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ABSTRACT OF THE DISSERTATION
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Professor Brian Raue, Co-Major Professor

The number of experimentally observed doubly strange Cascade states to date
is far fewer than has been predicted theoretically. The CLAS12 Very Strange physics
program (E£12 — 11 — 005A) at the Thomas Jefferson National Accelerator Facility
aims to study the electroproduction of these states using the newly upgraded CEBAF
Large Acceptance Spectrometer for 12 GeV (CLAS12) in experimental Hall B. In
this project, the reaction ep — ¢ KTKT=*" — ¢/ KT KTK~(A/X°) is studied using
CLAS12 Run Group A (RG-A) data sets taken by impinging electron beams of 10.2
and 10.6 GeV energies on an LH, target. Scattered electrons are detected with
either the Forward Detector (FD), covering a polar angle range of 5° to 35° to study
electroproduction, or with the Forward Tagger (FT), covering a polar angle range of
2.5° to 4.5°, to study quasi-real photoproduction. The CLAS12 detector with nearly
a 47 solid angle coverage is used to detect scattered electrons and charged kaons in
the final state. A/X? hyperons are reconstructed using the missing mass technique
to explore intermediate doubly-strange hyperons (Z*7) that decay to K~ and A/X°.
No statistically significant =*~ states other than the Z*~(1530) were found in the
missing mass spectra based on the currently available statistics in the CLAS12-FD
acceptance only. A maximum log-likelihood method is implemented to determine

the statistical significance and the upper limits on the =*~(1820) electroproduction
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cross section by constructing 95% confidence level boundaries on the Z*~(1820) yields.

Additional research was conducted to investigate the upper limit electroproduction

cross section of the reaction ep — ¢/ KTKT=*" — ¢ KT KTK~(A/X°) as a function
— . . . do

of the electroproduced =*~ mass and the differential cross section (m)

as a function of missing mass MM (¢/KTK™) for electroproduction and quasi-real

photoproduction processes.
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CHAPTER 1

Introduction

A scattering experiment by Robert Hofstadter and collaborators in the 1950’s at Stan-
ford University using electrons to peer inside the proton of the hydrogen atom revealed
that protons and neutrons are not fundamental (i.e. point-like) [1,2] in nature. The
revolutionary discovery of that time in the field of particle physics was awarded the
1961 Nobel Prize. Following that discovery, several electron scattering experiments
from all around the world discovered that protons and neutrons themselves have a
rich internal structure. Protons and neutrons are made up of electrically charged con-
stituent particles called quarks [3,4]. Moreover, a growing number of other particles
showing different properties than protons and neutrons also made up of quarks was
discovered.

To organize these subatomic particles, Murray Gell—Mann first came up with
an abstract concept of grouping them based on their properties like charge, spin, flavor
content, and isospin. Gell—Mann published a book describing his abstract concept in
1964 called the “The Eightfold Way” [5]. Gell-Mann introduced three fundamental
quark flavors, up, down, and strange, for the first time. Each of these quarks has
a corresponding anti-quark. Quarks and anti-quarks have been assigned fractional
electric charges of —1/3e or 2/3e, where e is the magnitude of the electron charge.
They have positive parity by convention. Other than the fractional electric charge,
quarks also carry a color charge and anti-quarks an anti-color charge. Gell-Mann
realized that these three fundamental quarks and anti-quarks could form all of the
hadrons known at that time.

The family of subatomic particles made with three quark combinations is called

baryons. The eightfold way organizes the lowest-lying spin—1/2 baryons into an octet



and spin—3/2 baryons into a decuplet. One of the predicted particles with three
strange quarks in the baryon decuplet, known as 2~ was discovered in early 1964 [6].
This discovery, based on the Gell-Mann’s prediction was a key to the advancement
of the quark model.

Similarly, the family of subatomic particles composed of quark and anti-quark
combinations is called mesons. The eightfold way organized mesons into octets and
singlets. The lowest-lying spin—0 mesons are organized into an octet. The chargeless,
strangeless eta prime meson (17/) was originally classified by itself as a singlet in the
eightfold way. Later in time, after the discovery of the quark model, all mesons were
viewed as part of a meson nonet.

Both the baryon and meson families of subatomic particles are included in the
hadron family of subatomic particles. Such an organizational scheme of hadrons
proposed by Gell—-Mann in his book led to the development of the quark model.
Gell-Mann’s contributions and discoveries for the classification of subatomic particles
and their interactions were recognized with the 1969 Nobel Prize in physics.

With the advancement of time and scientific discovery, three heavier mass
quarks were also added to the list of quarks, resulting in a total of six quarks.
The three fundamental light up, down, and strange quarks initially proposed by
Gell—Mann, along with three heavier quarks top, bottom, and charm, as shown in
Fig. 1.1, constitute three generations of quarks. The six different types of quarks with
different masses are known as the six flavors of quarks.

Besides quarks, there is a lepton family of elementary particles. The best known
of all leptons is the electron. Just like quarks, there are three generations of leptons
that include the electron, muon, and tau lepton, and their respective neutrinos. The

three generations of leptons are shown in Fig. 1.1.
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Figure 1.1: The Standard Model of elementary particles shows three generations of
quarks, leptons, and force carrier bosons. Image available to download in Ref. [7].

Quarks and leptons are fermions with half—integer spin and they obey Fermi-
Dirac statistics. The interaction between quarks and leptons is mediated by quanta
called gauge bosons. Bosons have an integer spin and they obey Bose-Einstein statis-
tics.

To explain all of the observed interactions involved in the different families of
subatomic particles, physicists developed a simple and comprehensive theory, which is

known as the Standard Model of elementary particles [7]. It explains hundreds of ele-



mentary particles and most of the complex phenomena observed in their interactions.
The Standard Model in today’s picture can be summarized as a theory that explains
the visible universe in terms of six quarks, six leptons, and four gauge bosons that
mediate the strong (gluon), weak (W and Z), and electromagnetic (photon) forces.
Predictions of the Standard Model at high energy have been shown to be valid with
incredible precision. Hence, it is an extraordinarily brilliant and successful theory
as it fits beautifully even in today’s quantum world. However, it does not explain
everything in the universe. For example, the gravitational force is not explained by
the Standard Model, and the corresponding force-mediating gauge boson, named the
graviton, has not yet been observed experimentally. It also does not say anything
about the dark matter and dark energy that pervades the universe.

The strong force is responsible to keep protons and neutrons inside the nucleus
of an atom. Quarks inside nucleons interact with each other by exchanging gluons [8,
9]. Properties of such strong interactions acting between quarks and gluons inside
nucleons are described by the field theory of Quantum Chromodynamics (QCD) [10-

12).

1.1 Quantum Chromodynamics

Quantum Chromodynamics (QQCD) is a non-abelian gauge field theory that describes
the strong interaction between quarks and gluons. In analogy to the electric charge in
the electromagnetic interaction described within Quantum Electrodynamics (QED),
there are three color charges and corresponding anti-color charges associated with the
strong interaction. These three color charges are known as the green, red, and blue
charges of the strong interaction, and have three corresponding anti-color charges
known as anti-green, anti-red, and anti-blue. Since quarks possess color charge, they

are said to be in the fundamental representation of the SU(3). color Lie group.



