligned to the radio-frequency time (RF)
from the accelerator beam. This RF clock provided the most accurate timing
information (approximately 50 ps resolution), and as a result, the likely-hood of
choosing the electron in the tagger associated with the photon that interacted
in the target to create the event was much greater.

After this initial calibration, several things took place in parallel. First, we
determined the positions of the drift-chambers using the zero-field run where
all tracks in the DC were straight. Secondly, the start counter and time-of-flight
timings were corrected for time-walk. This accounted for the time it took from
the physical passing of the particle through the scintillator to the final TDC signal
that was recorded in the data stream. We used the magnitude of the ADC signal
to determine the position of the track inside the scintillator paddle and obtained
a correction to the TDC signal. Finally, the electromagnetic calorimeter and the
Čerenkov detector signals were aligned in time.

Once this was accomplished, we went back to the alignment of the TDCs in
the start counter, tagger and time-of-flight which led to another pass of the
calibrations. Each of the steps above contained several iterations themselves.
We performed four complete passes, as well as several others where only some
systems were corrected, before the data were calibrated well enough to use for
physics analysis.

2.3.1 Organization of Calibration Procedure

During the g12 run, there were several hardware and software changes which
required recalibration of the affected systems. These included changes such as
the event trigger or cable lengths from the start counter. Each time a change
was made, the subsequent runs were treated separately from the previous runs.
A list of runs where such changes were made are listed in Table 2.10.

Table 2.10: A list of the runs which were calibrated for the subsystems: tagger (TAG),
start counter (ST), and time-of-flight (TOF). The calibrations were com-
mitted into the database for the range starting with the run shown and
ending with the run just prior to the next listed run. A brief reason for
calibration is given in the last column.

run systems affected reason
56363 TAG, ST, TOF start of run
56503 ST ST adjustment
56508 " " "

continued on next page.
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continued from previous page.

run systems affected reason
56661 TAG, ST, TOF trigger and ST changes
56663 " " "
56665 " " "
56666 " " "
56670 TAG vacuum problem in

tagger fixed
56673 TAG, ST, TOF trigger change
56732 " RF related problems

fixed by Accelerator
group

56765 TAG T20 left HV problem
56766 " T20 left HV adjusted
56782 TAG, ST, TOF changes in calibration

database
56855 " " "
56923 " start of intensity stud-

ies
57094 " changes in calibration

database
57154 ST adjusted ST ADC timing

in gate

2.3.2 Subsystem Calibrations

The raw TDC time (tTDC) from any particular element in the detector is related
to the event start time (tstart) by the equation:

tTDC = tstart + tflight + tprop + twalk + telec, (2.1)

where tflight is the flight time of the particle from the reaction vertex to the
element such as a scintillator paddle or layer in the drift chamber, tprop is the
propagation time of the signal from the track to the detection electronics (PMTs
or readouts at the ends of the wires in the DC), twalk (called the time walk)
is the time it takes the discriminator to recognize the signal as a “hit,” and
telec is the final electronics delay due to cable lengths and signal relays and
is generally a constant for all particles at all momenta. The term of interest,
tstart, is by definition the same for all hits in an event, however, it contains an
arbitrary offset because it is a function of the trigger and therefore varies from
event to event. The three times: tflight, tprop and twalk are all functions of the
momenta and masses of the particles passing through the detector elements.
The approximate magnitudes of each term in Eq. 2.1 is shown in Table 2.11.
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Table 2.11: Relative timing relationships for the terms of Eq.2.1. The time ranges
are the approximate correction amplitudes applied to the data. The
column “fn. of PID” indicates if the time is dependent on the particle
mass or momentum.

term approx. range fn. of PID? description
tTDC 0–400 ns no recorded time by the

electronics
tstart 0–400 ns no event start time
tflight 20–50 ns yes particle flight time from

vertex
tprop 0.1–10 ns yes signal propagation time

to electronics
twalk 100–400 ps yes discriminator response

time
telec 0.1–10 ns no signal propagation time

in electronics

The goal of the timing calibrations was to determine all the values in Eq. 2.1
for each detector element as a function of particle momentum, charge and/or
mass when necessary. The actual value of interest is always the flight time of
the particles from the reaction vertex to the detector element (tflight) but the
trigger offset inherent in tstart requires the use of the sum: tflight + tstart. Only
differences in these times (i.e. between two hits in the detector) were used in
this analysis so that the trigger offset could be subtracted.

The two times in Eq. 2.1 that are the most difficult to determine were tprop

and twalk. The first of these, the propagation time of the signal from the track
to the electronics interface, is a property of the medium such as the gas or
scintillator material. For double-ended paddles like in the TOF, this term was
eliminated by taking the average of the TDC times from the two sides. The start
counter which has PMTs on only one side of the scintillator paddles uses the
intersection of the track from the DC information to determine this correction.
The time walk term (twalk) is a small (< 5%) correction which represents the
electronic’s interface response time to a physical signal and is a function of the
ADC pulse height as discussed below.

Energy calibrations are generally determined using a known event sample
within the data. The tagger energy, for example, was calibrated using the
exclusive reaction:

γp→ pπ+π−, (2.2)

where the exclusivity was determined via missing momentum and missing mass
cuts using the energy of the tagger hit associated with the event. The photon
energy was then adjusted by taking the total energy of the pπ+π− system using
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Figure 2.2: Resolution of the logical energy paddles in the tagger. The values were
obtained by taking the difference in reported energy between two ad-
jacent paddles. The unevenness can be attributed to overlapping re-
gions of energy counters varying in size and the sagging of the E-counter
plane[37]. An average resolution of 5.6 MeV is indicated by this plot.

the equation:
E′beam = Ep + Eπ+ + Eπ− −mp, (2.3)

where Ep, Eπ+ and Eπ− are the energies of the outgoing particles, and mp is
the proton (target) mass. The average of at least 10k events per logical tagger
energy paddle (see Sec. 1.4) was used for this correction and the results as a
function of the beam energy is shown in Fig. 2.2. The inherent resolution of the
tagger paddles for g12 was approximately 5.6 MeV.

Results from the tagger energy calibration were used to calculate correc-
tions to the momenta of the tracks, the energy corrections were subsequently
recalculated. This iterative process was employed several times until the values
obtained for both corrections converged. The energy difference between E′beam

in Eq. 2.3 and the energy reported by the tagger is shown in Fig. 2.3.
The resolution of the tagger time is approximately 130 ps as shown in Fig. 2.4

and this value is used to identify the RF beam-bucket associated with the event.
The RF provides the best timing resolution, on the order of a few picoseconds,
in CLAS and it is used to calibrate the other systems as described in the sections
below.

The timing of the start counter (ST) was of critical importance for this
analysis because it helped determine the tagger hit associated with the physical
event. Here again, exclusive pπ+π− events were used and the tagger hit was
matched to the average vertex time measured from these final state particles.
The time walk (twalk) of the signal from the track to the PMT is determined by
the equation:

twalk = t0 +
t1

a− a0
, (2.4)
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Figure 2.3: The energy difference in GeV, between Ebeam,corrected in Eq. 2.3, using
the exclusive reaction (2.2) and the energy reported by the tagger. A
Gaussian fit from -0.02 to 0.02 GeV gives a width of 16 MeV.
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Figure 2.4: The difference in time between the tagger hit and the nearest RF clock
tick using the exclusive reaction (2.2). A Gaussian fit from -0.2 to 0.2 ns
gives a width of 130 ps.

where t0 and t1 were determined for each paddle from the data. Here, a is the
ADC signal and a0 is the ADC pedestal value. The difference in ST vertex time
for the tracks and the tagger hit is shown in Fig. 2.5 and the final resolution of
the ST was approximately 370 ps.

The method for determining the TOF resolution is identical to that of the
start counter. However, the time walk correction is more sophisticated owing
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Figure 2.5: The difference in ST vertex time according to each of the tracks in the
exclusive reaction (2.2) and the tagger hit. A Gaussian fit from -0.5 to
0.5 ns gives a width of 370 ps.

to the finer resolution of the TOF:

twalk =

{

bx−c : a < a1

b
ac

1

(

b+ c
[

1− (a−a0)
a1VT

])

: a ≥ a1
, (2.5)

where t0, b and c are constants determined for each TOF paddle and for each
calibration run range (see Table 2.10), a is the TOF ADC signal, a0 is the ADC

pedestal value and VT is the discriminator threshold value. This equation is
essentially a power law below some ADC value a1 and a linear function above,
and it has the property of being smooth at this transition point. The difference
in vertex times (TOF and TAG) for the (exclusive) pπ+π− tracks is shown in
Fig. 2.6. The TOF had a timing resolution of approximately 230 ps after all
calibrations were completed.

The drift-chamber was calibrated to first-order by aligning the data using
the zero-field run where the particles traced a straight line. Once corrected
for alignment, fixed delays and track dependent flight times were calculated to
obtain the drift time of the signal from the track to each wire, given by[38]:

tdrift = tprop − twire (2.6)

where tprop is the signal propagation time from Eq. 2.1 and twire is the time the
signal took to propagate along the wire from the point of interaction to the elec-
tronics. The drift times (tdrift in Eq. 2.6) to each wire from the passing particle
was then converted to a drift distance and the final tracks were determined by
minimizing the absolute value of the residuals, shown in Fig. 2.7.

The mean of the residuals is shown in Fig. 2.9. The spread from −50 to
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Figure 2.6: The difference in TOF vertex time according to each of the tracks in the
exclusive reaction (2.2) and the tagger hit. A Gaussian fit from -0.5 to
0.5 ns gives a width of 230 ps.

Figure 2.7: Schematic of a track going through five layers of the drift chamber look-
ing down the sense and field wires of the DC. Shown are the residuals
obtained from the calculated drift distance, tdrift in Eq. 2.6.

50 µm in the mean contributes to the overall resolution in the drift chambers.
The standard deviation of the residuals in the DC, shown in Fig. 2.10, was no
greater than 380 µm for superlayer 6 — the farthest from the target. These
values combine to give a resolution of approximately 430 µm.

The maximum error of the momentum from the DC can be estimated by
considering the constant magnetic field approximation where the particle traces
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Figure 2.8: The sagitta of a circular arc is the maximum distance between the arc
and a given chord. Since charged particles traveling perpendicular to a
uniform magnetic field trace a circular path, this is used as an approxi-
mation for determining the maximum error of the measured momentum.
Shown here is a positively charged particle moving through a uniform
magnetic field ( ~B) going into the page.

a circular arc in region 2. The momentum (p) can be calculated from the sagitta
(s), which is described in Fig.2.8, of the track in this region by

p =
ℓ2qB

8s
, (2.7)

where ℓ is the length of the cord defined by the arc, q is the charge, and B is
the magnetic field. The cord length was approximately 1.5 m, the charge was
±e and the magnetic field was ∼ 1 T. If we take the resolution of the sagitta
(δs) to be the resolution of the residuals, then the error of the momentum (δp),
which is momentum-dependent, becomes

δp =
8p2

ℓ2qB
δs. (2.8)

This gives an approximate resolution of:

δp = 0.002 GeV−1 × p2. (2.9)

Therefore, a 2 GeV particle going through the drift chamber should have an
approximate resolution of 8 MeV. It is useful to note that this is an estimate on
the maximum error and that final momentum corrections, which are discussed
in Sec. 3.1, were done based on particle identification to further improve the
resolution in the data.
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Figure 2.9: Mean of residuals in the drift-chamber for each of the six superlayers. A
characteristic subset of the good runs listed in Table 2.1 were used.

Figure 2.10: Standard deviation of residuals in the drift-chamber for each of the six
superlayers. A characteristic subset of the good runs listed in Table 2.1
were used.

2.4 Raw Data Reconstruction

The process of reconstructing tracks and their subsequent particle identification
from raw data, done by the program a1c and outlined in Fig. 2.11, began with
the drift-chamber. The wires triggered by the charged particles propagating
through the DC provided the basis for identifying tracks. The first step used
all the activated wires in the DC while disregarding the timing of the hits. The
“hit-based” reconstruction flowchart is shown in Fig. 2.12. The DC hits were
filtered for noise in the form of isolated hits and the rest were grouped into
clusters in each of the superlayers. The hits inside each cluster were then linked
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Figure 2.11: Flow chart of the reconstruction process from raw data to identified
tracks with momentum. “Subsystems” refers to the start counter,
Čerenkov counter, electromagnetic calorimeter and the time-of-flight
detectors. Percentages shown indicate the relative time taken to do the
calculations.

to form track segments which were then linked from superlayer to superlayer to
create track candidates.

The midpoints and local angles for each of the three superlayers of the re-
sulting tracks were recorded. These (six) numbers were used to look up a first-
approximation of the initial vertex and momentum in a “roads-map” table —
also called the “prlink” table. The roads-map was a random sampling of simu-
lated tracks of varying momenta and vertex positions from inside the target and
traveling through the magnetic field. The field used for g12 was the “half-field,”
where the current in the coils was 1930 A.

At this point in the reconstruction, a track was defined as a vertex and 3-
momentum with charge ±1 e where e is the absolute value of the charge of the
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Raw or Calculated Data

Calibration Data

Calculation

Figure 2.12: Flow chart of the hit-based tracking part of the reconstruction shown in
Fig. 2.11. “Subsystems” refers to the start counter, Čerenkov counter,
electromagnetic calorimeter and the time-of-flight detectors. Percent-
ages shown indicate the relative time taken to do the calculations with
respect to the full reconstruction.

electron. However, no timing had been used so the speed of the track could
not be calculated and therefore the particle identification was still ambiguous.
Furthermore, it was often the case that there were several track candidates
matched from a large contiguous grouping of hits, however these were filtered
out based on timing information in the next step of the reconstruction.

To get the needed timing information, each hit-based track was associated
with a hit in a time-of-flight counter as shown in Fig. 2.13. The tracks were then
fitted to the in-time wire hits in the DC in a process called “track-swimming.”
This process reduced the clusters in the DC that gave multiple hit-based tracks
to one time-based track, and provided more accurate momentum and vertex
information for the particle. After this first fit, the initial parameters of these
tracks were used to re-swim the particle through the DC for the final momen-
tum and vertex calculation. The track was then matched to the start counter,
electromagnetic calorimeter and Čerenkov counter when these subsystems had
a hit that was in-time.
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Figure 2.13: Flow chart of the time-based tracking part of the reconstruction shown
in Fig. 2.11. “Subsystems” refers to the start counter, Čerenkov
counter, electromagnetic calorimeter and the time-of-flight detectors.
The switch indicates that hit-based tracks are input into the swimming
calculation, after which the time-based tracks are used creating a feed-
back loop. Percentages shown indicate the relative time taken to do
the calculations with respect to the full reconstruction.

Using the difference of the times from the time-of-flight (tTOF) and start
counter (tST), along with the path length from the ST to the TOF (ℓST−TOF), the
speed of each particle was determined:

βST−TOF =
tTOF − tST

cℓST−TOF

, (2.10)

where c is the speed of light. In the case where a start counter time could not
be associated with the track, β was obtained from the tagger hit of the event:

βvtx−TOF =
tTOF − tvtx(TAGRF)

cℓTOF

, (2.11)

where tvtx(TAGRF) is the RF-corrected tagger vertex time. The tagger hit is the
one that is closest to the average time of the tracks in the event. With β and
the momentum (p) in hand, we could then calculate the mass of the particle:

m =
cp2

β2
(2.12)

The particle identification is done based on the mass from Eq. 2.12. For
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Figure 2.14: Speed (β) versus momentum of final state particles detected by CLAS

after vertex-timing cuts which are detailed in Chapter 3. The bands
shown follow the curve given by Eq. 2.12 and are identified from top to
bottom as pions, kaons, protons and deuterons.

the g12 experiment, all final state charged particles are one of the following:
electron, pion, muon, kaon, proton, or deuteron. The initial identification only
considers pions, kaons, protons and deuterons. Leptons (electrons and muons)
are filtered out based on the signals from the EC and CC later in the analysis.
The major difficulty comes from separating pions and kaons which merge at
momenta above 1.5 GeV as shown in Fig. 2.14 making identification ambiguous.
Methods used to deal with this ambiguity are discussed in Chapter 3.

After the particles were identified, the four momentum was determined by
calculating the energy from the mass found in the literature (mbook) and the
momentum (~p) from the drift-chamber:

E2 = m2
bookc

4 + |~p|2c2. (2.13)

The vertex was taken as the point along the track that came closest to the center
of the beam line. The basic vertex timing cuts are detailed in Sec. 3.3, along
with a discussion about the effects of the 2 ns beam structure.

This is not the end of the story for track measurement and identification.
Since tracking began at region 1 of the DC, after the particle had already gone
through the target and start counter, the effects were taken into account as
part of the “energy-loss” correction during the analysis phase as discussed in
Chapter 3. Small corrections to the momentum and beam energy were also
done as part of the final analysis. These accounted for unknown factors which
affected the particles.

64



Goetz g12 Data Acquisition & Reconstruction

2.4.1 Data Reconstruction on the JLab Computing Farm

Reconstruction of the entire g12 data set was a major undertaking due to the size
of the collected data. Furthermore, the relatively high efficiency of the trigger
(> 80% is typical for photon runs at JLab) added to the reconstruction time as
most of the events recorded may have been “good” events. The computing farm
at JLab, as it stood at the end of the experiment in 2008, was estimated to take
approximately 12 months to process all 126 Terabytes (TB) which consisted of
26 billion triggers.

Fortunately for us, there were several major upgrades to the computing farm
that occurred during the time g12 was doing the final reconstruction which
started in late August of 2009 as shown in Fig. 2.15. We worked closely with
the administrators of the computing farm to work out the appropriate queuing
algorithm so that our jobs would get a certain priority. This resulted in an
increase in throughput within the first week of running. In mid-September, the
“cache” disk, which was used to hold the raw data as it was read from tape, was
doubled in size which allowed us to run almost twice as many jobs at a time.

In early October, ten new compute nodes were installed which ran on new
processors that promised a one to two-fold increase in processing speed. These
were dual, quad-core, hyper-threaded, 64-bit nodes, each of which could handle
up to 16 simultaneous jobs. We were the first Hall B run-group to utilize these
computers and our throughput was a consistent 500 files per day for the last half
of pass 1 which ended just before the new year in 2009. The reconstructed data
was twice the size of the raw data with only a minimal amount of redundancy
kept for convenience, and we were reading 1 TB and writing 2 TB per day on
average.

With all of these upgrades, The full data reconstruction of over 60,000 files
took four months (see Fig. 2.15) and we paved the way for subsequent experi-
ments to switch to 64-bit compatible reconstruction code.
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Figure 2.15: g12 final reconstruction (pass 1) timeline. This figure shows the number
of files, each approximately 2 GB with about 450k events, that were
cooked every 24 hours starting late August, 2009 by the solid light-blue
line. The weekly average is indicated by the dashed dark-blue line,
while the total files left to be cooked, out of over 60k, is indicated by
the dash-dot red line.
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Chapter 3

Analysis

The analysis of CLAS data begins with reconstructed events (see Sec. 2.4), the
essential parts of which are the identified particle and its momentum. The
rudimentary particle identification schemes associated with the reconstruction
program (a1c) are extremely loose for most kaon analyses. That is, more than
half the tracks labeled as kaons are in fact misidentified pions and this is the
primary source of background “noise” in kaon analyses done with CLAS. How-
ever, it is an excellent starting point for the analysis that follows, and virtually
all event selections criteria are chosen so as to minimize this pion-contamination
without destroying the targeted resonances.

The first step of this analysis identifies the beam photon that triggered the
event. All the tracks are then matched to this photon and out-of-time tracks are
thrown out. The particles are identified based on their momentum measured in
the DC and speed obtained from the TOF. The energy of each is then recalculated
using the mass of the particle as found in the literature. With the four-momenta
of the tracks in hand, the data are explored for resonances, cross sections and
other trends. These steps are described in detail in the next few sections as
a setup for the final results presented in the following chapter which include
the excitation function for the photoproduction of the Ξ−(1320) and Ξ−(1530)
states as well as total cross section upper limits of higher-mass cascades and
iso-exotic states.

3.1 Particle Identification

Particle identification of the measured tracks in CLAS uses the momentum (~p)
from the DC. Vertex times for each track are measured by the TOF and the average
is used to determine the photon hit in the tagger. The speed of each particle
(β)∗ is then determined by the time difference from the vertex as measured
by the photon tagger, to the time-of-flight counter. The β versus momentum
for all charged tracks with a rough particle identification from early on in the

∗In this work, all speeds are given as fractions of the speed of light: β = v/c.
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reconstruction process is depicted in Fig. 3.1. The major bands correspond
to pions, kaons and protons just as in Fig. 2.14 on page 64. The secondary
bands come from tracks where the timing information is off by multiples of
two nanoseconds due to the beam structure. At this point, there is no way to
differentiate a kaon from a pion that came from a previous beam bucket where
the secondary pion bands overlap the kaon band, eg. at a momentum of 1 GeV
for example.

Figure 3.1: Speed (β) versus Momentum of final state particles detected by CLAS

without vertex or timing cuts.

Once the momentum and speed is obtained, the mass of the particle is cal-
culated:

m =

(

1

β2p2
− 1

)
1
2

, (3.1)

and it is identified as either a pion, kaon or proton. Since these particles have
well defined masses, and because the momentum as measured by CLAS is known
to better accuracy than β, the energy is recalculated using the mass (mbook) as
found in the literature[8]:

E =
(

p2 +m2
book

)
1
2 . (3.2)

This energy, plus the momentum from the DC make up the four-momenta of
the detected tracks for a given event. Requirements made on this data sample,
based on timing, vertex positions or other aspects as discussed in the following
sections, are all done in an effort to enhance the signal to background ratios for
the resonant states. Most of these requirements are then used to determine the
upper limits on states which are not seen in the data.
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3.2 General Features of Kaon Data in g12

In this section, the various features of the kaon data from the g12 experiment are
explored. Known states such as the Λ(1115), Σ(1198) and ϕ(1020) are measured
and compared to the values found in the literature. This analysis is concerned
primarily with doubly-strange baryon resonances. The jumping-off point is the
missing mass off K+K+ (shown in Fig. 3.2) in the reaction:

γp→ K+K+X−. (3.3)

In this figure, there are three major peaks on a fairly smooth background. The
peak at 1.1 GeV is the Σ−(1198) and is discussed later in this section. The
middle peak at 1.3 GeV is the well known Ξ−(1320) state in the reaction:

γp→ Ξ−(1320)K+K+. (3.4)

As discussed in Sec. 3.3, this is the signal on which the timing and vertex cuts
were based. The third signal, at 1.53 GeV, is the Ξ−(1530) state — the doubly-
strange baryon in the decuplet of Gell-Mann’s eight-fold way as shown in Fig. 2
on page 3.
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Figure 3.2: Missing mass off K+K+ in the reacton γp → K+K+X− with cuts on
the vertex time for both K+’s as described in Table 3.2 on page 81.
The three peaks at 1.1, 1.32 and 1.53 GeV correspond to the Σ−(1198)
where a π+ was misidentified as a K+, the Ξ−(1320) and the Ξ−(1530)
respectively.

The momentum vs. K+K+ missing mass for each of the K+’s is shown in
Figs. 3.3 and 3.4. There are three horizontal bands corresponding to the three
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Figure 3.3: Missing mass off K+K+ vs. the K+

fast
momentum in the reaction γp →

K+K+X− with cuts on the vertex time for both K+’s as described in
Table 3.2 on page 81. The three horizontal bands correspond, low to
high, to the Σ−(1198), Ξ−(1320) and the Ξ−(1530).

peaks in Fig. 3.2. The vertical band in Fig. 3.4 at 0.2 GeV represents noise at
the detection threshold. These events were cut from the data, indicated by the
dashed line and the cut is listed in Table 3.3 on page 88.

A negative consequence of recalculating the energy of the detected particles
based on particle identification is that the tracks with a measured mass lower
than the book value are adjusted to become stationary in the laboratory frame;
that is, they have zero momentum. This cannot be the case since the particle
had to have enough energy to reach to the detector. In this analysis, these
events are cut from the data to avoid false signals which would show up as
peaks at threshold in the invariant mass distributions. The vertical band at
1 GeV in Fig. 3.5, and the spike at threshold in the projection of this data on
the x-axis, the invariant mass of K+K+, Fig. 3.6 shows this effect. The dashed
line indicates the cut made to remove these events from the K+K+ data and is
listed in Table 3.3.

As mentioned before, in kaon analyses using the CLAS detector, pions are
often misidentified as kaons. In the reaction γp → K+K+X−, if one of the
kaons is actually a pion from a previous beam bucket, it will show up as a
baryon resonance in the reaction: γp → K+X . The missing mass off each
K+ is plotted against each other in Fig. 3.7. The horizontal and vertical bands
correspond to the singly-strange baryons resonances. For these events, the other
particle identified as a kaon is actually a pion, though it is uncertain whether it
was involved in the event, and the baryon is either a Λ or Σ0.

The peaks in the missing mass off K+
fast in the reaction γp → K+K+X−
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Figure 3.4: Missing mass off K+K+ vs. the K+

slow
momentum in the reacton γp →

K+K+X−. The three horizontal bands correspond, low to high, to the
Σ−(1198), Ξ−(1320) and the Ξ−(1530). The vertical band at 0.2 GeV
corresponds to “noise” events at detection threshold and were cut from
the data indicated by the blue dashed line.

Figure 3.5: Missing mass off K+K+ vs. the invariant mass of K+K+ in the reaction
γp→ K+K+X−. The three horizontal bands correspond, low to high, to
the Σ−(1198), Ξ−(1320) and the Ξ−(1530). The vertical band at 1 GeV
corresponds to events where the measured mass of the kaons were below
that found in the literature and were artificially adjusted up to threshold.
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Figure 3.6: The invariant mass of K+K+ in the reaction γp → K+K+X−. This is
the projection of Fig. 3.5 onto the x-axis. The blue dashed line indicates
the cut made on the data and is listed in Table 3.3 on page 88.

Figure 3.7: Missing mass off K+

fast
vs. the missing mass off K+

slow
in the reaction

γp → K+K+X−. The bands are identified in Fig. 3.8 which is the
projection of this data on the y-axis where the missing mass off the
K+

slow
is greater than 1.3 GeV.

shown in Fig. 3.8 correspond to the horizontal bands in Fig. 3.7. This data
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Figure 3.8: Missing mass off K+

fast
in the reaction γp → K+K+X−. The peaks cor-

respond, from left to right, to the Λ(1115), Σ0(1198), Σ0(1385) which is
together with the Λ(1405), Λ(1520) and a slight enhancement indicative
of the Σ0(1660). The shape of the data above 1.7 GeV is dominated by
phase-space.

consist of events that are one of

γp → K+K+X− (3.5)

γp → K+π+X− (3.6)

γp → K+X0 (3.7)

where both kaons were actually kaons. The π+ was misidentified as a K+ and
was part of the event, or the the π+ was misidentified as a K+ and was not
part of the event. The peaks in Fig. 3.8 correspond, from left to right, to the
Λ(1115), Σ0(1198), Σ0(1385) which is together with the Λ(1405), Λ(1520) and
a slight enhancement indicative of the Σ0(1660). The measured masses and
widths of several of these states are listed in Table 3.1.

To produce the cascades, the missing mass off each K+ must be greater
than 1.8 GeV (Ξ−(1320) mass plus 494 MeV for the other K+) and so these
singly-strange baryon resonances do not interfere with the Ξ states. Further-
more, the smoothness of the missing mass off each K+ above 1.7 GeV indicates
phase-space dominance since there are no apparent resonant structures. This
suggests that the higher singly-strange resonances are broad enough to “blend
in” with the background in the missing mass off K+K+. While effort in remov-
ing or accounting for this background is done in this analysis, the anticipation
that the Ξ∗ states are narrow (30–50 MeV widths as discussed in Sec. 0.1 on
page 5) means that the cascades should show up as narrow bumps on a smooth
background.

The neutral cascade ground state, Ξ0(1315), can be seen in the missing mass
off K+K+π− in the reaction γp→ K+K+π−X0. It shows up as the vertical band
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Table 3.1: Masses and widths of known states seen in the K+K+ data of the g12

experiment. Width measurements are found from a Breit-Wigner convo-
luted with a Gaussian peak where the Gaussian has fixed width obtained
from the Λ(1115) resolution. These fits were obtained using the data
shown in several figures shown later in this section and the next as indi-
cated.

resonance mass (MeV) width (MeV)
from MM(K+

fast), Fig. 3.8
Λ(1115) 1109.4± 0.25 –
Σ0(1193) 1186.6± 0.4 –
Σ0(1383) 1385± 7 31± 3
Λ(1520) 1518± 3 16± 3

from M(K+K−), Fig. 3.13
ϕ(1020) 1019.5± 0.2 –

from MM(K+K+π−), Fig. 3.38
Λ(1115) 1113.2± 0.5 –
Ξ0(1315) 1313.8± 0.4 –

from MM(K+π+π−π−), Fig. 4.28
proton 936.5± 0.2 –
Σ+(1189) 1186.8± 1.8 –

at 1.3 GeV in Fig. 3.9(a). The events at 1.53 GeV of the y-axis (missing mass
off K+K+) correspond to the decay: Ξ−(1530)→ Ξ0(1315)π−. In this figure at
(b), the Λπ− decay of the ground state Ξ− is seen, and misidentified pion data
from the Σ events are at (c). There were events where both kaons were in-fact
pions at (d), in the reaction γp→ π+π+π−p. These events do not contribute to
the background in the missing mass off K+K+ above 0.7 GeV and were therefore
ignored.