Gluons are massless, spin-1 gauge bosons with no electric charge. Gluons carry
color charge and anti-color charge, and hence they mediate color interactions among
quarks. There are 8 allowed color, anti-color charge combinations for gluons. Since
gluons carry color charges, they can self interact even in the absence of quarks, unlike
photons in QED. Gluons transform under the adjoint representation of the SU(3).
color Lie group [13].

The Lagrangian density governing the strong interaction between quarks and

gluons in QCD is given by

) 1
Loop = ¥ (Dp)iy — mpdij)r; — 160 Gl (1.1)

A summation is assumed over the repeated indices. 1;; and ¢ ; are quark-field Dirac
spinors for a quark of flavor f and mass m; with anti-color and color indicies of 4
and j, respectively. Hence, the indicies ¢ and j run from 1 to 3 to represent the
three colors of quarks. v* are the contravariant 4 x 4 gamma matrices of the Dirac
representation. (D, );; is the covariant derivative associated with the fundamental
representation of the color group SU(3)., which contains the quark-gluon interaction
term, and G*" is the gluon field strength tensor for a color-charge a. These are given
by

(Dp)ij = Oudi — g AT,

7/7]’

(1.2)

GhY = OMAL — 0" AL + gs fac A} AL, (1.3)

where g, is the strong interaction coupling constant of QCD analogous to the electric

charge, e, in the QED Lagrangian. fu. are the SU(3). structure constants. T,

corresponds to the eight linearly-independent 3 x 3 Gell-Mann matrices and are the



generators of the fundamental representation of SU(3).. A® are the eight vector fields
for a gluon with color charge and anti-charge combination a running from 1 to 8.

The strong interaction compared to the electromagnetic interaction possesses
two unique features: asymptotic freedom [11,12] and color confinement [14]. Accord-
ing to asymptotic freedom, quarks feel a decrease in their interaction strength when
they get very close to each other. The distance between two quarks is inversely pro-
portional to the momentum transfer () between them. This implies that at high @,
quarks can move more freely with less constraint. This freedom of motion of quarks at
short distances, for example, when they are inside a hadron, is known as asymptotic
freedom.

Another unique feature of the strong interaction, color confinement, describes
the effect in which the quarks always exist in a group, i.e. with baryons or mesons.
Quarks in a hadron are confined in such a way that it results in a state with zero total
color charge. Such color neutrality in hadrons can be achieved in two different ways:
by combining color and anti-color quarks, as in mesons, or by combining quarks
with all of the colors or anti-colors, as in baryons. In this way, only color-neutral
combination of quarks can exist as a valid physical state in nature.

Since quarks themselves are not color neutral, we cannot observe and isolate
individual quarks in nature. So one can think about what happens if we try to
separate bound quarks. If we try to separate bound quarks, the strength of the
strong interaction increases with increasing distance between them. Eventually, a
point will be reached where the energy required to separate bound quarks is greater
than the energy required to form a quark-anti-quark pair from the vacuum. Such
pairs spontaneously produced from the vacuum can combine with the originally bound

quarks, resulting in new bound states of hadrons.



1.2 Hadron Spectroscopy

Hadron spectroscopy is the study of the spectrum of the hadrons. It characterizes
hadrons in different groups based on their properties such as quantum numbers, mass,
and quark content. Since hadrons are the bound states of quarks and gluons, proper-
ties of hadrons come from their constituents. Although the quantum numbers of the
hadrons are naively given by their constituent quarks, known as valance quarks and
anti-quarks, many properties are not. For example, the major contribution (~ 98.5%)
to the total rest mass of the proton is believed to arise from the interaction between
the sea of virtual quark-anti-quark pairs, known as sea quarks, and virtual gluons
confined within the proton. Also, the total spin of the proton has contributions from
sea quarks and gluons in addition to that from the valance quarks. Table 1.1 shows
the additive quantum numbers assigned to the six quark flavors from the Standard
Model.

The major quantum numbers used to describe a hadron are its total angular
momentum, J, parity, P, and isospin, /. The total angular momentum quantum
number J is the sum of the orbital angular momentum L of the constituent valance
quarks and their total intrinsic spin S. Baryon parity is given by (—1)F. On the
other hand, meson parity is given by (—1)“*! to account for the fact that mesons are
bound states with opposite parity quark-anti-quark combinations. All ground state
(L = 0) baryons have even parity (P = —1°), while all ground state mesons have odd
parity P = —1. The isospin quantum number reveals how many different charged
states of a hadron can exist with the same spin and parity configuration. There are
21 + 1 different charged states possible for a particle with isospin quantum number
I. The proton and neutron are the well-known charged states of the nucleon with

isospin 1/2.



Characteristic Quantum Numbers of Six Quarks

Flavor d u s c b t
@Q— electric charge —% +§ —% +§ —% +§
I— isospin % % 0 0 0 0
I,— isospin z-component —% +% 0 0 0 0
JP . 1+ 1+ 1t Lt L
S— strangeness 0 0 -1 0 0 0
C— charm 0 0 0 +1 0 0
B— beauty 0 0 0 0 —1 0
T'— truth 0 0 0 0 0 +1
Current-quark mass 4671008 2.167599 93.4758 1.277053 4181002 172.69+
MeV MeV MeV GeV GeV 0.30
GeV

Table 1.1: Three generations of quarks from the Standard Model with their additive
quantum numbers [15].



In addition to J, P, and I quantum numbers describing a hadron, there are
a few more quantum numbers used while mapping the spectrum of hadrons. These
include electric charge (@), baryon number (B), strangeness (S), charge conjugation
(C), and G-parity (G). The total electric charge of a hadron, @, is an additive
combination of the electric charges of the constituent quarks. The baryon number,
B, for mesons and baryons is, respectively, 0 and 1.

The strangeness quantum number, .S, is the flavor quantum number assigned
to strange quarks. The flavor of the quark determines its flavor quantum number.
There are six flavor quantum numbers uniquely defined to differentiate the six flavors
of quark. By convention, the flavor quantum number of a quark has the same sign
as its electric charge. For example, the strangeness of the strange quark is S = —1,
while the truth of the top quark is " = +1. Table 1.1 summarizes the different
quantum numbers of all six quark flavors.

Charge conjugation describes a transformation that switches particles with their
corresponding antiparticles by changing the sign of all associated quantum charges.
The quantum number of particles that describes its behavior under the symmetry
operation of charge conjugation is called charge conjugation parity, C-parity. C-parity
applies only to the electrically neutral system. C-parity of an electrically neutral gg
system made up of quark, ¢, and its own antiquark, g, is given by C(qq) = (—1)**%. In
the case of electrically charged particles such as ud and du states, C-parity cannot be
applied to describe charge conjugation symmetry. However, there is another quantum
number in particle physics that results from the generalization of C-parity and can be
applied to multiplets of all charged particles. Such a generalized version of C-parity
is known as G-parity. G-parity of all charged states of a given multiplet of particles
is given by (—1)L+9+1. In the pion triplet with 7%, 7#°, and 7~, C-parity can only

be applied to the 7°. On the other hand, generalized G-parity can be applied to all



members of the multiplet regardless of their electrical charge by considering I = 0
and I = 1/2, respectively, for 7 and 7.