Fig. 3.10 shows the invariant mass of pπ− vs. the missing mass off K+K+π−

in the reaction γp → K+K+pπ−X−. The Ξ0(1315) state can be seen again as
the vertical band at 1.3 GeV, while the horizontal band at 1.1 GeV corresponds
to the Λ(1115). The two enhancements at

M(pπ−) = MM(K+K+π−) = 1.1 GeV (3.8)

correspond to the exclusive reaction:

γp→ Ξ−K+K+

֒→ Λπ−

֒→ pπ−, (3.9)

where only one of the pions was detected.
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Figure 3.9: Missing mass off K+K+ vs. the missing mass off K+K+π− for the re-
action γp → K+K+π−X0. The vertical band at (a) is the ground state
Ξ0(1315), the peak at 1.53 GeV on the y-axis of which indicates the Ξ0-
decay of the Ξ∗−(1530). The events at (b) correspond to the Λπ− decay
of the ground state Ξ. The diagonal band at (c) are the events where a
π+ was misidentified as a kaon and corresponds to the enhancement at
Fig. 3.11(a). The events in the band at (d) are where both kaons were
actually pions.
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Figure 3.10: Invariant mass of pπ− vs. the missing mass off K+K+π− in the reaction
γp → K+K+pπ−X−. The narrow horizontal band at 1.1 GeV corre-
sponds to the Λ(1115) and the vertical band at 1.3 GeV is the Ξ0(1315).
The enhancements at (1.1, 1.1) GeV correspond to the exclusive reac-
tion (3.9) where only one of the pions was detected.
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The peak at 1.1 GeV in Fig. 3.2 and most MM(K+K+) plots can be explained
by recalculating the missing mass off K+π+ where the π+ was originally iden-
tified as a kaon. This is shown vs. the missing mass off K+K+ in Fig. 3.11.
Here, the higher momentum, which is the one more likely to be misidentified
as a kaon, is recalculated as the π. The vertical band right at 1.19 GeV (a)
indicates that this peak corresponds to the reaction:

γp→ Σ−(1198)K+π+ (3.10)

where the π+ was identified as a K+. These events to not overlap with the
Ξ− states, shown as the horizontal bands at 1.32 GeV (b) and 1.53 GeV (c)
in the same plot, and thus do not contribute directly to the background of the
Ξ signals. This is indicative of the primary difficulty with kaon analyses with
CLAS: the misidentification of pions as kaons. Therefore, the pion contamination
due to misidentification could be monitored, at least qualitatively, by the size
of this peak.

Figure 3.11: Missing mass off K+K+ where the K+

fast
was recalculated as π+. The

vertical band at (a) verifies that these are Σ−(1189) events where the π+

was identified as a kaon. The horizontal bands at (b) and (c) correspond
to the Ξ−(1320) and Ξ−(1530) respectively.

Fig. 3.12 shows the same data as in Fig. 3.11 however with the higher mo-
mentum K+ recalculated as a proton instead of a π+. The purpose was to
investigate the possibility of a misidentified proton in the events. Again, the
horizontal bands at 1.32 and 1.53 GeV are the cascade signals, but there is a
lot more going on below a MM(K+K+) of 1.2 GeV. The curved horizontal band
around 1.1 GeV is the reflection of the Σ−(1198) state seen in Fig. 3.11. The
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horizontal band at about 0.55 GeV is another reflection of the events where a
π+ was misidentified as a K+. Finally, the events with missing mass off K+p at
the pion mass of 1.45 GeV indicates that these are:

γp→ pK+π−, (3.11)

where the proton and π− possibly come from a Λ(1115) decay.

Figure 3.12: Missing mass off K+K+ where the K+

fast
was recalculated as a proton.

The lack of events at (a) (MM(pK+) ≈ pion mass) indicate that protons
are not being identified as kaons. The events at (b) correspond to
the enhancements seen in Fig. 3.9(d). The bands at (c), (d) and (e)
correspond to the events in Fig. 3.11 at (a), (b) and (c) respectively.
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Figure 3.13: Invariant mass of K+K− in the reaction γp → K+K−X+ with basic
timing cuts on both kaons. The narrow peak at 1 GeV corresponds to
the ϕ(1020) which has decayed to K+K−.

3.3 Vertexing and Timing

Since the position of the tracks in CLAS are known to a relatively high accu-
racy (see the drift-chamber calibration Sec. 2.3.2 on page 53), the path lengths
traveled from the vertex can be measured. This is defined as the distance be-
tween the point of closest approach (DOCA) to the beam line and the interaction
point at the various subsystems such as the start counter or time-of-flight. The
vertex time is calculated from the interaction time at one of the subsystems
and subtracting the travel time along the path from the vertex. This requires a
measurement of the speed of the particle (β).

The speed can be calculated between each subsystem, but only the start and
time-of-flight counters provide sufficient timing accuracy to be used this way.
For each track:

βST−TOF =
ℓTOF − ℓST

c (tTOF − tST)
, (3.12)

βvtx−TOF =
ℓTOF

c (tTOF − tvtx(TAGRF))
, (3.13)

where ℓST and ℓTOF are the path lengths of the track from the vertex to the start
counter and time-of-flight counter respectively, tST and tTOF are the times of the
hits in the counters and tvtx(TAGRF) is the RF-corrected vertex interaction time
according to the chosen tagger hit. These times are relative to a trigger time
for the event and therefore to each other. However, the trigger time has an
inherent jitter with a sigma on the order of 20 ns and the times from event to
event are not adjusted to account for this. The particle’s mass, once determined
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by identification, can be calculated from the momentum:

β2
p =

p2

m2 + p2
. (3.14)

Given these different measurements of β, the vertex times of the tracks (tvtx)
can be calculated several ways:

tvtx(TOF, βp) = tTOF −
ℓTOF

cβp
, (3.15)

tvtx(TOF, βST−TOF) = tTOF −
ℓTOF

cβST−TOF

, (3.16)

tvtx(ST, βp) = tST −
ℓTOF

cβp
, (3.17)

tvtx(ST, βvtx−TOF) = tST −
ℓST

cβvtx−TOF

, (3.18)

tvtx(ST, βST−TOF) = tST −
ℓTOF

cβST−TOF

. (3.19)

These are highly correlated and selections based on three of these are enough.
One could also calculate the vertex time from other subsystems such as the EC

in this way, but again, the ST and TOF scintillating paddles provide the best
timing resolution in the detector.

From the tagger hit, one can calculate the vertex time for each track. In all
cases, the RF-corrected tagger time was used (see the tagger calibration Sec. 2.3.2
on page 53).

tvtx(TAGRF) = tTAG,RF + tprop, (3.20)

where tTAG,RF is the RF-corrected time that the photon crossed the center of the
target and tprop is the propagation time from the center of the target to the
track’s vertex z-coordinate. This is the vertex time used to test against the
times calculated from the start and time-of-flight counters.

The vertex timing cuts, illustrated in Figs. 3.14–3.19, are determined by the
yield of the ground state Ξ−(1320) which is shown as the overlayed 1-dimensional
histogram. A Gaussian curve is fitted to the yield distribution giving a mean
(µ) and standard deviation (σ). The cut to be made in each case is

|tvtx| < 3σ + |µ| (3.21)

so that the efficiency of the cut is always greater than 95% for the ground state
Ξ−(1320). A summary of all the cuts are given in Table 3.2.
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Figure 3.14: Missing mass off K+ K+ in reaction (3.23) on page 97 versus the dif-
ference in vertex time from the tagger and the time-of-flight counter
for the faster K+. The 2D histogram is sliced in x and each slice is
projected onto the y-axis. A Breit-Wigner plus a 3rd-order polynomial
is fit around the mass of the ground state Ξ−(1320). The plotted po-
sitions in black are the mean of the signal peak with bars indicating
the statistical error. The integral of the signal peak is overlayed as a
1D histogram with counts indicated on the right side y-axis. This is
then fitted with a Gaussian, the mean and 3σ of which is printed in the
upper left corner. The 3σ positions in x are illustrated by the dashed
vertical lines.

Table 3.2: Cuts based on measured vertex times. Collectively, these cuts constitute
the vertex timing cut for an individual track given a specific tagger hit.
Times are in nanoseconds and the last column indicates the cuts used on
K−’s, pions and protons.

quantity
selections (ns)

fast K+ slow K+ other
|tvtx(TOF, βp)− tvtx(TAGRF)| < 0.55 < 0.69 < 0.7
|tvtx(ST, βvtx−TOF)− tvtx(TAGRF)| < 1.29 < 1.24 < 1.25
|tvtx(TOF, βST−TOF)− tvtx(TAGRF)| < 1.35 < 1.29 < 1.33
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Figure 3.15: Missing mass off K+ K+ versus the difference in vertex time from the
tagger and the time-of-flight counter for the slower K+. See Fig. 3.14
for a detailed explanation of this plot.

Figure 3.16: Missing mass off K+ K+ versus the difference in vertex time from the
tagger and the start counter for the faster K+. See Fig. 3.14 for a
detailed explanation of this plot.
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Figure 3.17: Missing mass off K+ K+ versus the difference in vertex time from the
tagger and the start counter for the slower K+. See Fig. 3.14 for a
detailed explanation of this plot.

Figure 3.18: Missing mass off K+ K+ versus the difference in vertex time from the
tagger and the vertex time from the start and time-of-flight counters
for the faster K+. See Fig. 3.14 for a detailed explanation of this plot.
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Figure 3.19: Missing mass off K+ K+ versus the difference in vertex time from the
tagger and the vertex time from the start and time-of-flight counters
for the slower K+. See Fig. 3.14 for a detailed explanation of this plot.
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The relative vertex time of the two K+ tracks, after the previous timing
selections, is within 1 ns, though an additional cut is made as shown in Fig. 3.20.
The reconstruction program provides an estimate of the vertex position for each
track which is calculated as the point of closest approach to the center of the
beam-line. Using the momentum and this vertex position, the distance of closest
approach (DOCA) and the midpoint of the shortest line connecting the two tracks
are calculated, which is defined as the intersection. Doing this for the two K+’s
yields the data presented in Figs. 3.21–3.23. Event selections are made based
on the z and radial positions of the intersection as well as the DOCA of the two
tracks. Note that the DOCA is equivalent to measuring the co-planarity of the
two tracks. These cuts are listed in Table 3.3.

Figure 3.20: Missing mass off K+ K+ versus the difference in vertex time between
the two kaons. See Fig. 3.14 for a detailed explanation of this plot.
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Figure 3.21: (x,y) of the intersection of the two K+’s in reaction (3.23) on page 97.
The dashed circle drawn is part of the K+K+ vertex position cut; the
solid circle indicates the target wall. See Fig. 3.14 for a detailed expla-
nation of this plot.
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Figure 3.22: Missing mass off the K+ K+ versus the z-coordinate of the closest
approach of the two K+ tracks. The solid vertical lines indicate the
target wall while the dashed lines are the z-position part of the vertex
cuts. See Fig. 3.14 for a detailed explanation of this plot.

Figure 3.23: Missing mass off the K+ K+ versus the distance of closest approach
for the two K+ tracks. The dashed line indicates the DOCA(K+K+) cut
used in this analysis. See Fig. 3.14 for a detailed explanation of this
plot.
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The timing of additional particles in the K+K+ analysis, such as an addi-
tional pion or proton, are shown in Figs. 3.24 and 3.25. The cuts made for the
cascade decays are lower-bound only since the pions or protons may come from
a Λ which may have traveled some measurable distance before decaying to Nπ.

Figure 3.24: Missing mass off the K+K+ versus the difference in vertex time between
the two kaons and the π−. The dashed line shows the pion vertex timing
cut. See Fig. 3.14 for a detailed explanation of this plot.

Table 3.3: Various cuts as described in Figs. 3.20–3.25 which are used in this analysis.

quantity selection
|∆tvtx|(K+

fast −K+
slow) < 0.855 ns

DOCA(K+K+) < 2 cm
K+K+ intersect:

(x2 + y2)
1
2 < 6 cm

|z + 90| < 30 cm
Invariant Mass (K+K+) > 1.005 GeV
K+

slow momentum > 0.25 GeV
∆tvtx(proton−K+K+) > −0.50 ns
∆tvtx(π− −K+K+) > −0.25 ns
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Figure 3.25: Missing mass off the K+K+ versus the difference in vertex time between
the two kaons and the proton. The dashed line indicates the proton
vertex timing cut. See Fig. 3.14 for a detailed explanation of this plot.
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3.4 Beam Photon Identification

Particle identification, especially kaon-pion separation, is ambiguous in many
kinematic regions of CLAS. When the luminosity of the beam is high enough to
give more than one tagger hit in time with the identified tracks, things get even
more complicated. Obtaining the correct tagger hit gives a measurement of the
incident photon energy and allows missing masses to be calculated. These cal-
culations are critical for this analysis where the acceptance for the full reaction:

γp→ Ξ−K+K+

֒→ Λπ−

֒→ pπ−, (3.22)

is less than 0.1%. Measuring the missing mass off the K+K+ provides the
strangeness information for the baryon, its mass and momentum. This tech-
nique only requires two charged tracks which keeps acceptance higher at ap-
proximately 7%.

The tagger hit that triggered the event (the MORA or MORB trigger signals) is
not necessarily the interacting photon. For higher luminosity runs such as g12,
the tagger is hit many times during the CLAS trigger gate. The probability that
there are two tagger hits within the same 2 ns beam bucket is approximately
17%. This is not to be confused with the accidental rate which makes up
about two-thirds of the data taken in g12 (see Sec. 2.2.1). These are real
photoproduction events where the tagging of the photon is ambiguous.

Approximately 17% of the γp→ K+K+X− events used for this analysis have
more than a single photon hit in the same beam bucket as shown in Figs. 3.26
and 3.27. The yield of γp→ Ξ−(1320)K+K+ events in Figs. 3.28, 3.29 and 3.30
are summed up in Table 3.4. The fit used for these yields consisted of a 3rd

order polynomial background with a Gaussian peak as discussed in Sec. 3.6. In
a sample of 100k events that contained more than one tagger hit in the beam
bucket associated with the tracks, 353 ± 42 ground state cascades were found
using the second-highest (lower) photon energy. The highest energy photon
yielded 516 ± 47 ground state cascades, and the events in this sample that
contained only one tagger hit in this beam bucket had 3615± 118 ground state
Ξ−’s. This means that 12.5% of the Ξ events in this analysis have this tagger
ambiguity. Furthermore, since the highest energy was chosen throughout the
rest of this work, approximately 8.5% Ξ events were lost. To take this effect
into account, tagger hits from a random sampling of data events were added to
each simulated event used for the acceptance calculations.

The total photon flux for the data used in this analysis is shown in Fig. 3.31
and makes up roughly 90% of the total statistics obtained during the g12 ex-
periment. This is used in the excitation function calculations as described in
Sec. 4.1.5. The difference in flux above and below 3.6 GeV is due to the difference
in trigger bits as listed in Table 2.7. This effect of the relative trigger efficiencies
was taken into account in the flux as opposed to the acceptance (see Sec. 4.1.2).
This shift is model independent, however there is still an overall scaling factor
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Figure 3.26: Number of charged particles detected in the drift chamber as a function
of the number of tagger hits within the same beam bucket. Shown is a
typical sampling of 100k events with at least two reconstructed charged
tracks.

Figure 3.27: Number of tagger hits within the same beam bucket. This is the pro-
jection of Fig. 3.26 onto the x-axis.

that will be applied over the entire energy range which is discussed in Sec. 4.1.4.
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Figure 3.28: Missing mass off K+K+ where the event has more than one tagger hit
in-time with the beam bucket associated with the tracks, and where
the lower energy tagger hit was used (or second highest in case of more
than two) to calculate the beam photon energy. This is from a sample
of 100k events and the ground state Ξ−(1320) peak contains 353 ± 42
events.

Table 3.4: The yield of ground state Ξ−(1320) events in a sample of 100k K+K+

events with timing cuts as shown in Tables 3.2 and 3.3. The “single
tagger hit” events have only one tagger hit in the beam bucket associated
with the tracks. The others have more than one, and “highest” indicates
the highest energy photon was used in the missing mass calculation while
“lower” means the second highest was used.

Ξ−(1320) yield percent of
per 100k events single + higher

single tagger hit: 3615± 118 87.5%
multiple - highest: 516± 47 12.5%
multiple - lower: 353± 42 8.5%
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Figure 3.29: Missing mass off K+K+ where the event has more than one tagger hit
in-time with the beam bucket associated with the tracks, and where
the highest energy tagger hit was used to calculate the beam photon
energy. This is from a sample of 100k events and the ground state
Ξ−(1320) peak contains 516± 47 events.

Figure 3.30: Missing mass off K+K+ where the event has only one tagger hit in the
beam bucket associated with the tracks. This is from a sample of 100k
events and the ground state Ξ−(1320) peak contains 3615±118 events.
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Figure 3.31: Total photon flux vs. beam energy.
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3.5 TOF Energy Deposit

The time-of-flight (TOF) paddles in CLAS are all 5.08 cm (2 inches) thick. This
is enough to obtain an accurate measurement of the energy deposited by the
charged particles passing through it. Since heavier mass particles will deposit
more energy at a given momentum, this can be used to identify particles inde-
pendently from the β measurement as discussed earlier. The TOF energy deposit
vs. momentum of the tracks is shown for protons, pions and kaons in Fig. 3.32.
The pion and proton signals have been normalized to kaon signal in this figure
to enhance the visibility of the kaons which are shown alone in Fig. 3.33.

Figure 3.32: TOF energy deposit by charged pions, kaons and protons. The three
histograms (protons, kaons and pions) were normalized to each other
to enhance the identification of the kaon band. The pions and pro-
tons were selected from Λ events, and the kaons were selected where
the missing mass off K+K+ is near the Ξ−(1320) mass or where the
invariant mass of K+K− is near the ϕ(1020) mass.

A summary of the time-of-flight cut used in this analysis is shown in App. B
on page 139. The event selections made were done as a “consistency check”
with the particle identification from the method described in Sec. 3.1. That
is, tracks identified from the momentum and β calculation as protons, pions or
kaons, passed the TOF energy cut if the energy deposit was consistent with this
same particle identification. The values used (listed below) were experimentally
determined, in order to take resolutions into account, based on the kaons in
Fig. 3.33 and protons and pions in the exclusive reaction γp→ pπ−π+.

The effect of the the TOF energy deposit cut is discussed in Sec. 3.6. While
the signal to background ratio is improved for the Ξ−(1320) and the Ξ−(1530)
states, the statistics are reduced by 75% and therefore the evaluation of the
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Figure 3.33: TOF energy deposit by kaons where the missing mass off K+K+ is near
the Ξ−(1320) mass or the invariant mass of K+K− is near the φ(1020)
mass.

excitation functions for these two were done with and without this cut.
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3.6 Missing Mass Off K+K+

The skim of the g12 data set used for this analysis required two charged tracks
that were fully reconstructed in the DC. One of these tracks was required to
be a possible positive or negative kaon. Here, possible meant all particles that
had a measured mass approximating that of the kaon, all pions that had a
momentum above 2 GeV and all protons that had a momentum above 3 GeV.
This was done to include all kaon tracks that might be misidentified as either
a pion or proton. Again, the cuts were done to minimize the effect of the pion
and protons contaminating the K+K+ data.

In the reaction:
γp→ K+K+X−, (3.23)

one can identify the X− as a doubly-strange baryon (i.e. a Ξ− resonance). The
missing mass off the two K+’s gives the mass of the cascade which could be some
excited state. Since this procedure only requires identification of the incident
photon (γ) and two K+’s, the acceptance of CLAS is relatively high (about 7%
as discussed in Sec. 4.1.2). This provides a good starting point for investigating
the cascades produced in the g12 experiment. This technique is sensitive to all
decay channels of the “missing” state and therefore provides a straightforward
method to study the total production rates of the cascades without the need to
consider branching ratios.

To begin, the basic particle identification from the reconstruction was used,
and most of the event selections were based on the yield of the ground state
Ξ−(1320) as detailed in Sec. 3.3. The initial missing mass spectrum, with the
minimal timing cuts listed in Table 3.2, is shown in Fig. 3.2 on page 69. From
there, the additional timing and vertex selections, listed in Table 3.3, were added
to produce Fig. 3.34.

The missing mass off K+K+ with the TOF energy deposit cut, as well as the
vertex and timing cuts of Tables 3.2 and 3.3, is shown in Fig. 3.35. The signal to
background ratio is improved, though the statistics are reduced by 75%. Notice
the ground state Σ− peak persists indicating misidentified pions are still present
in this data.

The peak around 1.1 GeV in Fig. 3.34 indicates that there are pions which
were misidentified as kaons in these plots. The reaction for these events is:

γp→ Σ−(1198)K+π+,
֒→ nπ−, (3.24)

where the neutron decay of the Σ−(1198) state occurs nearly 100% of the time.
Requiring a proton in the K+K+ missing mass plot removes these misidentified
pion events though not necessarily higher state Σ’s or Λ’s. This proton cut,
along with the timing selection for the proton as listed in Table 3.3 is shown
in Fig. 3.36. Just as with the TOF energy cut, the signal to background ratio
is improved, however the statistics are greatly reduced. For completeness, the
combination of the proton and the TOF energy cut is shown in Fig. 3.37 and a
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summary of the total measured yields for each of these is listed in Tables 3.5.
The measured masses of the Ξ−(1320) and the Ξ−(1530) states are shown in
Table 3.6 for each of the major event selections described.

All the Ξ states will have a Λ in the decay chain nearly 100% of the time
and this Λ will decay to pπ− approximately 67% of the time. An excited Σ∗−

state on the other hand has the ground state decay (Σ−π0) available which will
decay via a neutron and therefore is less likely to produce a proton in the final
state:

γp→ Σ∗−K+π+,
֒→ Σ−π0

֒→ nπ−. (3.25)

This difference in the proton decay branching ratios of the Σ and Ξ states is
used throughout this analysis as an internal check of the signal fitting procedure
discussed in Sec. 4.1. The agreement in the final excitation functions with and
without the proton requirement indicates that the handling of the background
discussed in Sec. 4.1 is done correctly.

The proton cut does not remove all misidentified pions. Higher mass Σ’s
may decay to a proton and contribute to the background shape seen in Fig. 3.36.

Figure 3.34: Missing mass off K+K+ in the reaction γp → K+K+X− with cuts as
described in Tables 3.2 and 3.3 which include all the basic timing and
vertex cuts, but not requiring a proton in the event or the TOF energy
cut. The rise in events at 0.6 GeV corresponds to the enhancement in
Fig. 3.9(d). The Ξ−(1320) and Ξ−(1530) signals peak at 1320.0 ± 0.1
and 1533.8 ± 0.7 MeV respectively.
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Figure 3.35: Missing mass off K+K+ in the reaction γp → K+K+X− with cuts
as described in Tables 3.2 and 3.3 which include all the basic timing
and vertex cuts, but not requiring a proton in the event. Here, the
TOF energy deposit cut, as described in Sec. 3.5, was done on the two
K+’s in the final state. The Ξ−(1320) and Ξ−(1530) signals peak at
1320.3 ± 0.1 and 1534.8 ± 0.6 MeV respectively.

The influence of these states is mitigated by the fact that, for higher mass Ξ∗−

states, the kaons will have a lower momentum (see Fig. 3.3 on page 70) and
therefore are less likely to be misidentified as shown in momentum vs. β plot
in Fig. 2.14 on page 64. Furthermore, these Σ∗ states are generally broad (over
100 MeV) and overlap as shown in Fig. 3 on page 7. This suggests that their
overall contribution to Figs. 3.34–3.35 will be smooth and can be approximated
by low-order polynomial background fit used in this analysis.

Pion misidentification is not the only source of background in the missing
mass off K+K+ distributions. As discussed in Sec. 3.4, there are typically over
20 tagger hits in each event and there is an 8.5% probability that the wrong
hit was associated with the tracks. This will yield a vertex time that is off by
some multiple of 2 ns and a photon energy which will be randomly determined
from the distribution shown in Fig.3.31. The vertex time shift will contribute
to the already existing source of noise from the particle identification scheme
and is tied to the momentum and timing resolutions of the tracks. All of these
contributions are reduced by the various vertex and timing cuts made, but
cannot be eliminated entirely.

The background sources discussed so far stem from the inefficiencies of the
detector, reconstruction algorithms and analysis techniques. There are some
possible real physics sources where the detected particles are what they are

99



Goetz Analysis

measured to be, but where the event does not include a Ξ state. One such
reaction includes the ϕ meson which can decay to K+K−:

γp→ ΛϕK+

֒→ K+K−. (3.26)

In this reaction, there are two K+’s and possibly a proton in the final state.
The beam energy threshold for this reaction is 2.9 GeV and with an additional
300 MeV to detect the two K+’s, this process will start to interfere with the Ξ
distribution at about 3.5 GeV. Because the K+’s do not come from the same
resonance, the contribution to the missing mass will be broad. Therefore, this
may not affect any narrow Ξ resonance structures at the sensitivity level of this
experiment and other ϕK+ events can be treated in the same way.

One final contribution to the background in the missing mass off K+K+

distribution considered is the pion emission of the Y∗ in the decay to the Ξ
state:

γp→ Y∗′K+

֒→ Y∗π0

֒→ Ξ∗−K+. (3.27)

Figure 3.36: Missing mass off K+K+ in the reaction γp → pK+K+X−− with cuts
as described in Tables 3.2 and 3.3 which include all the basic timing
and vertex cuts with the added requirement of a final-state proton in
the event. The TOF energy deposit cut was not used on this data.
The Ξ−(1320) and Ξ−(1530) signals peak at 1319.8± 0.2 and 1535.5±
1.2 MeV respectively.
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Figure 3.37: Missing mass off K+K+ in the reaction γp → pK+K+X−− with cuts
as described in Tables 3.2 and 3.3 which include all the basic timing
and vertex cuts with the added requirement of a final-state proton
in the event. In addition, the TOF energy deposit cut, as described
in Sec. 3.5, was done on the two K+’s and the proton in the final
state. The Ξ−(1320) and Ξ−(1530) signals peak at 1319.9 ± 0.2 and
1536.5 ± 1.0 MeV respectively.

This reaction will contribute a broad overall shape for the same reasons as reac-
tion (3.26). The relative contributions of all these sources of background would
require significant time and effort to determine accurately and little would be
gained over the technique of fitting the background to a low-order polynomial.
The treatment of fitting a Gaussian signal with a 3rd order polynomial back-
ground shape to the data is described in Sec. 4.1.

The missing mass off K+K+π− in the reaction

γp→ K+K+π−X0, (3.28)

is shown in Fig. 3.38. The X0 is identified as a doubly-strange neutral baryon,
i.e. the Ξ0(1315) state corresponding to the peak at 1.3 GeV. The narrow peak
at 1.1 GeV corresponds to the Λπ− decay of the ground-state Ξ−(1320). The
broader peak just to the left, at 1.05 GeV, corresponds to the Λπ− decay of the
Ξ0(1315) state where the π− in the missing mass calculation is from the pπ−

decay of the Λ. Finally, the peak at 0.8 GeV corresponds to the same Σ(1198)
events in Figs. 3.2 and 3.11 where a π+ was misidentified as a K+.
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The Ξ0(1315) events in Fig. 3.38 can come from either a Ξ∗− decay:

γp→ Ξ∗−K+K+

֒→ Ξ0π−, (3.29)

or the neutral kaon channel:

γp→ K∗0Ξ0K+

֒→ π+π−. (3.30)

A more thorough investigation of the K∗0 could lead to an excitation function
of the neutral Ξ0(1315) state but is beyond the scope of this analysis.