In order to uniquely identify and map a baryon state in the baryon spectrum,
mass, constituent quarks, and quantum numbers I and J? are sufficient. However,
to uniquely identify a meson, an extra quantum number C-parity has to be defined

JPC multiplets.

as well; that is, mesons are classified in

In modern particle physics, almost all hadrons are arranged in different groups
using classification schemes developed based on a successful theoretical model called
the quark model [16]. The quark model classifies hadrons in different groups based
on their valance quark content. Any observed hadron that does not fall into any
of the quark model classification schemes and is different from the ordinary quark
structure of ¢gq for mesons and gqq for baryons is considered exotic. Exotic hadrons

are not allowed by the quark model. There are certain combinations of J¥'¢

meson
states that are not allowed in the quark model. For example, mesons with J©¢ =
0~—,0",17",2%7=, 37T, etc. are forbidden in the ¢g model.

Directly related to this work, baryon spectroscopy deals with the mapping of
the spectrum of baryons. Baryon spectroscopy helps to understand the structure and
dynamics of the nucleons and their excited states. Baryons are strongly interacting
fermions. In the most general case, baryons contain three constituent valance quarks,
although there is evidence of several charmed “pentaquark” baryon states that fall
in the exotic category. In the Particle Data Group (PDG) [15], baryons are named
as N or A, respectively, for baryons with isospin 1/2 or 3/2. N and A baryons
are comprised of light quark u, d combinations only. Particles comprised of two
quarks u, d and one s quark combination are named A or X baryons and generically

known as hyperons. The two light quarks in the A and ¥ baryons couple to isospin

0 and 1, respectively. Particles with one uw or d quark and two s quarks are called
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Cascade, =, baryons. = baryons have isospin 1/2. An Omega, (2, baryon has no u or
d quarks but all three s quarks in it with 0 isospin. These baryons are organized into
an octet and decuplet of baryon states in the flavor symmetry SU(3)r of Quantum
Chromodynamics. The nucleons, hyperons, and Cascades with spin J = 1/2 complete
the octet of ground state baryons. Whereas As, excited s, excited =s, and the €2
with spin J = 3/2 complete the decuplet of the first excited state baryons. Figure 1.2
shows the octet and decuplet states of baryons from SU(3) flavor symmetry.

All baryons acquire a certain mass. Quarks are nearly massless and gluons have
zero mass. The total mass of any baryon is very high compared to its constituent
quark masses. Almost 99% of the baryon mass does not come from the quark masses.
So, how does a baryon acquire its mass? It is believed that almost all of the mass of
a baryon comes from the strong interaction energy of the quark and gluon fields. The
strong interaction between any quark pair in baryons is governed by the Lagrangian
density of QCD given by Eq. (1.1). We can separate the QCD Lagrangian into two
parts. The first part depends only on the quark and gluon fields, which do not contain
quark masses. The second part has the quark mass (second term in Eq. (1.1)) and is
actually the one that is dependent on quark flavor. In the limit that quark masses are
very small in comparison to the total baryon mass, one can treat the quark-mass term
in the QCD Lagrangian as a perturbation. This implies that the flavor independent
part of the QCD Lagrangian, which depends only on the quark and gluon fields,
sets the mass scale for a given baryon SU(3)r multiplet. As a consequence of such
symmetry, known as flavor symmetry of SU(3), the excitation spectra of baryons are
independent of the flavor of the constituent quarks. Thus, for every state of an octet
of light baryons N* and decuplet of light baryons A*, there will be a corresponding

octet or decuplet of =* states possessing similar properties [16-19].
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Baryon octet and decuplet from SU(3) flavor symmetry
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Figure 1.2: Octet and decuplet states of ground state baryons from SU(3) flavor

symmetry [16].

Among all of these ground state and excited state baryons in the baryon spec-

trum, we are particularly interested in the spectra of double-strange-quark Cascade
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hyperons. The double strangeness feature of Cascade hyperons has some advantages
while searching for Cascade states in comparison to N* states and A* states, which

are summarized in the next section.

1.3 Importance of Cascade Physics in Baryon Spectroscopy

After the discovery of the A in the early 1950’s, particle physicists began to exper-
imentally explore the structure and dynamics of the nucleon and its excited states.
While much has been accomplished to this date, there is still much work left in or-
der to address several unanswered questions in the field of baryon spectroscopy. The
setup of the experiment, collection, processing, and analysis of a big data set utilizing
restricted computational resources made the nature of the work involved technically
challenging and expensive. Even if you were able to collect and analyze experimental
data, the broad and overlapping spectrum of the excited states N*, A* makes it very
difficult to identify and extract the details of the individual excited states [20]. Hence,
sophisticated analysis techniques like partial wave analyses are required to study the
resonances from the experimental data in such a broad and overlapping spectrum.
Therefore, to give a new way to study the baryon spectrum, one can look for particles
with a narrow width compared to N* and A* states, but still possessing properties
similar to those states. Experimentally searching for Cascade baryon resonances can
be a suitable option in order to alleviate the overall situation and to move forward
with a new method of baryon spectroscopy. Indeed, the very existence of the CLAS
spectrometer in the past and the new CLAS12 spectrometer, along with the upgraded
CEBAF accelerator at Jefferson Lab and improvements in computing, made doing
the spectroscopy experiments possible.

As previously mentioned, evidence of flavor symmetry SU(3)g by baryons im-

plies that we should expect an octet of =* with properties similar to every excited N*
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and a decuplet of =* with properties similar to every A* state. There are far fewer ex-
perimentally observed Cascade states than have been predicted from the quark model.
Theoretical calculations to date based on SU(3) flavor symmetry using several models
such as relativistic and non-relativistic quark models [16], along with algebraic [19]
and chiral-symmetric [18] models, and more recent lattice QCD calculations [21], pre-
dict a lot of possible Cascade states. However, there are only eleven = states listed
in the Review of Particle Physics by the Particle Data Group (PDG) updated in
2022 as shown in Table 1.2. The number of experimentally discovered Cascade states
in the PDG has not been changed since the early 1980’s. To date, we have only
two Cascade states, the ground state =(1320) and first excited state Z*(1530), with
four-star (x * #x) ratings, meaning that their quantum numbers, masses, and decay
widths are well established. There are a few more Cascade states in the exploration
stage demanding further experimental evidence of their existence and many more
theoretically predicted Cascade states yet to be discovered experimentally.

Searching for missing = states experimentally has a great advantage in the
field of baryon spectroscopy. It addresses the well-known missing baryon problem by
adding new baryon states in the PDG baryon table. Moreover, it would serve as an
experimental means to directly test different theoretical models of baryon structure.
The small number of experimentally observed = states in the PDG clearly demands
searching for the missing = states with novel experimental techniques to validate the
SU(3) flavor symmetry of QCD, which predicts many more = states.

The experimental production cross section of = states is very low in comparison
to their N and A cousins because of their higher mass and double-strange nature.
However, the same double-strange feature makes it more appealing to search for =*
states over N* and A* states due to the narrower widths expected for Cascades [22].

*

Narrow widths (typically a factor of 10 smaller) for =* in comparison to their N*
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Experimental status of = states with observed decay modes

Particle | J¥ PDG rat- | =n AK YOK =(1530)m
ing

=(1320) | 1/2F kK ok

=(1530) | 3/2* * % K * % *

=(1620) ¥ x

=(1690) * K % K % Kok

=(1820) | 3/2~ * % ok ok * % ok Kk Kk

=(2030) | 5/2° * ok * Kk * ok *

=(2120) * ¥

=(2250) or

=(2370) Kok

=(2500) % ¥ x

Table 1.2: The status of experimentally observed = resonances with overall PDG
ratings assigned to them. *#x*x rating indicates the existence is certain and properties
are fairly well explored. s rating is assigned to those particles whose existence needs
further confirmation. *x or * rating, respectively, indicates that the experimental
evidence of the existence of such particles is only fair or very poor [15,22].
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counterparts, make it practically feasible to single out specific Cascade resonances
relative to the experimental backgrounds.

With all of these advantages of Cascade baryons in baryon spectroscopy, this
dissertation aims to study the electroproduction of excited Cascade states. The goal
is to experimentally explore missing excited Cascade states that are theoretically
predicted by QCD based on SU(3) flavor symmetry. Eventually, this study will shed

light on the deeper understanding of the QCD Lagrangian Eq. (1.1).

1.4 Previous Experiments on Cascade Physics

Cascade baryons were first discovered at the Lawrence Radiation Laboratory [23]. A
K~ beam with a momentum ranging from 1.7 to 2.7 GeV was incident on a hydrogen
bubble chamber to obtain different Cascade data samples, leading to a determination
of the lifetimes of the 2~ and Z°. In addition, production and decay properties of Z~,
=Y and a few low-lying Z* were also studied [24-26] by further analyzing the collected
Cascade data sample. Similarly, a K~ beam of higher momentum at 5.5 GeV was
used with a hydrogen bubble chamber to investigate =~ production in K~ p inter-
actions at Argonne National Laboratory [27]. Similar bubble chamber experiments
at Brookhaven National Laboratory using a K~ beam to investigate K ~p interac-
tions presented suggestive experimental evidence for the existence of the higher-mass
Cascade states =(1820), =(2030), =(2430), and =(1930) [28,29]. For the first time,
evidence of the =(1620) [30] state was presented, although the suggested resonance
was highly dominated by statistical fluctuations. They also presented evidence for
the decay of =(1820) and Z(1930) states via Z(1530)7 [31] channels.

Further experiments [32,33] at CERN using a K~ beam and a bubble cham-
ber to study the K~ p interaction showed suggestive evidence of higher mass Cascade

states and determined the spin of the =Z(1820) resonance. Later on, CERN conducted
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several experiments with the CERN SPS charged hyperon beam [34] to study the
production of hyperons and hyperon resonances in =~ N interactions. These exper-
iments produced much higher statistics in comparison to previous bubble chamber
experiments of several previously observed = resonances [35,36]. However, using a
charged hyperon beam on hydrogen could not produce any = signal in the mass range
around 1620 MeV, in contrast to what was observed from the kaon beam on hydrogen.
From the study of the =~ Be interaction using a =~ beam, it was concluded that the

spin of the =(1820) is 3/2 and it has negative parity [37].
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Figure 1.3: Observed = states from the kaon production experiment performed at
Brookhaven National Laboratory using the MultiParticle Spectrometer (MPS) in the
missing mass squared (X) for K—p — K} (X7) [38].

slow

17



All of these experimental pieces of evidence for higher-mass = states from early
experiments were very encouraging. However, the data from the low-sensitivity bub-
ble chambers were not enough to provide strong confirmation of the properties and
existence of Cascade states. Scientists from around the world started to design and
develop more sensitive and sophisticated detectors for further study.

During the 1980’s collaborators from Brookhaven National Laboratory per-
formed a kaon production experiment using the MultiParticle Spectrometer (MPS).
The MPS ramped up the experimental particle physics technique by using track-
ing detectors like proportional multiwire chambers and spark chambers to track the
charged particles produced in the reactions. They used the missing mass technique

to study the reaction K~ p — K7

slow

(X ), where only a slow Kt was detected in the
final state [38]. All of the =* states produced in the reaction were then observed

in the missing mass off of K . Many Cascade baryon resonances, as shown in the

slow"*

missing-mass spectra in Fig. 1.3, appear to be present. The claimed = states from this

[1]

experiment were =(1320), Z(1530), =(1820), £(2030), =(2250), =(2370), and =(2500).

The experiment was not conclusive enough to differentiate the Z(1620) and Z(1690).
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CLAS g11 photoproduction result
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Figure 1.4: Missing mass spectra of K*K™ and the total photoproduction cross
section result of =7 in the reaction yp — KTK*(X) using the CLAS g11 data
set [39]. The total photoproduction cross section increases from 2 nb to 11 nb with
increasing photon energy from 2.8 GeV to 3.8 GeV in agreement with the ¢ channel
theoretical model predicted by Nakayama et al. [40].
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Most of what we know about Cascade baryons is provided by the experiments
discussed above. These experiments used either a K~ beam or a charged hyperon
beam on the target. In either case, it is energetically favorable to produce = states
in the final state as the production beam already contains an s quark in the initial
state. This implies that only one ss pair has to be created from the vacuum during
the interaction to favor = production and conserve strangeness.

There have been several photoproduction studies conducted to search for Cas-
cade states using data collected from the CEBAF Large Acceptance Spectrometer
(CLAS) in Hall B at Jefferson Laboratory [39,41,42]. The photoproduction process
involves an energetic high-energy photon beam incident on the target. The photopro-
duction process turns out to be energetically costly for = production as the incident
photon beam contains no s quark in the initial state. Hence, some of the energy of
the incoming photon will be used to produce kaons in the final state to achieve the
condition for = production.

The study of Cascade photoproduction using the g11 CLAS data set shows clear
resonances for the Z~(1320) ground state and the = (1530) excited state as shown
in Fig. 1.4. The mass difference of the ground state = doublet and the photoproduc-
tion cross sections for the Z7(1320) and =~ (1530) were reported. Cross sections for
=7(1320) were determined in the photon energy range from 2.75 to 3.85 GeV. It was
shown that the total photoproduction cross section increases from 2 nb to 11 nb as
shown in Fig. 1.4 with increasing photon energy for the = (1320). The differential
photoproduction cross section of the =~ (1530) in the reaction yp — KTK*(X) was
also measured for the first time in the photon energy range of 3.35 — 4.75 GeV [39].

Another CLAS photoproduction result using the g12 data set published in 2018
also presents strong evidence for the existence of the =7 (1320) and the = (1530)

states as shown in Fig. 1.5. However, there was no sign of any other higher-mass
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CLAS g¢12 photoproduction result
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Figure 1.5: Missing mass spectra off KTK™ and the total photoproduction cross
section result of the =7(1320) and =~ (1530) states in the reaction yp — KTK*(X)
using the CLAS ¢12 data set [42].

resonances beyond the =7 (1530) in the missing mass spectrum. The CLAS ¢12
experiment was conducted with a higher photon energy (> 4 GeV) and flux compared
to the g11 experiment in order to carry out a statistically significant search of higher

mass = states above the Z7(1530). The result of the g12 experiment was somewhat
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surprising given that all the higher-mass =* states above the Z~(1530) were strongly
suppressed. The study was only able to establish upper limits for the total cross
sections for three known higher-mass =Z* states (at 1690, 1820, and 1950 MeV). In
addition, the study presents the first-time photoproduction cross-section measurement
of the £7(1320) and =7 (1530) states at photon energies > 4 GeV. The study shows
that the total cross section increases with increasing center-of-mass energies up to
Vs = 2.8 GeV in agreement with the previous g11 result and above that it levels off
as shown in Fig. 1.5 to maintain constant values up to higher photon energies [42].