The neutral pion was seen in the data via two-γ decay where the final-state

Figure 3.38: Missing mass off K+K+π− in the reaction γp→ K+K+π−X0 with cuts
as described in Tables 3.2 and 3.3. The peak at 300 MeV corresponds
to events where both kaons were actually pions, see Fig. 3.9(d). The
peak at 800 MeV corresponds to the Σ(1189) events, see Fig. 3.9(c).
The next peak at 1 GeV corresponds to Λ events where the π− comes
from the Λ decay. The narrow peak at 1.1 GeV is the Λ(1115) with
a measured mean of 1113.2 ± 0.2 MeV where the π− came from the Ξ
decay. Finally, the peak at 1.3 GeV corresponds to the neutral Ξ0(1315)
with a measured mean of 1313.8 ± 0.4 MeV.
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photons were detected by the EC. The two reactions:

γp→ Ξ−K+K+

֒→ Λπ−

֒→ nπ0

֒→ γγ, (3.31)

γp→ Ξ∗−K+K+

֒→ Ξ−π0

֒→ γγ, (3.32)

show up in the missing mass off K+K+ (Fig. 3.39) as two peaks for the Ξ−(1320)
and Ξ∗−(1530) states. Unfortunately, the resolution of the π0 is so poor that
any invariant mass calculation is washed out, however, just requiring a π0 in
the event was effective in reducing the background around the Ξ−(1530) state.
The measured masses of the two Ξ states where a π0 was detected is listed in
Table 3.6.
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Figure 3.39: Missing mass off K+K+ in the reaction γp→ K+K+π0X− with cuts as
described in Tables 3.2 and 3.3. The Ξ−(1320) and Ξ−(1530) signals
peak at 1320.9 ± 0.4 and 1535.3 ± 0.6 MeV.
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Figure 3.40: Missing mass off K+K+ vs. beam photon energy in the reaction γp →
K+K+X− with cuts as described in Tables 3.2 and 3.3, and the TOF

energy deposit cut.

Table 3.5: Total measured yields of the ground-state cascades, representing 90% of
the total statistics collected in the g12 experiment. Errors given are a
two standard-deviation statistical error. The selections made on the data
consist of those found in Tables: 3.2 and 3.3. This table shows the yields
for the various cuts which include: requiring a proton in the event, the
TOF energy deposit cut as described in Sec. 3.5 and requiring a π0 in the
event.

total measured yield
selections Ξ−(1320) Ξ−(1530) Figure �
basic only 22690± 250 4330± 240 3.34
ETOF 15190± 150 3020± 120 3.35
proton 7557± 125 1310± 110 3.36
ETOF & prot. 5025± 85 1073± 66 3.37
π0 2451± 72 2622± 96 3.39
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Table 3.6: Measured masses of the ground-state cascades, representing 90.0% of the
total statistics collected in the g12 experiment. Errors given are a two
standard-deviation statistical error. This table shows the masses of the
states for the various event selections which include: requiring a proton in
the event, the TOF energy deposit cut as described in Sec. 3.5 and requiring
a π0 in the event.

measured mass (MeV)
selections Ξ−(1320) Ξ−(1530) Figure �
basic only 1320.0± 0.1 1533.8± 0.7 3.34
ETOF 1320.3± 0.1 1534.8± 0.6 3.35
proton 1319.8± 0.2 1535.5± 1.2 3.36
ETOF & prot. 1319.9± 0.2 1536.5± 1.0 3.37
π0 1320.9± 0.4 1535.3± 0.6 3.39
average 1320.2± 0.2 1535.2± 0.8
PDG[8] 1321.71± 0.07 1535.0± 0.6
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Chapter 4

Excitation Functions and
Cross Section Upper Limits

This chapter presents the excitation function calculation for the ground state
Ξ−(1320) starting with the measured yield from the missing mass off K+K+

in the reaction γp → K+K+X−. This entire procedure was applied to the
data with the basic timing cuts listed in Tables 3.2 and 3.3 and each combi-
nation of including a proton in the event and the time-of-flight energy deposit
cut described in Sec. 3.5. The associated simulations and their contribution
to the systematic error are discussed, concluding with the resultant excitation
functions and comparison to previous results. The divisions in the beam en-
ergy were chosen so that percentage errors on both axes of the final excitation
functions were comparable.

The same procedure, with slight modifications, was applied to obtain the
excitation function of the Ξ−(1530) state as well as the cross section upper
limits for the higher mass charged cascade states: Ξ−(1620), Ξ−(1690) and
Ξ−(1820) and the iso-exotic candidates: Ξ−−, Ξ+, Σ−− and Σ++.

4.1 Ξ
−(1320) Excitation Function Calculation

In this section, the calculations leading up to the excitation function of the
Ξ−(1320) state are described in detail. These techniques are then used in the
following sections, with certain modifications as discussed, to obtain the excita-
tion function for the Ξ−(1530) state and the total cross section upper limits for
the higher cascade and iso-exotic states. The process begins with the determi-
nation of the number of Ξ events seen. This “measured yield” is then divided by
the photon flux. The length and material of the target are taken into account
to obtain the “flux-corrected measured yield.” This is presented as a detected
cross section (detected σ) in units of picobarns and is the last step before ap-
plying any model to the calculation. The resonance-production model used in
the simulation that produces the acceptance for each reaction introduces the
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largest systematic error and this is investigated in the following sections. The
flux-corrected measured yield is then divided by the acceptance to obtain the
final excitation function.

4.1.1 Measured Yield

The measured number of Ξ−(1320) events were determined by fitting a 3rd order
polynomial background combined with a Gaussian distribution. For each state
and beam-photon energy bin, the number of events in the peak (N) was obtained
from taking the integral of the background-subtracted histogram, two standard
deviations on either side of the mean. The number of background events (B) in
the K+K+ missing mass was calculated as the integral of the polynomial part
of the total fit over the same range. This played a large part in determining the
statistical error of the measured yield:

δN =
√
N + 2B. (4.1)

It is important to note that the peaks are not strictly Gaussian and the back-
ground shape does not follow a 3rd order polynomial perfectly. These shapes are
not known on a fundamental level, however, as shown in Fig. 4.1, the estimate
used here adequately fits the data. The systematic error introduced due to the
fact that the peak and background shapes are unknown is small compared to
the systematic error from the model used in the simulation, and as such, can be
ignored.

The fit, shown in Fig. 4.1, is done for each photon energy bin in the sub-
sequent yield and excitation function plots. Note that a sideband subtraction
is inadequate here because it consistently under or over estimates the num-
ber of events depending on the sign of the 2nd derivative of the background
shape. However, the sum of the sidebands on either side of the ground state
Ξ−(1320), shown in Fig. 4.3, is used as a cross-check for the validity of the yield
measurements. Since the events in the sideband are essentially random, the
flux-corrected yield is expected to be smooth over the full energy range.

The measured number of Ξ−(1320) particles detected, labeled as “measured
yield,” is shown in Fig. 4.4. Correcting for the photon flux (F ), the length of
the target (ℓ = 40 cm) and the target material (liquid hydrogen — ℓH2) gives
the flux-corrected measured yield (Y ), seen in Fig. 4.5:

Y =
w

ρℓNA

N

F
, (4.2)

where w is the atomic weight of ℓH2 (1.00794), ρ is the density of ℓH2 (0.0708 g
cm3 )

and NA is Avogadro’s number (6.022× 1023). The statistical error of this yield
is

δY = Y ×
(

δN2

N2
+

1

F

)

1
2

, (4.3)
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Figure 4.1: The ground state Ξ−(1320) peak from the data in Fig. 3.34 is fitted
with a 3rd order polynomial plus a Gaussian on the range from 1.2 to
1.45 GeV. The polynomial is subtracted from the histogram on the right.

Figure 4.2: Sidebands in orange: 3σ to 6σ on either side of the ground state Ξ−(1320)
from the data in Fig. 3.34. The integral of the sidebands as a function
of beam energy is shown in Fig. 4.3.

where the statistical error of the flux is given by Poisson statistics:

δF =
√
F . (4.4)

The value Y is labeled in the following figures as the “detected total cross
section (σ)” since it is equal to the total cross section times the acceptance for
this reaction. It is the closest result presented before any model is introduced
into the calculation. As discussed in the following sections, this choice of model
brings with it the largest source of systematic error but it is required to obtain
the acceptance of the detector for the observed states.
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Figure 4.3: The measured sideband yield around the ground state Ξ−(1320) from
the data in Fig. 3.34. The sideband range is from 3σ to 6σ on either
side of the peak. These data have been divided by the photon flux and
normalized to arbitrary units.

4.1.2 Acceptance

The cross sections presented in this work use an acceptance calculated from
Monte Carlo (MC) simulations that include both geometry and detector response
efficiency. Events were generated using an estimate of the excitation function
of the state measured. These were fed into the tracking program (GSIM) which
converted the generated tracks into detector element hits. These hits were then
smeared to mimic the observed resolution of the detector subsystems using the
program GPP. This program was also used to populate the tagger using a random
sampling of events from the data. The acceptance (A) was determined for each
photon energy bin as the ratio of reconstructed events (R) to generated events

Figure 4.4: The measured yield of the ground state Ξ−(1320). Shown in both figures
are the data with selections described in Tables 3.2 and 3.3 with and
without the TOF energy deposit cut. The plot on the right has the added
requirement of an in-time proton.
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Figure 4.5: The flux-corrected measured yield (Y from Eq. 4.2) of the ground state
Ξ−(1320). Shown in both figures are the data with selections described
in Tables 3.2 and 3.3 with and without the TOF energy deposit cut. The
plot on the right has the added requirement of an in-time proton.

(G):

A =
R

G
, (4.5)

with a standard deviation for a binomial distribution as the statistical error:

δA =

√

A(1 −A)

G− 1
. (4.6)

The number of generated events (G) was chosen to be large enough so the
statistical error in the acceptance would be much less than the error in the
flux-corrected measured yield:

δA

A
≪ δY

Y
, (4.7)

and δA was added in quadrature to obtain the statistical error on the final
results. The acceptance for the ground state Ξ−(1320) is shown in fig. 4.6. This
was applied to the flux-corrected measured yield to obtain the final excitation
function. An investigation into the validity of this calculation is presented in
the following section.

The tracking and digitizing program is only reliable within a certain internal
region of the drift chamber. At its edges, the magnetic field is not as well
known, and a fiducial cut is required to prevent a significant contribution to
the systematic error from events that lie along these edges. This cut, shown in
Fig. 4.7, was applied to all data presented in this chapter (real and simulated)
and a detailed specification is depicted in App. C.
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Figure 4.6: The acceptance for the ground state Ξ−(1320). Shown in both figures
are the data with selections described in Tables 3.2 and 3.3 with and
without the TOF energy deposit cut. The plot on the right has the added
requirement of an in-time proton.

Figure 4.7: Angular distribution of the K+ tracks showing the fiducial cut. Similar
cuts were made for each type of particle.
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4.1.3 Ξ Photoproduction Simulation Model

A theoretical study on the photoproduction of cascades was done in 2006[40, 41].
It was specifically concerned with the differential cross section of the ground
state Ξ−(1320) as measured from the g11 experiment. This was “a first step
toward building a more complete and realistic model for describing cascade
baryon photoproduction off nucleons[41].” The Ξ photoproduction total cross
section calculated by Nakayama et al. is shown in Fig. 4.8. There is a scaling
factor in the theoretical model which was adjusted to fit the g11 data and
good agreement was found with the shape of the total cross section. They
also concluded that the dominant coupling of the baryon-hyperon-kaon vertexes
(pseudovector or pseudoscalar) could be determined by measuring the target
asymmetry as a function of the Ξ state angle in the center-of-mass frame.

The contributing production amplitudes to the calculations done by Nakaya-
ma et al. are shown in Fig. 4.9. Contact currents and higher mass intermediate
kaon processes were also included in the calculations but are not shown here.
The primary diagram used in this analysis is Fig. 4.9(a) which is a t-channel
kaon exchange. As discussed in the following sections, the t-slope of the reaction
and the Y∗ mass and width were tuned so that the simulated kaon momentum
and angular distributions matched that of the data. This could only be done
for the ground and first excited Ξ states and so an estimate was made for the
extrapolation through 1820 MeV for the higher mass Ξ candidates.

Figure 4.8: Theoretical calculation of the Ξ−(1320) excitation function calculated
(shown by the solid blue line) by Nakayama et al.(Fig. 2(a) in Ref. [41])
based on g11 results. The plot shown is for pseudovector coupling at the
baryon-hadron-kaon vertex and the equivalent plot for pseudoscalar is
similar in shape and magnitude.
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Figure 4.9: Ξ photoproduction diagrams which were used in the theoretical work by
Nakayama et al.[40, 41]. There were also generalized contact currents
and processes similar to (a) and (d) where the t-channel K meson was
replaced by a K∗. The acceptance calculated in this work used only
diagram (a) for the simulations of the ground state Ξ−(1320) where the
t-slope and Y∗ mass and width was tuned to produce agreement with
the kaon distribution in the data as shown in Figs. 4.10 and 4.19.

4.1.4 MC Model Dependence and Systematic Errors

Requiring a model to generate simulated events for calculating acceptances is
one of the largest sources of systematic error. A phase-space generator is insuffi-
cient to reproduce the distributions of momenta in the data. For this analysis, a
t-channel production via kaon exchange and a Y∗0 resonance was used to simu-
late the Ξ production, making the parameters for event generation the mass and
width of the Y∗0 and the “t-slope” of the leading K+. The simulated reaction

113



Goetz Excitation Functions and Upper Limits

is:

γp→ Y∗0K+

֒→ Ξ−K+, (4.8)

and the ground state Ξ− is allowed to decay using Geant3’s physics processing
routines. The t-slope is the exponential slope constant b in

− t = ae−bE, (4.9)

where E is the beam energy and t is the Mandelstam invariant corresponding
to the momentum transfer to the leading K+:

t = (pµbeam − p
µ

K+)2, (4.10)

where pµbeam and pµK+ are the four-vector momenta of the incident photon and
leading K+ respectively. An approximation of this distribution using the higher
momentum K+ can been seen in the upper-left plot of Fig. 4.10. The values
for the Y∗0 mass, width and the t-slope were chosen to mimic the distributions
in the data as shown in Fig. 4.10 and the systematic error was determined by
varying them according to the features seen in the data.

The acceptance for the Ξ states is sensitive to the t-slope of the leading
K+, however, this kaon cannot be identified in the data since there are two
identical K+’s in the final state. Luckily, a reasonable approximation exists
using the higher momentum K+ as the leading meson in reaction (4.8). The
t-slope for this kaon as a function of beam energy is shown in Fig. 4.11 for both
the Ξ−(1320) and Ξ−(1530) states. The Y∗0 mass and width can similarly be
ascertained from the missing mass off the faster K+. This is shown in Figs. 4.12
and 4.13. The parameters used for the acceptance calculations of the Ξ states
are listed in Table 4.1.

Table 4.1: The simulation parameters used to calculated the acceptance for the var-
ious Ξ states.

t-slope Y0∗ mass Y0∗ width
(GeV) (MeV)

Ξ−(1320) 1.4 1.95 500
Ξ−(1530) 1.7 2.1 500
Ξ−(1620) 1.7 2.25 700
Ξ−(1690) 1.7 2.5 1000
Ξ−(1820) 1.7 2.7 1000

The systematic error of the acceptance coming from the Y∗0 mass, width
and t-slope: δAM(Y∗), δAΓ(Y∗) and δAt-slope respectively, was calculated from
the variance of the acceptance from events simulated using M(Y∗) = 2.1 GeV,
Γ(Y∗) = 200 MeV and t-slope= 2.0 each individually and summing these in

114



Goetz Excitation Functions and Upper Limits

quadrature. For each of these variations, the contribution to the systematic
error is given by

δA2
sys =

1

N

∑

i

(

Avar
i −Ai
Ai

)2

, (4.11)

where the sum is over N photon energy bins, Ai is the acceptance used in the
excitation function calculations, and Avar

i is the acceptance for one of the three
variations above. The comparison for each is shown in Figs. 4.14 and 4.15 and
the variation in the acceptance as a function of the model parameters is:

δAM(Y∗)

A
= 1.2%,

δAΓ(Y∗)

A
= 1.0%,

δAt-slope

A
= 2.3%. (4.12)

Figure 4.10: Comparison of simulation of the Ξ−(1320) to the background-
subtracted data, normalized by height. From left to right, top to bot-
tom: −t from the high momentum K+, cosine of the center-of-mass
polar-angle (θCM) of the low momentum K+, the azimuthal angular dif-
ference (∆φ) between the two K+’s, the momenta of each K+, the
missing mass off the high momentum K+ and the invariant mass of
K+K+. The label “K+

1&2
” denotes the sum of the histograms for each

K+.
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Adding these together gives an estimated minimum systematic uncertainty of
4.5% in the acceptance. Although this study was done with the ground state
Ξ−(1320), it is reasonably certain to hold for each of the higher mass Ξ’s and
is incorporated into the final results.

There are other sources of systematic error which can be accounted for by
an overall scale factor. These include the start counter inefficiency which was
not included in the smearing program (GPP) of the simulation. This inefficiency
was determined to be 6% per track with the g11[37] experiment which had
very similar running conditions for beam current, target and start counter. An
overall efficiency that was dependent on the beam intensity was also found. This
scaled linearly with the current and was approximately 16% at 60 nA, or 0.26%
per nA. The g11 group also included a scaling factor due to multiple hits in the
tagger within the same beam bucket. The last scaling factor was accounted for
in this analysis by populating the tagger in the simulated events as discussed in
Sec. 3.4 on page 90.

For the final excitation function results, a scale factor of 28% was applied
to the K+K+ events and 34% was applied when a proton was detected in the
event. These numbers are based on the findings from g11. Our estimate of the
systematic error is 7%. Adding this to the 4.5% error above gives a minimum
systematic error of 12%.

Figure 4.11: Measured t-slope from K+

fast
for the Ξ−(1320) and Ξ−(1530) obtained

via sideband subtraction.
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Figure 4.12: Mean of the missing mass off K+

fast
for the Ξ−(1320) and Ξ−(1530)

obtained via sideband subtraction.

Figure 4.13: Gaussian width (σ) of the missing mass off K+

fast
for the Ξ−(1320) and

Ξ−(1530) obtained via sideband subtraction.

Figure 4.14: Acceptance for the ground state Ξ−(1320) showing the effect of varying
the Y∗0 mass and width.
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Figure 4.15: Acceptance for the ground state Ξ−(1320) showing the effect of varying
the t-slope parameter.

118



Goetz Excitation Functions and Upper Limits

4.1.5 Excitation Function

The flux-corrected measured yield divided by the acceptance is shown in Fig. 4.16
as the final excitation function of the ground state Ξ−(1320). The error bars in-
dicate the statistical error only and the minimum systematic error is estimated
to be 12%.

Figure 4.16: Excitation function for the Ξ−(1320). Shown in both figures are the
data with selections described in Tables 3.2 and 3.3 with and with-
out the TOF energy deposit cut. The plot on the right has the added
requirement of an in-time proton.

4.2 Ξ−(1530) Excitation Function

The measured yield for the first excited Ξ−(1530) state is shown in Figs. 4.17
and 4.18. This resonance has two distinct decay channels:

γp→ Ξ∗−(1530)K+K+

֒→ Ξ−(1320)π0, (4.13)

γp→ Ξ∗−(1530)K+K+

֒→ Ξ0(1315)π−. (4.14)

Simulation of the Ξ−(1530) state consists of both of these decays combined
according to the isospin of the decay products (Ξπ). The subsequent decay
of the ground state Ξ’s to a Λ, and ultimately to a proton, are all considered
kinematically equivalent in this estimation. There are two cascades in each of
the octet and decuplet (see Fig. 2 on page 3) and so the Ξ’s have total isospin 1

2 .
The I3 component of the Ξ− is − 1

2 while for the Ξ0 it is 1
2 . Using the notation
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|I I3〉:

Ξ∗−(1530) =
∣

∣

1
2
− 1

2

〉

,

Ξ−(1320) =
∣

∣

1
2
− 1

2

〉

,

Ξ0(1315) =
∣

∣

1
2

+ 1
2

〉

, (4.15)

and the pions have isospin of 1:

π0 = |1 0〉 ,
π− =

∣

∣1 −1
〉

. (4.16)

Using the Clebsch-Gordan coefficients[8] yields the relative amplitudes for each
possible total isospin of the two decay modes:

Ξ−π0 =
∣

∣

1
2
− 1

2

〉

|1 0〉 =

√

2

3

∣

∣

3
2
− 1

2

〉

+

√

1

3

∣

∣

1
2
− 1

2

〉

, (4.17)

Ξ0π− =
∣

∣

1
2

+ 1
2

〉 ∣

∣1 −1
〉

=

√

1

3

∣

∣

3
2
− 1

2

〉

−
√

2

3

∣

∣

1
2
− 1

2

〉

. (4.18)

Since the isospin of the Ξ∗−(1530) state is
∣

∣

1
2
− 1

2

〉

, the relative branching ratio
to these decay channels is

Γ(Ξ∗− → Ξ−π0)

Γ(Ξ∗− → Ξ0π−)
=

1

2
. (4.19)

The data shown in Figs. 4.19 and 4.20 consist of both channels combined with
a weighted (2: 1) average. The comparison of the simulation to the data, via
sideband subtraction of the Ξ−(1530) state, shows less agreement than with the
ground state Ξ−(1320), but it is still within a systematic error of 4%. Finally,
the excitation function for the Ξ−(1530) state, with and without the time-of-
flight energy deposit cut and proton requirement, is shown in Fig. 4.21. This
includes the scaling factors discussed in the previous sections.
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Figure 4.17: The measured yield of the Ξ−(1530). Shown in both figures are the data
with selections described in Tables 3.2 and 3.3 with and without the TOF

energy deposit cut. The plot on the right has the added requirement
of an in-time proton.

Figure 4.18: The flux-corrected measured yield (Y from Eq. 4.2) of the Ξ−(1530).
Shown in both figures are the data with selections described in Ta-
bles 3.2 and 3.3 with and without the TOF energy deposit cut. The plot
on the right has the added requirement of an in-time proton.
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Figure 4.19: Comparison of simulation of the Ξ−(1530) to the background-
subtracted data, normalized by height. From left to right, top to bot-
tom: −t from the high momentum K+, cosine of the center-of-mass
polar-angle (θCM) of the low momentum K+, the azimuthal angular dif-
ference (∆φ) between the two K+’s, the momenta of each K+, the
missing mass off the high momentum K+ and the invariant mass of
K+K+. The label “K+

1&2” denotes the sum of the histograms for each
K+.

Figure 4.20: The acceptance for the Ξ∗−(1530). Shown in both figures are the data
with selections described in Tables 3.2 and 3.3 with and without the TOF

energy deposit cut. The plot on the right has the added requirement
of an in-time proton.
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Figure 4.21: Excitation function for the Ξ−(1530). Shown in both figures are the
data with selections described in Tables 3.2 and 3.3 with and with-
out the TOF energy deposit cut. The plot on the right has the added
requirement of an in-time proton.
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4.3 Search for Higher Mass Cascades

For states that were not seen in the data, a variation on the above technique
was used to determine the sensitivity of measuring a signal in a certain location
— i.e. a predetermined mass and width. For each energy bin, the background
shape was determined by fitting a 3rd order polynomial at least six widths to
either side of the mass. The parameters of this fit were then fixed and a Gaussian
of fixed mean and width (following the values in Table 4.2) was added to the
function. The only parameter allowed to vary was the height of the Gaussian
peak. After this new function was fitted to the data, the integral of Gaussian,
two standard deviations to each side of the mean, was calculated as the number
of events “detected.” The integral of the polynomial part over the same range
gave the number of background events. The measured yield was verified to be
consistent with zero and the two standard deviation error was taken as the upper
limit of the measured yield shown in Fig. 4.22. The resulting flux-corrected yield
is shown in Fig. 4.23. The acceptance, using the model described in Sec. 4.1.2
is shown in Fig. 4.24. Combining these, including the scale factor of 34%, yields
the total cross section upper limits shown in Fig. 4.25. These show the results
over several energy bins, each 250 MeV wide. Tables 4.3, 4.4 and 4.5 list the
results integrated over the whole energy range.

Table 4.2: Masses and widths used to extract the upper limits for the Ξ candidates.
The widths are estimates based on previous results and the resolution of
the data.

Mass (MeV) Width (MeV)
Ξ−(1620) 1620 25
Ξ−(1690) 1690 35
Ξ−(1820) 1820 30

Table 4.3: Upper limits for the measured yield and flux-corrected measured yield
(detected σ) of the higher mass Ξ candidates over the entire energy range
(3.5–5.5 GeV) with a confidence level of 90%.

< N < Y (pb)
Ξ−(1620) 274 5.88
Ξ−(1690) 290 7.36
Ξ−(1820) 244 7.41
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Figure 4.22: The upper limits of the measured yield of Ξ candidates at 1620,
1690 and 1820 MeV via the missing mass off K+K+ in the reaction
γp → pK+K+X−−. Shown are the data with selections described in
Tables 3.2 and 3.3 including the TOF energy deposit cut.

Figure 4.23: The upper limits of the flux-corrected measured yield of the Ξ candi-
dates at 1620, 1690 and 1820 MeV via the missing mass off K+K+ in
the reaction γp → pK+K+X−−. Shown are the data with selections
described in Tables 3.2 and 3.3 including the TOF energy deposit cut.

Table 4.4: Acceptances calculated over the entire energy range (3.5–5.5 GeV) for the
higher mass Ξ candidates. Shown are the number of events generated (G),
reconstructed (R) and the acceptance (A) with an error given by Eq. 4.6.

G R A δA
(106) (103) (%) (%)

Ξ−(1620) 2.077 23.6 1.14 0.01
Ξ−(1690) 2.000 22.9 1.15 0.01
Ξ−(1820) 1.942 19.9 1.03 0.01
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Figure 4.24: The acceptances of the Ξ∗ candidates at 1620, 1690 and 1820 MeV.

Figure 4.25: Total cross section upper limits for photoproduction of the Ξ−(1620),
Ξ−(1690) and Ξ−(1820) candidates, including the scale factor of 34%.

Table 4.5: Upper limits for the total cross section of the higher mass Ξ candidates
over the entire energy range (3.5–5.5 GeV) with a confidence level of 90%
with and without the scale factor of 34% applied.

no scale factor 34% scale factor
< σ (pb) < σ (nb)

Ξ−(1620) 516 0.78
Ξ−(1690) 640 0.97
Ξ−(1820) 720 1.09
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4.4 Search for Iso-exotic States

The search for iso-exotic states presented here is qualitative in nature, since an
accurate determination of the acceptance requires a model for the production
mechanism. With the cascades, the Monte Carlo events were calibrated to the
distributions of the kaons. A similar calibration was not possible with the iso-
exotics because there were no analogous signals to the Ξ−(1320) and Ξ−(1530)
states. Therefore, one can assume the upper limit for any state that is not seen
in this data is at most on the order of 100 nb. Of course, this is an estimate
based on the cascade states and it may easily be in the 1–10 microbarn range.
In all the data shown here, basic timing cuts are applied to all particles and
only the strong decays of the exotics are considered. The reasoning being that
if the strong decay was suppressed somehow, these states would be narrow and
would likely show up in the hadron-beam experiments discussed in Sec. 0.3.

A search was made for the Ξ−− state which has a strangeness and charge of
−2. The state is looked for in the missing mass off K+K+π+, shown in Fig. 4.26,
in the reaction:

γp→ Ξ−−K+K+π+. (4.20)

For an invariant mass search, only the purely-strong decays of the Ξ−− where
all the final state particles carry electric charge were considered — there is only
one, shown in Fig. 4.27:

Ξ−− → Ξ−π−

֒→ Λπ−

֒→ pπ−. (4.21)

This figure requires at least one K+ in the event. Requiring two K+ yields a
total of four such events in the g12 data set. The usual estimates for the mass
of the Ξ−− include summing the masses of the Ξ− state and a pion. This gives
a mass of at least 1.5 GeV for the Ξ−− though predictions are generally higher
and some go slightly above 2 GeV[39]. Notice that both Figs. 4.26 and 4.27
show no sign of a signal above the 1.5 GeV.

The next iso-exotic considered is the Ξ+. All decay channels available to
such a state must contain a neutral final state particle, most likely a π0 → γγ
and therefore only the missing mass technique is used to look for this state.
Fig. 4.28 shows the missing mass off K+π+π−π− in the reaction:

γp→ Ξ+K+K0π−

֒→ π+π−. (4.22)

The peaks in this figure correspond to the proton and the Σ+(1189) — both
where the K+ was actually a π+. The fits to the mean of these two peaks is
listed in Table 3.1 on page 74. To verify that the peak just to the left of the

127



Goetz Excitation Functions and Upper Limits

proton is the proton in the event:

γp→ pK0K
0 → pπ+π−π+π−, (4.23)

the missing mass off of the K0π+π− where the π+ was originally identified as a
kaon plotted versus the missing mass off K+K0π− is shown in Fig. 4.29. Any
Ξ+ state higher in mass than the Σ+(1189), would show up as a vertical band
in this plot or a peak in Fig. 4.28. No such structures are apparent in this data.

Figure 4.26: Search for Ξ−−: missing mass off K+K+π+ in the reaction γp →
K+K+π+X−−.
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Figure 4.27: Search for Ξ−−: invariant mass of pπ−π−π− in reaction (4.21) where
the invariant mass of pπ− is near the Λ(1115). Requiring that this Λ
and one the remaining pions is equal to the Ξ−(1320) mass reduces the
statistics to less than 200 events.