Photoproduction cross section results from both the gl1 and ¢g12 data sets
suggested that the production mechanism for the =7 (1320) ground state and the
=7(1530) first excited state agrees with the two step ¢ channel theoretical model
through intermediate N* and Y™* resonances of Nakayama et al. [40]. However, not
seeing the known Z* states above the =7 (1530) in the missing mass spectra could be
an indication that the same theoretical model does not describe the photoproduction
mechanism of these states.

With the recently upgraded CLAS detector for 12 GeV, known as the CLAS12

*

detector at Jefferson Laboratory, it is possible to further study the = and =* states.
This dissertation aims to study the electroproduction of experimentally under-explored
= hyperon production using the CLAS12 detector. The reaction ep — ¢/ KTK+TK~
(A/3°) will be investigated by detecting scattered electrons either in the forward
polar angle range of 5° to 35° or in the very forward polar angle range of 2.5° to
4.5°. Charged kaons will be detected within the acceptance of the CLAS12 Forward
Detector system only for this study as the Central Detector tracking in the first phase
data is insufficient to offer a reliable particle identification. The A/X° hyperons can

be reconstructed using the missing mass technique to explore intermediate hyperons

that decay to K~ and A/X°.
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CHAPTER 2

Experiment

2.1 The Thomas Jefferson National Accelerator

CEBAF AT JEFFERSON LAB i
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INJECTOR LINEAR ACCELERATOR CENTRAL HELIUM LIQUEFIER RECIRCULATION MAGNETS EXPERIMENTAL HALL A EXPERIMENTAL HALL B

Figure 2.1: Detailed view of the Jefferson Lab CEBAF accelerator and the four
experimental halls [43].

The experiment of interest in this dissertation was conducted at the Thomas Jef-
ferson National Accelerator Facility in Newport News, VA. The Thomas Jefferson
National Accelerator Facility, also known as Jefferson Lab (JLab), is home to the re-
cently upgraded Continuous Electron Beam Accelerator Facility (CEBAF) and four
experimental halls labeled as Hall A, B, C, and D. An overview of the JLab CEBAF
accelerator site with four experimental halls can be seen in Fig. 2.1. CEBAF was
designed to accelerate and recirculate electrons at high energies, and the four exper-

imental halls were designed to conduct different physics experiments. The upgraded
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CEBAF can accelerate electrons to energies up to 12 GeV. It provides a high-quality,
high—Iuminosity beam of polarized electrons to different experimental halls in parallel
for experimental purposes. In the experimental halls, particle detectors are designed
to meet the requirements of various exciting physics programs. Our research utilizes
the 11 GeV CEBAF electron beam and the new CLAS12 spectrometer situated in

experimental Hall B.

2.2 CEBAF

The electron accelerator of JLab is called the Continuous Electron Beam Accelerator
Facility (CEBAF). It was initially designed and built during the 1980s, and started
delivering simultaneous beams to three experimental halls, A, B, and C, by the mid
1990s.

CEBAF is a world-leading and unique facility based on an innovative technology
that uses superconducting radio-frequency cavities to transfer radiofrequency (RF)
energy to electrons, providing the necessary acceleration gradient. It is constructed
in a race—track configuration consisting of parallel north and south linear acceler-
ators (LINACs). Each linear accelerator was initially comprised of 20 cryomodule
units. Each cryomodule unit contains either five or seven superconducting radiofre-
quency (SRF) cavities. The north and south linear accelerators are connected to each
other with the help of two recirculation arcs composed of dipole and quadrupole mag-
nets. Dipole magnets steer the electron beam as it travels around the arc, whereas
quadrupole magnets are used to focus the beam in one plane. The beam is passed
through the linear accelerators up to five times before being delivered to the exper-
imental halls. The upgrade of CEBAF included adding five new SRF cryomodule
units to each linear accelerator for ten new cryomodules, as shown in Fig. 2.2. The

new SRF cavities can produce four times the gradient than the pre-existing ones in
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the LINACs. The upgrade also included an additional recirculation arc and an extra
pass that was added in the north linear accelerator to produce the 12 GeV beam to
meet experimental needs in the newly constructed experimental Hall D. With the
successful completion of its upgrade, CEBAF is now capable of delivering five-pass
beam with a maximum energy of 11 GeV to experimental halls, A, B, and C. In
addition, the upgraded CEBAF can deliver a 5.5-pass beam with maximum energy

of 12 GeV to experimental Hall D.

Add new

20 cryomodules

Add 5
cryomodules

Figure 2.2: The JLab accelerator site after the 12 GeV upgrade. Image source
Ref. [44].

Polarized electrons are produced in the injector by illuminating the GaAsP

photocathode using circularly polarized photons from a 500 mW titanium sapphire
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laser [45]. The injector is the starting point of the electron beam, where it starts its
first pass through the north linear accelerator.

Simultaneous delivery of the electron beam to halls A, B, C, and D is achieved
by passing the beam through RF deflecting cavities called the separators. RF separa-
tors are installed on each re-circulation arc, allowing the flexibility to simultaneously
deliver beams of different energy and current to each hall. Although CEBAF can
provide a beam current up to 100 pA, CLAS12 in experimental Hall B uses beam
currents typically not exceeding 100 nA. The details on the structure of the CEBAF
continuous electron beam and its simultaneous delivery to four halls is described in

Ref. [46].

2.3 The Hall B Beamline

The extracted beam from CEBAF is delivered to experimental Hall B using the
Hall B beamline system [47]. It is designed to provide the necessary controls of
the electron beam by measuring and monitoring beam properties for the safe and
efficient operation of CLAS12 experiments. The Hall B beamline is divided into two
segments known as the “2C” and “2H” line segments. The “2C” line segment runs
from the Beam Switch Yard (BSY) after CEBAF to the upstream end of experimental
Hall B, and the “2H” line segment runs from the upstream end to the beam dump
system in the downstream end of Hall B. The CEBAF operators have access to several
quadruples, dipoles, and beam diagnostic tools installed in the upstream tunnel of the
Hall B beamline to tune and deliver the beam to the CLAS12 target. Other additional
monitoring components are installed along the Hall B beamline to monitor beam
position, polarization, current, and halo counts to ensure safe passage of the beam.
An overview of the Hall B beamline with a visual representation and a schematic of

several beamline components can be seen in Fig. 2.3.

26



2HO0 Girder with Target cryostat Tungsten shield

quadrupoles and

H/V correctors 2HO01 nA BPM Target cell

Beam dump shielding
and the collimator box

, rs

Figure 2.3: A representation and schematic of the Hall B beamline after it enters the
experimental hall [47].

During typical beam operations, Hall B shift personnel monitor the beam de-
livery into the hall and control beamline devices using the Experimental Physics and
Industrial Control System (EPICS) from the Hall B Counting House. The relevant
Hall B beamline parameters used to monitor the safe passage of the beam are the
Synchrotron Light Monitor (SLM), nano-amp Beam Position Monitors (BPMs), wire
harps, and halo counters. The SLM consists of a photomultiplier tube (PMT) that
measures the synchrotron light generated in the last dipole magnet of the 2C beam-
line that bends the beam into Hall B. BPMs are comprised of RF cavities to measure
the beam current and relative beam position in the x — y plane. Wire harps are
used to measure the transverse beam profile. Wire harp scanners are devices with
25 pm tungsten wires mounted in the horizontal and vertical directions on a support
fork that moves the wires into the beam at 45°. The beam halo counters are PMT-
based devices located at various positions along the beamline and are mounted very

close to the beam. Halo counters provide count rates for the wire harp scanners and
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monitor the hall’s beam-induced background. They are responsible for detecting any
undesirable beam interactions due to beam dispersion in the beamline and providing
feedback signals for the machine Fast Shutdown System (FSD).

Several physics experiments in Hall B require accurate beam polarization mea-
surements. The Mgller polarimeter, installed in the upstream tunnel of the Hall B
beamline, is used to measure the beam polarization precisely. This device was de-
signed, assembled, and tested by the Florida International University nuclear physics
group. Beam polarization measurements are typically done weekly or following changes

to the accelerator configuration.

2.4 The CEBAF Large Acceptance Spectrometer for 12 GeV

The CEBAF Large Acceptance Spectrometer for operation at 12 GeV beam energy
(CLAS12) [44] is housed in experimental Hall B of Jefferson Laboratory. Figure 2.4
is the design model of the CLAS12 spectrometer and Fig. 2.5 shows a photograph of
the fully installed CLAS12 spectrometer inside the hall. The CLAS12 spectrometer

has been fully operational since it was commissioned in 2017.
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Figure 2.4: The design model of the new CLAS12 spectrometer in experimental
Hall B shows both the Forward and Central Detectors and their subsystems [44]. The
electron beam travels from right to left down the central axis of the spectrometer.

The CLAS12 spectrometer is designed to operate at high instantaneous luminos-
ity of 10%® ecm~2s7! using a polarized electron beam of up to 11 GeV on both polarized
and unpolarized targets. The instrument detects charged and neutral particles over a
solid angle of nearly 47 sr. The CLAS12 charged particle tracking is based on a newly
constructed dual magnetic-field system with a six-coil superconducting torus magnet
and a superconducting solenoid magnet [48]. They enable a momentum measurement
utilizing tracking detectors to measure the curvature of the charged track in the field.
The torus magnet provides a peak toroidal field distribution of 3.6 T around the beam
axis in the azimuthal direction, which covers the forward polar-angle range from 5° to
35°. The solenoid magnet provides a 5 T solenoidal field that covers the polar angle
from 35° to 125° with full azimuthal coverage. In addition to providing magnetic
field for enabling momentum measurement of charged tracks, the solenoid also serves

as a crucial magnetic shield. The solenoid is essential to direct the overwhelming
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Moller ete™ background generated on the target into the Mgller cone. The CLAS12
system is divided into two major parts based on its spatial coverage and different

functionalities. These two major parts of the CLAS12 spectrometer are the Forward

Detector (FD) and the Central Detector (CD).

Figure 2.5: A photograph of the fully assembled CLAS12 spectrometer inside the
experimental Hall B [44].

2.5 The CLAS12 Forward Detector System

The CLAS12 Forward Detector (FD) system uses several detector components of the
old CLAS spectrometer. The major part of the FD is divided into six azimuthally
distributed symmetric sectors. Each of the six sectors of the FD operates indepen-
dently, covering one-sixth of the total azimuthal angle. The FD of CLAS12 consists
of drift chambers, Cherenkov counters, time-of-flight detectors, and electromagnetic

calorimeters.
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2.5.1 The Drift Chamber (DC)

The CLAS12 drift chambers (DC) [49] are used to reconstruct the trajectories of
charged particles to calculate the momentum and vertex information. Many layers of
sense wires allow the DC to accurately reconstruct charged particles as they propagate

through the torus magnetic field.

Torus coil

R3 chamber

R2 chamber

R1 chamber

Figure 2.6: A model drawing of the CLAS12 drift chambers [49].

There are 18 planar drift chambers installed in the FD with a group of three
in each of the six sectors (see Fig. 2.6). Three independent chambers in each sector

are labeled region one, region two, and region three. Each chamber has sense wires
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arranged in two superlayers of six layers, with the wires in the two superlayers strung
with +6° stereo angles. Sense wires and field wires in each layer are arranged in such
a way to make a hexagonal cell structure, as shown in Fig. 2.7. There are a total of
112 sense wires in each of the six layers of a superlayer. The total number of sense
wires integrated over all three regions of all six sectors is 24192. Table 2.1 briefly

summarizes the design parameters used to construct the CLAS12 drift chambers.

Region 1 Region 2 Region 3
Distance from target 2.3 m 3.5 m 4.9 m
Num. of superlayers 2 2 2
Layers/superlayer 6 6 6
Wires/layer 112 112 112
Cell radius (each SL) | 0.78, 0.81 ¢cm | 1.14, 1.32 ¢cm | 1.87, 1.96 cm
Active time window 150 ns 325 - 1000 ns 750 ns

Table 2.1: Design parameters for the CLAS12 drift chambers [49]. Momentum reso-
lution (%) of the CLAS12 drift chambers is ~ 1%.
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Figure 2.7: Wire layout for one superlayer of the CLAS12 drift chambers [49].

Each drift chamber is filled with a 90% argon and 10% CO5 gas mixture. An
incoming charged particle ionizes the gas mixture, and the electrons drift towards

high voltage sense wires.

2.5.2 Cherenkov Counters

There are three different Cherenkov counters located downstream of the CLAS12 tar-
get to provide better particle identification of tracks reconstructed in the DC. These
are the high threshold Cherenkov counter (HTCC), low threshold Cherenkov counter
(LTCC), and ring imaging Cherenkov counter (RICH). Each of these Cherenkov coun-
ters is designed and constructed differently to perform particle identification for dif-

ferent particle species in different ranges of momenta.
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Figure 2.8: Fully assembled High Threshold Cherenkov Counter [50
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The HTCC [50] is installed in front of the region one drift chambers to separate
electrons with momenta below 4.9 GeV from charged pions, kaons, and protons. The
HTCC is a single unit, as shown in Fig. 2.8, that operates in a dry CO, gas at room
temperature and atmospheric pressure. In this medium, all electrons in CLAS12, with
energy in the range of 1 — 10 GeV, create Cherenkov light in the HTCC. However,
the same is not true for all pions, kaons, and protons, as they have different energy
thresholds to emit Cherenkov light depending on their mass.

The LTCC is used for charged pion detection at momenta greater than 3.5 GeV.
The LTCC system consists of four boxes filled with heavy C,F;o radiator gas. These
four LTCC boxes are placed in four of the six sectors of CLAS12. The CLAS12 LTCC
system is the refurbished version of the previously used Cherenkov counter in CLAS
to detect electrons at low energy. The design, construction, and performance of the
refurbished LTCC are described in detail in Ref. [51].