Figure 4.28: Search for Ξ+: missing mass off π+K0π− in reaction (4.22) where the
K0 decayed to π+π−.
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Figure 4.29: Search for Ξ+: missing mass off K0π+π− where a K+ was recalculated
as a π+ versus the missing mass off K+K0π−. The horizontal band
is the final-state proton in reaction (4.23) while the vertical band at
0.94 GeV is the proton in reaction (4.22). The Σ+(1189) can also be
seen as a vertical band at 1.2 GeV.

130



Goetz Excitation Functions and Upper Limits

There are two singly-strange baryon iso-exotic states that are looked for in
this data. They are the doubly-charged Σ−− and Σ++ states. Like the Ξ−−

and Ξ+, these can not be made up of only three quarks in the Standard Model
and are truly exotic in this theory. The Σ−− will always have a neutron as the
final state baryon in the decays considered and therefore throwing out events
with a detected proton is an effective cut. The missing mass off K+π+π+ in
these events is shown in Fig. 4.30.

The last iso-exotic state searched for in this analysis is the Σ++ which may
decay to the ∆++:

Σ++ → ∆++K
0
,

∆++ → pπ+,

K
0 → π+π−. (4.24)

The invariant mass of the ∆++K
0

in the above reaction is shown in Fig. 4.31
where there is no apparent resonance structure for a Σ++ state. The missing
mass off K+π−π− in the production reaction:

γp→ Σ++K+π−π−, (4.25)

is shown in Fig. 4.32. The peak at 1.1 GeV can be understood as the ∆++ where
the K+ was really a π+. The same data is shown in Fig. 4.33 where the K+ was
recalculated as a pion and a fit to the peak gives a mass of 1230± 10 MeV and
a Gaussian width of 120± 40 MeV which identify these events as ∆++. There
are no other peaks in this figure which may be connected to a Σ++.

Figure 4.30: Search for Σ−−: missing mass off K+π+π+ in the reaction γp →
K+π+π+X−−.
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Figure 4.31: Search for Σ++: invariant mass of ∆++K
0

reconstructed from the final
state particles: pπ+π+π−, in reaction (4.24).

Figure 4.32: Search for Σ++: missing mass off K+π−π− in reaction (4.25). The peak
at 1.2 GeV is due to the ∆++ where the K+ is actually a π+ as shown
in Fig. 4.33.
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Figure 4.33: Search for Σ++: missing mass off π+π−π− in reaction (4.25) where the
K+ was recalculated as a π+. The peak at 1.2 GeV is due to the ∆++

resonance.
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4.5 Summary of Results and Discussion for
Future Work

The two sharp spikes in the missing mass off K+K+, shown in Fig. 4.35, in the
reaction

γp→ K+K+X−, (4.26)

are the manifestations of the ground state Ξ−(1320) and the first excited Ξ∗−(1530)
state. Figs. 4.34 and 4.36 show the excitation functions for the two lowest mass
Ξ− states. The agreement between the four selections made in the data is well
within the systematic error estimated to be at least 12%. The probability of
producing the ground state Ξ−(1320) rises as phase-space increases and levels
off approximately 1.7 GeV above threshold. The Ξ−(1530) state exhibits the
same behavior though the statistics and kinematics available in g12 can not
make this a conclusive statement.

The comparison of the Ξ−(1320) excitation function between the experi-
ments g12, g11 and g6 (all done with CLAS) is shown in Fig. 4.37. In this plot,
a correction factor of 50% was applied to the g6 total cross section as a re-
sult of the systematic shift obtained for g11 by both the INFN and CMU groups.
While the agreement between these experiments is quite good, there is still a
systematic error of at least 12%. The study of g11 by the CMU group could be
extended to get a better understanding of the overall scaling factors used which
would minimize this error. A better test may involve a similar photoproduction
experiment using a completely different detector, including different simulation
methods and event generators. The newest incarnation of CLAS (CLAS12) which
is currently being built for the 12 GeV beam at JLab, may be a good candidate.

The photoproduction total cross sections for the Ξ states above 1530 MeV
are much smaller than anticipated. In this region, there are no narrow peaks

Figure 4.34: Excitation function for Ξ−(1320).
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Figure 4.35: Missing mass off K+K+ in the reaction γp → pK+K+X−−. Same as
Fig. 3.37 on page 101.

Figure 4.36: Excitation function for Ξ−(1530).

in the g12 data. This does not rule out the existance of these states, however,
the only prior evidence, seen in Fig. 19 on page 17, is effectively noise above
1530 MeV, and the total cross section of these states is no higher than 2 nb
within 2 GeV from threshold. This means the electromagnetic couplings of the
massive Ξ states which were seen in hadron-production is small and will require
more data and possibly a more sensitive experiment. To gain further insight,
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Figure 4.37: Comparison of the Ξ−(1320) excitation function between the g12, g11

and g6 experiments done with CLAS.

an order of magnitude more data is required. The CLAS12 detector could be
used for this, however it would require finer timing resolution from the TOF to
get better separation between pions and kaons at higher momentum.

There are several avenues of investigation that can be done with the g12

data set. Nakayama et al. calculated the angular distributions of the cascades
for pseudovector and pseudoscalar contributions to the production mechanism
and found differences involving polarization asymmetries[41]. Measuring this
would require a polarized beam or target that can handle a luminosity suffi-
cient to acquire enough statistics. This would also require a simulation model
that more accurately describes the data. The Ξ0(1315) state’s differential and
total cross section is accessible through the neutral kaon channel, though the
background that is brought into the analysis through K0 identification would
need some careful study. The upper limits for the iso-exotics could be mapped
out as a function of mass and width since they are unknown quantities in this
search. This would be helpful for ascertaining the specific bearing on experi-
mental results that have seen what could be iso-exotic resonances. Finally, the
photoproduction of the triply-strange baryon Ω− can be investigated via missing
mass off three K+’s or through the weak decay to ΛK−. The photoproduction
of Ω− has never been observed and could open a whole new method for study
of these unique states.
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List of Abbreviations

a1c The reconstruction program for CLAS used on raw and simulated data.
(page 60)

ADC Analog to digital converter.

BPM Beam position monitor (page 27).

CAMAC Computer automated measurement and control (page 41).

CC Čerenkov counter (page 35).

CEBAF The Continuous Electron Beam Accelerating Facility (page 20).

CHL Central helium liquefier (page 25)

CLAS The CEBAF Large Acceptance Spectrometer (page 21).

CODA The CEBAF On-line Data Acquisition System (page 41).

DAQ Data acquisition system (page 41).

DC Drift chamber (page 33).

DOE Department of Energy (page 26).

DVCS Deeply virtual Compton scattering (page 29).

EC Electromagnetic calorimeter (page 36).

FEL Free electron laser (page 21).

FPGA Field-programmable gate array: a highly parallel logic control micropro-
cessor (page 41).

g6c The third data set from the g6 CLAS experiment. This provided the physical
basis for the g12 experiment (page 17).
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g12 The CLAS experiment on which this work is based (page 24).

Geant3 CERN’s tool for simulating particles traveling through matter. This is
the core of the tracking and digitizing program for CLAS: GSIM. (page 114)

genr8 The event generator used for the t-channel production of the Ξ resonances
in this work.

GPP The smearing program for MC analyses with CLAS. This adds detector effi-
ciency information into the simulations (page 109).

GSIM The tracking and digitization program for MC with CLAS (page 109).

HyCLAS The name of the first proposal, of three (see Super-G), for the g12

experiment (page 24).

JLab Jefferson Laboratory (page 20), see also TJNAF.

LINAC Linear accelerator (page 25).

MC Monte Carlo. Generally, a simulation based on generating events that are
then accepted or cut based on some criteria.

PMT Photo-multiplier tube (page 27).

ST Start counter (page 32).

Super-G The name of the second proposal, of three, for the g12 experiment
(page 24).

TAG Photon tagger (page 29).

TASC Total absorption shower counter (page 27).

TDC Time to digital converter.

TJNAF Thomas Jefferson National Accelerator Facility (page 20).

TOF Time-of-flight counter (page 38).
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TOF Energy Deposit Cut

Listed below is a summary of the time-of-flight energy deposit cuts where p is
the momentum of the particle in GeV, and the energy deposit, ∆E

∆x (TOF), is in
units of MeV/cm. Each cut consists of a linear part applied below a certain
momentum and a p−2 part above this momentum.

protons:

p > 0.4 GeV
∆E
∆x (TOF) > 1.45 + 1

0.4(p−0.07)2 MeV/cm
∆E
∆x (TOF) < 2.70 + 1

0.9(p−0.15)2 MeV/cm

p ≤ 0.4 GeV
∆E
∆x (TOF) > 59p− 14.5 MeV/cm
∆E
∆x (TOF) < 59p− 10.0 MeV/cm

pions:

p > 0.08 GeV
∆E
∆x (TOF) > 1.3 + 1

40(p+0.02)2 MeV/cm
∆E
∆x (TOF) < 2.5 + 1

8(p+0.03)2 MeV/cm

p ≤ 0.08 GeV
∆E
∆x (TOF) > 0 MeV/cm

kaons:

p > 0.22 GeV
∆E
∆x (TOF) > 1.5 + 1

3(p+0.05)2 MeV/cm
∆E
∆x (TOF) < 2.6 + 1

4(p+0.12)2 MeV/cm

p ≤ 0.22 GeV
∆E
∆x (TOF) > 59p− 7 MeV/cm
∆E
∆x (TOF) < 59p MeV/cm
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Fiducial Cuts

The fiducial cut applied to all tracks in this analysis were done so that only
the geometric regions where the MC is reliable were considered. The cuts were
based on the charge and the momentum angles, θ and φ, for each track in the
lab-frame. The azimuthal angle (φ) is the absolute value from the mid-plane
of each CLAS sector. The shape of the cut, shown in Fig. C.1, consists of a
minimum polar angle θ0, a parabolic curve in (φ, θ) and a maximum azimuthal
angle from the sector mid-plane |φ1|. The parabolic curve starts at (φ0, θ0) and
ends at (φ1, θ1) as shown in the diagram. In this analysis, the values used were
the following. For all particles:

φ0 = 0.29 radians, (C.1)

φ1 = 0.44 radians, (C.2)

θ1 = 1.0 radians. (C.3)

For negatively charged particles:

θ0 = 0.3 radians, (C.4)

while for positively charged particles in sectors 2–6:

θ0 = 0.11 radians. (C.5)

For positively charged particles in sector 1:

θ0 = 0.15 radians (C.6)

and finally, for positively charged particles in sector 2:

θ0 = 0.13 radians. (C.7)
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This cut can be seen specifically for K+ tracks in Fig. 4.7 on page 111.

Figure C.1: Diagram of fiducial cut. This is done for each sector and is symmetric
about the mid-plane.
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Tabular Data

This section contains the numeric data shown in the plots concerning excitation
functions and upper limit calculations in Chapter 4. All tables in this section
present data as a function of the beam energy. The Ebeam column gives the
center of the bin and the full bin width (∆Ebeam) is shown at the top of each
table.

D.1 Excitation Functions

The following tables contain numeric values for the plots shown in Chapter 4
leading to the excitation functions of the Ξ−(1320) and Ξ−(1530).
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Table D.1: Photoproduction excitation function data for the Ξ−(1320) with “basic
cuts” only which are listed in Tables 3.2 and 3.3. This is the data shown
in Figs. 3.31, 4.4, 4.6 and 4.16.

Ξ−(1320), basic cuts only
∆Ebeam = 125 MeV

Ebeam F N δN A δA σ δσ
(GeV) (1012) (%) (nb)
2.6875 1.808 27 7 2.00 0.059 0.62 0.16
2.8125 1.767 117 12 2.83 0.060 1.92 0.20
2.9375 1.775 260 17 3.58 0.061 3.36 0.23
3.0625 1.333 9 5 0.11 0.010 4.68 2.50
3.1875 1.261 452 25 4.86 0.061 6.05 0.34
3.3125 1.329 612 30 5.31 0.060 7.12 0.35
3.4375 1.416 717 33 5.84 0.059 7.12 0.33
3.5625 1.424 919 39 6.36 0.059 8.33 0.36
3.6875 2.034 1350 47 6.58 0.059 8.28 0.30
3.8125 1.720 1324 49 6.84 0.058 9.24 0.35
3.9375 2.123 1436 55 6.93 0.056 8.01 0.31
4.0625 1.769 1109 52 7.14 0.056 7.21 0.34
4.1875 1.919 1401 57 7.08 0.055 8.46 0.35
4.3125 1.679 1191 57 6.98 0.054 8.34 0.40
4.4375 1.499 935 53 6.62 0.052 7.74 0.44
4.5625 1.833 1260 66 6.70 0.051 8.42 0.44
4.6875 1.720 1114 61 6.47 0.050 8.21 0.46
4.8125 1.553 996 62 6.40 0.049 8.23 0.51
4.9375 1.670 1070 68 6.02 0.047 8.73 0.56
5.0625 1.644 959 68 5.75 0.046 8.32 0.59
5.1875 1.670 1036 71 5.45 0.044 9.34 0.64
5.3125 1.441 870 68 5.23 0.043 9.48 0.75
5.4375 1.061 557 55 4.99 0.043 8.65 0.86
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Table D.2: Photoproduction excitation function data for the Ξ−(1320) with the cuts
listed in Tables 3.2 and 3.3 as well as the time-of-flight energy deposit
cut as discussed in Sec. 3.5. This is the data shown in Figs. 3.31, 4.4, 4.6
and 4.16.

Ξ−(1320), basic and ETOF cuts
∆Ebeam = 125 MeV

Ebeam F N δN A δA σ δσ
(GeV) (1012) (%) (nb)
2.6875 1.808 12 5 1.38 0.050 0.38 0.18
2.8125 1.767 81 9 1.91 0.050 1.97 0.23
2.9375 1.775 145 12 2.51 0.052 2.67 0.23
3.0625 1.333 5 3 0.08 0.008 4.01 2.44
3.1875 1.261 313 18 3.43 0.051 5.95 0.36
3.3125 1.329 419 21 3.76 0.051 6.89 0.36
3.4375 1.416 516 23 4.20 0.051 7.13 0.33
3.5625 1.424 658 27 4.53 0.051 8.38 0.36
3.6875 2.034 917 32 4.65 0.050 7.95 0.29
3.8125 1.720 896 32 4.83 0.049 8.85 0.33
3.9375 2.123 983 35 4.89 0.048 7.77 0.28
4.0625 1.769 796 32 5.04 0.048 7.33 0.31
4.1875 1.919 883 34 4.97 0.047 7.60 0.30
4.3125 1.679 775 34 4.89 0.045 7.76 0.35
4.4375 1.499 711 33 4.63 0.044 8.40 0.39
4.5625 1.833 936 38 4.67 0.043 8.99 0.38
4.6875 1.720 759 36 4.48 0.042 8.09 0.39
4.8125 1.553 683 36 4.41 0.041 8.20 0.44
4.9375 1.670 649 37 4.11 0.039 7.76 0.44
5.0625 1.644 620 39 3.94 0.038 7.85 0.50
5.1875 1.670 579 38 3.70 0.037 7.69 0.52
5.3125 1.441 468 37 3.57 0.036 7.47 0.60
5.4375 1.061 417 33 3.40 0.036 9.49 0.75
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Table D.3: Photoproduction excitation function data for the Ξ−(1320) with the cuts
listed in Tables 3.2 and 3.3, requiring a proton in the event. This is the
data shown in Figs. 3.31, 4.4, 4.6 and 4.16.