The RICH detector is installed in sector four of the FD to provide charged
particle identification in the momentum range that is not accessible with LTCC and
the Forward Time-of-Flight system. Details on the design, construction, and perfor-
mance of the RICH detector can be found in Ref. [52]. Since the RICH reconstruction
algorithm is being developed during this work, the RICH information is not employed

in this analysis.
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Figure 2.9: Full assembly of the Forward Time-of-Flight system showing the location
of the different counters. Dark blue represents the panel-1b counters, and bright
orange represents the panel-2 counters, which are positioned around the exterior of the
Forward Carriage. This image does not show the panel-1a counters installed directly
downstream of the panel-1b counters. The beam direction is into the page [53].
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2.5.3 The Forward Time of Flight (FTOF)

The Forward Time-of-Flight (FTOF) [53] system is another major component of the
FD. The FTOF system determines the flight time of charged particles that emerge
from beam-target interactions. The FTOF is installed in all six sectors of the CLAS12
FD and is located approximately about seven meters downstream from the CLAS12
target. It is constructed using rectangular plastic scintillator counters of variable
dimensions. A photomultiplier tube (PMT) is connected to each end of these counters.
There are three arrays of scintillator counters in each of the six FD sectors of the
CLAS12. Each array of the scintillator counters is referred to as the scintillator
panel. Three FTOF panels in each sector of the FD are called as panel-1a, panel-1b,
and panel-2 of that sector. The panel-1a and panel-1b counters cover the forward
polar angle range of 5° to 35°, whereas the panel-2 counters cover a larger polar angle
range from 35° to 45°. There are 23 scintillator counters in panel-1a and 5 scintillator
counters in the panel-2 array. The panel-1a and panel-2 counters in the CLAS12 are
the refurbished panel-1 and panel-2 TOF counters of the old CLAS spectrometer [54].
The new panel-1b array of the CLAS12 consists of 62 new scintillator counters with
variable lengths from 17 cm at the smallest scattering angles to 408 cm at the largest
scattering angles. The panel-la and panel-1b arrays are mounted into two layers,
as shown in Fig. 2.9, with panel-1a just upstream of the electromagnetic calorimeter
and panel-1b further upstream of the panel-1a array. The time resolution of counters
in panel-1b, panel-1a, and panel-2, respectively, range from 60 to 110 ps, 90 to 180
ps, and 170 to 180 ps depending on the length of counters. The momentum limits
achieved for particle identification at the 40 level of separation from FTOF timing
resolution are 2.8 GeV for 7/ K separation, 4.8 GeV for K /p separation, and 5.4 GeV
for 7/p separation. Details of the FTOF construction and performance are given in

Ref. [53].
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Figure 2.10: The interlacing of the CLAS12 Electromagnetic Calorimeter (ECAL)
scintillator layers (U, V, and W planes) and lead sheets used to generate particle
showers for electrons [55].

2.5.4 Electromagnetic Calorimeters (EC)

The CLAS12 Forward Detector Electromagnetic Calorimeter system (ECAL) uses the
preexisting electromagnetic calorimeter (EC) from the CLAS spectrometer [54] and a
new pre-shower calorimeter (PCAL) located in front of the EC to identify electrons,
photons, and neutrons. The EC and PCAL detectors are sampling calorimeters, in
which the material that measures the deposited energy is separate from the material
that produces the shower. In addition to providing particle identification by measur-

ing deposited energy, the ECAL is also used to provide primary trigger information.
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The ECAL utilizes a triangular hodoscope geometry with a stereo readout, as shown

in Fig. 2.10. Details of the ECAL design and construction can be found in Ref. [55].

(b) Forward Tagger location downstream of the Central Detector and
upstream of the torus magnet.

Figure 2.11: Fig. 2.11a shows the schematic design of the CLAS12 FT system. The
FT calorimeter, depicted in cyan in Fig 2.11a, is situated approximately 180 cm from
the beam target interaction point. The scintillation hodoscope shown in green and
the tracker shown in yellow is situated in front of the calorimeter. A tungsten cone
(gray) protects the FT from the beam’s Moller electrons and other electromagnetic
backgrounds such as low-energy photons. Fig. 2.11b depicts a representation of the
FT setup in a red circle. These figures were taken from Refs. [44,56].
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2.5.5 The Forward Tagger (FT)

A new Forward Tagger (FT) facility was designed and installed in the CLAS12 de-
tector system to detect electrons and photons at very forward polar angles from 2.5°
to 4.5°. The kinematic coverage of the CLAS12 FT system is summarized in Ta-
ble 2.2. The CLAS12 FT system provides a complementary and competitive way
of conducting traditional photoproduction experiments. An electroproduction exper-
iment employing the FT facility at extremely low photon virtuality Q* (quasi-real
photoproduction) permits the execution of a large hadron spectroscopy program in
Hall B [44].

The FT system consists of an electromagnetic calorimeter called the FT-Cal, to
identify scattered electrons, measure the electromagnetic shower energy, and provide
a fast trigger signal; a scintillator hodoscope, called the FT-Hodo, to distinguish
electrons and high-energy photons; and a tracker, called the FT-Track, to accurately
measure the electron scattering angle.

The entire F'T system is installed between the HTCC and the torus magnet
support, as shown in Fig. 2.11b. The front of the F'T system is located at about 185
cm downstream from the nominal CLAS12 target position. The currently achieved

i”;%%, which is higher than the design

energy resolution of the FT-Cal system is = ~

value by ~ 1 —2%. The details of the CLAS12 FT system can be found in Ref. [56].
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(b) The CLAS12 CTOF system

Figure 2.12: The Central Vertex Tracker schematic (in Fig. 2.12a) of the CLAS12
Central Detector system, showing the target cell and vacuum chamber from the inside,
the three double layers of the Silicon Vertex Tracker (SVT), and the six layers of
the Barrel Micromegas Tracker (BMT). Fig. 2.12b is the 3D view of the CLAS12
CTOF system showing 48 scintillator bars with PMTs at both ends supported by
light guides [44].
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FT-kinematic Coverage

Parameters Coverage
E. (GeV) 0.5—4.5
E,. (GeV) 6.5 —10.5
O (°) 2.5 —4.5
der (°) 0 — 360
Py (%) 10 — 70
Q* (GeV?) 0.01 - 0.3, < @Q*>> 0.1
W (GeV) 3.6 —4.5

Table 2.2: Kinematic coverage of the CLAS12 FT system. Full details can be found

in Ref. [57].

2.6 The CLAS12 Central Detector System

Low momentum particles scattered from the target at polar angles from 35° to 125°
beyond the acceptance range of the FD are detected in the CLAS12 Central Detector
(CD) system. The 5 T solenoid magnet on the CD encloses multi-system detectors
based on a silicon tracker and micromegas (MMs) for central tracking (see Fig. 2.12a),
a Central Time-of-Flight system (CTOF) (see Fig. 2.12b) for particle identification,
and a Central Neutron Detector (CND) for neutral particle detection. The solenoid

provides the magnetic field for the momentum determination of charged particles

traversing the tracking system.
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Figure 2.13: Fig. 2.13a is the fully assembled Central Vertex Tracker (SVT, BMT,
and FMT) (see Fig. 2.12a as well) of the CLAS12 Central Detector. On the outside,
the BMT and FMT are visible. The electron beam passes through a circular opening
in the center of the FMT. The SVT is encapsulated and concealed. Fig. 2.13b shows
the fully assembled CLAS12 Central Detector system. The CVT tracking system is
fully inserted inside the superconducting solenoid magnet in Fig. 2.13b. Image source
Ref. [44].
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The tracking system of the CD is known as the Central Vertex Tracker (CVT)
which is shown in Fig. 2.12a with the target cell and vacuum chamber from inside.
The CVT comprises a Barrel Micromegas Tracker (BMT), a Silicon Vertex Tracker
(SVT), and a Forward Micromegas Tracker (FMT). The BMT contains three layers
of strips along the beamline and three layers of circular readout strips around the
beamline. The SVT of the CVT system consists of three regions with 10, 14, and
18 double-sided modules of silicon sensors. The FMT consists of six circular disks of
Micromegas detector installed in the forward region at about 35 cm downstream of
the centre of the target. The BMT and FMT together form the Micromegas Vertex
Tracker (MVT) system and the MVT together with the SVT complete the CVT
system. Figure 2.13a shows the fully assembled CVT of the CLAS12 CD. The entire
CVT system measures the momentum and determines the vertex of charged particles
scattered from the target. Details of the SVT and MVT (BMT plus FMT) can be
found, respectively, in Ref. [58] and [59].