Ξ−(1320), basic cuts, requiring a proton
∆Ebeam = 150 MeV

Ebeam F N δN A δA σ δσ
(GeV) (1012) (%) (nb)
2.775 2.180 14 5 0.58 0.028 1.01 0.33
2.925 2.090 59 8 0.89 0.030 2.87 0.41
3.075 1.562 28 7 0.36 0.017 4.42 1.12
3.225 1.593 163 13 1.29 0.029 7.12 0.61
3.375 1.610 222 17 1.69 0.031 7.31 0.57
3.525 1.737 293 19 1.86 0.031 8.13 0.55
3.675 2.435 457 25 2.09 0.031 8.02 0.45
3.825 2.175 507 26 2.19 0.031 9.52 0.51
3.975 2.363 525 29 2.29 0.030 8.68 0.50
4.125 2.244 439 28 2.37 0.030 7.39 0.48
4.275 2.173 411 29 2.29 0.029 7.42 0.53
4.425 1.754 322 26 2.27 0.028 7.25 0.59
4.575 2.156 400 32 2.20 0.028 7.55 0.61
4.725 1.900 397 31 2.16 0.027 8.66 0.67
4.875 2.130 383 32 2.12 0.026 7.58 0.63
5.025 1.915 304 32 1.98 0.025 7.18 0.76
5.175 1.990 321 32 1.86 0.024 7.76 0.78
5.325 1.815 230 31 1.74 0.023 6.52 0.87
5.475 0.686 94 29 1.66 0.023 7.35 2.30
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Table D.4: Photoproduction excitation function data for the Ξ−(1320) with the cuts
listed in Tables 3.2 and 3.3, requiring a proton in the event, and the
time-of-flight energy deposit cut as discussed in Sec. 3.5. This is the data
shown in Figs. 3.31, 4.4, 4.6 and 4.16.

Ξ−(1320), basic and ETOF cuts, requiring a proton
∆Ebeam = 150 MeV

Ebeam F N δN A δA σ δσ
(GeV) (1012) (%) (nb)
2.775 2.180 14 5 0.58 0.028 1.01 0.33
2.925 2.090 59 8 0.89 0.030 2.87 0.41
3.075 1.562 28 7 0.36 0.017 4.42 1.12
3.225 1.593 163 13 1.29 0.029 7.12 0.61
3.375 1.610 222 17 1.69 0.031 7.31 0.57
3.525 1.737 293 19 1.86 0.031 8.13 0.55
3.675 2.435 457 25 2.09 0.031 8.02 0.45
3.825 2.175 507 26 2.19 0.031 9.52 0.51
3.975 2.363 525 29 2.29 0.030 8.68 0.50
4.125 2.244 439 28 2.37 0.030 7.39 0.48
4.275 2.173 411 29 2.29 0.029 7.42 0.53
4.425 1.754 322 26 2.27 0.028 7.25 0.59
4.575 2.156 400 32 2.20 0.028 7.55 0.61
4.725 1.900 397 31 2.16 0.027 8.66 0.67
4.875 2.130 383 32 2.12 0.026 7.58 0.63
5.025 1.915 304 32 1.98 0.025 7.18 0.76
5.175 1.990 321 32 1.86 0.024 7.76 0.78
5.325 1.815 230 31 1.74 0.023 6.52 0.87
5.475 0.686 94 29 1.66 0.023 7.35 2.30
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Table D.5: Photoproduction excitation function data for the Ξ−(1530) with “basic
cuts” only which are listed in Tables 3.2 and 3.3. This is the data shown
in Figs. 3.31, 4.17, 4.20 and 4.21.

Ξ−(1530), basic cuts only
∆Ebeam = 150 MeV

Ebeam F N δN A δA σ δσ
(GeV) (1012) (%) (nb)
3.225 1.593 12 5 1.56 0.069 0.40 0.15
3.375 1.610 67 14 2.80 0.074 1.21 0.25
3.525 1.737 107 19 3.70 0.073 1.36 0.24
3.675 2.435 138 26 4.15 0.068 1.12 0.22
3.825 2.175 217 38 4.82 0.068 1.70 0.30
3.975 2.363 294 47 5.65 0.068 1.81 0.29
4.125 2.244 238 44 5.70 0.065 1.53 0.29
4.275 2.173 307 52 6.00 0.064 1.94 0.33
4.425 1.754 250 49 6.21 0.062 1.88 0.37
4.575 2.156 379 62 6.10 0.060 2.37 0.39
4.725 1.900 385 76 6.15 0.058 2.70 0.53
4.875 2.130 266 65 5.85 0.056 1.75 0.43
5.025 1.915 273 74 5.79 0.055 2.02 0.55
5.175 1.990 277 49 5.62 0.053 2.04 0.36
5.325 1.815 205 73 5.32 0.051 1.74 0.62
5.475 0.686 111 61 5.10 0.049 2.60 1.42
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Table D.6: Photoproduction excitation function data for the Ξ−(1530) with the cuts
listed in Tables 3.2 and 3.3 as well as the time-of-flight energy deposit
cut as discussed in Sec. 3.5. This is the data shown in Figs. 3.31, 4.17,
4.20 and 4.21.

Ξ−(1530), basic and ETOF cuts
∆Ebeam = 150 MeV

Ebeam F N δN A δA σ δσ
(GeV) (1012) (%) (nb)
3.225 1.593 1 2 1.04 0.057 0.06 0.10
3.375 1.610 19 6 1.95 0.062 0.50 0.15
3.525 1.737 50 10 2.66 0.062 0.90 0.18
3.675 2.435 71 14 2.97 0.058 0.80 0.16
3.825 2.175 117 18 3.45 0.058 1.28 0.20
3.975 2.363 176 21 3.97 0.058 1.54 0.19
4.125 2.244 195 24 3.98 0.055 1.79 0.22
4.275 2.173 218 25 4.25 0.054 1.94 0.22
4.425 1.754 154 26 4.43 0.053 1.63 0.28
4.575 2.156 274 32 4.32 0.051 2.42 0.28
4.725 1.900 205 37 4.31 0.049 2.05 0.37
4.875 2.130 225 39 4.10 0.047 2.12 0.36
5.025 1.915 223 41 4.07 0.046 2.35 0.43
5.175 1.990 238 38 3.92 0.044 2.51 0.40
5.325 1.815 231 49 3.67 0.042 2.84 0.60
5.475 0.686 64 31 3.44 0.041 2.24 1.07

Table D.7: Photoproduction excitation function data for the Ξ−(1530) with the cuts
listed in Tables 3.2 and 3.3, requiring a proton in the event. This is the
data shown in Figs. 3.31, 4.17, 4.20 and 4.21.

Ξ−(1530), basic cuts, requiring a proton
∆Ebeam = 250 MeV

Ebeam F N δN A δA σ δσ
(GeV) (1012) (%) (nb)
3.125 2.595 8 3 0.19 0.021 1.35 0.60
3.375 2.745 35 9 0.75 0.028 1.53 0.39
3.625 2.746 111 20 1.12 0.028 3.22 0.58
3.875 3.842 133 25 1.47 0.028 2.10 0.40
4.125 3.689 143 28 1.67 0.027 2.08 0.40
4.375 3.178 150 32 1.80 0.027 2.34 0.50
4.625 3.553 203 40 1.80 0.025 2.85 0.56
4.875 3.223 155 41 1.74 0.024 2.47 0.66
5.125 3.314 130 52 1.71 0.023 2.05 0.82
5.375 2.501 56 37 1.65 0.023 1.21 0.79
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Table D.8: Photoproduction excitation function data for the Ξ−(1530) with the cuts
listed in Tables 3.2 and 3.3, requiring a proton in the event, and the
time-of-flight energy deposit cut as discussed in Sec. 3.5. This is the data
shown in Figs. 3.31, 4.17, 4.20 and 4.21.

Ξ−(1530), basic and ETOF cuts, requiring a proton
∆Ebeam = 250 MeV

Ebeam F N δN A δA σ δσ
(GeV) (1012) (%) (nb)
3.125 2.595 4 5 0.12 0.016 1.16 1.42
3.375 2.745 13 5 0.54 0.024 0.80 0.30
3.625 2.746 57 13 0.80 0.024 2.33 0.52
3.875 3.842 121 17 1.05 0.024 2.68 0.38
4.125 3.689 141 20 1.18 0.023 2.90 0.41
4.375 3.178 140 23 1.27 0.022 3.11 0.50
4.625 3.553 202 25 1.27 0.021 3.99 0.50
4.875 3.223 127 26 1.23 0.020 2.86 0.59
5.125 3.314 134 27 1.20 0.019 3.03 0.61
5.375 2.501 70 31 1.13 0.019 2.22 0.98
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D.2 Higher Mass Ξ Upper Limits

The following tables contain numeric values for the plots shown in Sec. 4.3
leading to the upper limit calculations for Ξ∗− candidate states at 1620, 1690
and 1820 MeV.

Table D.9: Excitation function data of the Ξ−(1620) as shown in Figs 4.22, 4.24 and
4.25. The last two columns show the upper limit of the total cross section
with and with the scaling factor of 35% which is discussed in Sec.4.1.4
on page 113.

Ξ−(1620) Upper Limit, CL= 90%
∆Ebeam = 250 MeV

no scaling 35% s.f.
Ebeam (GeV) F (1012) < N A (%) < σ (pb) < σ (pb)

3.625 2.746 17.4 0.597 409 629
3.875 3.842 15.0 0.851 272 418
4.125 3.689 17.9 1.03 277 426
4.375 3.178 36.3 1.22 556 855
4.625 3.553 24.0 1.28 313 482
4.875 3.223 31.1 1.28 447 688
5.125 3.314 27.0 1.26 380 585
5.375 2.501 32.1 1.30 584 899

average (with scaling factor): σ < 623 pb

Table D.10: Excitation function data of the Ξ−(1690) as shown in Figs 4.22, 4.24
and 4.25. The last two columns show the upper limit of the total cross
section with and with the scaling factor of 35% which is discussed in
Sec.4.1.4 on page 113.

Ξ−(1690) Upper Limit, CL= 90%
∆Ebeam = 250 MeV

no scaling 35% s.f.
Ebeam (GeV) F (1012) < N A (%) < σ (pb) < σ (nb)

3.875 3.842 33.2 0.653 782 1.20
4.125 3.689 34.8 0.903 618 0.951
4.375 3.178 27.0 1.12 449 0.691
4.625 3.553 42.9 1.21 590 0.908
4.875 3.223 32.5 1.31 454 0.699
5.125 3.314 63.7 1.37 830 1.28
5.375 2.501 43.1 1.35 756 1.16

average (with scaling factor): σ < 1.00 nb
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Table D.11: Excitation function data of the Ξ−(1820) as shown in Figs 4.22, 4.24
and 4.25. The last two columns show the upper limit of the total cross
section with and with the scaling factor of 35% which is discussed in
Sec.4.1.4 on page 113.

Ξ−(1820) Upper Limit, CL= 90%
∆Ebeam = 250 MeV

no scaling 35% s.f.
Ebeam (GeV) F (1012) < N A (%) < σ (pb) < σ (nb)

4.125 3.689 12.9 0.690 300 0.462
4.375 3.178 37.9 0.830 850 1.31
4.625 3.553 39.1 0.987 659 1.01
4.875 3.223 36.6 1.13 596 0.916
5.125 3.314 49.7 1.20 740 1.14
5.375 2.501 43.9 1.32 786 1.21

average (with scaling factor): σ < 1.01 nb
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D.3 K
+
fast t-slope and Missing Mass Trends

The following tables contain numeric values for the plots shown in Sec. 4.1.4 con-
cerning the trends of the input parameters for the simulations that are observed
in the data.

Table D.12: t-slope and missing mass off K+

fast
parameters as a function of beam

energy for the Ξ−(1320) state. This data corresponds to Figs. 4.11,
4.12 and 4.13

Ξ−(1320)
∆Ebeam = 233 MeV

Ebeam t-slope err MM(K+
fast) err MM(K+

fast) err
(GeV) mean (GeV) width (MeV)
2.749 6.03 0.82 – – – –
2.981 5.67 0.51 1.9217 0.0022 42.7 1.6
3.214 3.88 0.13 1.9472 0.0043 74.8 3.0
3.446 3.449 0.084 1.9829 0.0028 83.1 2.4
3.679 2.944 0.048 2.0069 0.0028 107 2.2
3.911 2.555 0.044 2.0290 0.0036 130 2.5
4.144 1.837 0.035 2.0343 0.0052 160 4.2
4.376 1.540 0.038 2.0601 0.0067 189 5.3
4.609 1.725 0.052 2.0766 0.0054 188 4.2
4.841 1.579 0.054 2.0854 0.0063 198 3.9
5.074 1.783 0.055 2.1250 0.0075 224 5.1
5.306 1.595 0.070 2.1415 0.0069 210 6.1

Table D.13: t-slope of the K+

fast
as a function of beam energy for the Ξ−(1530) state.

This data corresponds to Fig. 4.11.

Ξ−(1530)
∆Ebeam = 388 MeV
Ebeam t-slope err
3.369 2.70 0.32
3.756 2.56 0.16
4.144 1.87 0.15
4.531 2.48 0.10
4.919 1.89 0.13
5.306 1.39 0.12
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Table D.14: Parameters from the missing mass off the K+

fast
as a function of beam

energy for the Ξ−(1530) state. This data corresponds to Figs. 4.12 and
4.13.

Ξ−(1530)
∆Ebeam = 467 MeV

Ebeam MM(K+
fast) err MM(K+

fast) err
(GeV) mean (GeV) width (MeV)
3.100 2.1005 0.019 19.4 62
3.567 2.1255 0.0024 54.0 1.6
4.033 2.1817 0.0030 83.9 2.0
4.500 2.2158 0.0029 98.9 1.9
4.967 2.2538 0.0039 119 2.4
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