The CTOF system is used to identify low-energy (0.3 to 1.25 GeV) charged
particles emerging from the target with time-of-flight measurements. The CTOF
system includes 48 plastic scintillators with PMT readout at both ends supported
by focusing light guides, as shown in Fig. 2.12b. The CTOF system is designed to
provide time resolution of 80 ps for charged particle identification in the CLAS12
Central Detector. Details of the CTOF are described in Ref. [60].

The CND system is installed in the outermost region of the CLAS12 CD system.
It consists of three radial layers of scintillators just outside the circumference of the
CTOF system. Three layers of scintillators are coupled at their downstream ends
with U-turn light guides and at their upstream ends by read-out PMTs, as shown in
Fig. 2.13b, with the help of approximately one meter long light guides. The primary

purpose of the CLAS12 CND system is to identify 0.2-1 GeV neutrons in the CD
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with neutron momentum resolution o,/p within 10% [61]. Details of the components

of the CND and its performance is reported in Ref. [62].
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Figure 2.14: Full diagram of the CLAS12 Data Acquisition system [63].

2.7 Triggering and Data Acquisition

As described in the previous sections, CLAS12 comprises multiple detector subsys-
tems. Each subsystem has to satisfy a series of criteria to register electronic signals
in the data acquisition system.

The analog signals from the interaction of particles with the materials are
recorded by the readout electronics. These analog signals are converted into digi-

tal signals using Analog-to-Digital converters (ADCs) and Time-to-Digital convert-
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ers (TDCs). These ADC and TDC signals are then streamed to the network-based
CLASI12 data acquisition system (DAQ) system, which organizes and transfers the
recorded information to the tape storage and is also used to form the trigger. In
addition to recording detector signals and forming triggers, the CLAS12 DAQ system
is also used to monitor data quality in real time during beam operation. The robust
data acquisition system of the CLAS12 detector can operate at trigger rates of up to
20 kHz and data rates of up to 1 GB/s with a livetime of > 90% [63]. The schematic

of the CLAS12 DAQ system is illustrated in Fig. 2.14.
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Figure 2.15: Full diagram of the CLAS12 Trigger System that is designed as a three-
stage pipeline-style system as described in Ref. [64]. Flash ADC Boards (FADCs) and
Drift Chamber Readout Boards (DCRBs) provide input information to the trigger
system at the pre-trigger level; data processing from different detector components is
performed in stage one, stage two handles timing vs. detector geometry matching for
all detector components in all six FD sectors, and finally, 32 unique trigger decisions
are sent to the Trigger Supervisor (TS) in the third stage.

The trigger system defines the criteria that decide when to start recording detec-
tor signals in the DAQ system. The trigger system provides logical trigger signals to
the DAQ during beam operation at the CLAS12 nominal luminosity of 1035 cm=2s71.
The trigger system is versatile and efficient at isolating information required by several

physics experiments on an event-by-event basis. The CLAS12 subsystems responsible
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for providing information for the trigger system are the HTCC, DC, FTOF, ECAL,
CTOF, CND, and FT. The details on the CLAS12 trigger system are in Refs. [64,65].
These triggers are designed to work in three distinctive stages. In the first stage, the
trigger system receives information from the Drift Chamber Readout Boards (DCRBs)
to perform data processing. The second triggering stage involves matching hit timing
with the detector geometry of different subsets of detectors for both the FD and CD.
In the third stage, the trigger system logically decides to keep or discard the event by
analyzing information from the previous two stages. The schematic diagram of the

CLASI12 trigger system is shown in Fig. 2.15.

"name": "REC::Particle",

'"group": 300,

"item" : 31,

"info": "Reconstructed Particle Information",
"entries": [

{"name":"pid", "type":"I", "info":"particle id in LUND conventions"},
"name":"px", "type":"F", "info":"x component of the momentum (GeV)"},
"name":"py" "type":"F", "info":"y component of the momentum (GeV)"},
"name":"pz" "type":"F", "info":"z component of the momentum (GeV)"},
"name" :"vx" "type":"F", "info":"x component of the vertex (cm)"},
"name":"vy" "type":"F", "info":"y component of the vertex (cm)"},

"name":"vt" "type":"F", "info":"RF and z corrected vertex time (ns)"},
"name":"charge", "type":"B", "info":"particle charge"},

"name":"beta", "type": "info":"particle beta measured by TOF"},
"name":"chi2pid", "type":"F", "info":"Chi2 of assigned PID"},

{
{
{
{
{
{"name":"vz" "type":"F", "info":"z component of the vertex (cm)"},
{
{
{
{
o

name":"status", "type":"S", "info":"particle status (represents detector collection it passed)"}

Figure 2.16: The contents of the CLAS12 Event Builder REC::Particle bank.

2.8 Raw Data Processing and Event Reconstruction

A large amount of raw experimental data collected from the ADC and TDC signals is
converted into meaningful physics information, such as particle identification (PID),
particle four momenta, reaction vertices, etc. with the help of the CLAS12 offline event

reconstruction software [44]. The event reconstruction software has been designed
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and developed based on a service-oriented architecture called the CLAS Analysis
and Reconstruction Architecture (CLARA), which allows the processing of the data-
stream in an organized way with different micro-services. During event reconstruction,
each micro-service receives an input data-stream from the previous micro-service,
processes it, outputs information into dedicated data structures called “banks”, and
passes the processed data to the next micro-service in the data-flow path [66].

One major CLAS12 data processing micro-service used in the final stage of
the event reconstruction process is called the CLAS12 Event Builder. The CLAS12
Event Builder collects and analyzes global event information such as the RF time
and beam helicity, and correlates information from the sub-detectors into particles,
executes particle identification schemes, and outputs all necessary information for
physics analysis into standardized and persistent data bank structures. The output
data structures of the CLAS12 Event Builder are High Performance Output (HIPO)
banks, whose names are prefixed with “REC”. These data banks comprise commonly
known Data Summary Tapes (DSTs). Reference [67] provides details on the structure
of the CLAS12 DSTs. The list of Event Builder HIPO banks includes, REC::Event,
REC::Particle, REC::Calorimeter, REC::Scintillator, REC::Cherenkov, REC::Track,
REC::Traj, REC::CovMat, and REC::VertDoca. One can easily find the full structure
of all these banks in the event.json file from the Jefferson Lab GitHub page under the
CLAS12 offline software repository in Ref. [68].

The REC::Particle bank is organized with separate rows for each reconstructed
particle and columns representing information such as PID, momenta, vertex, charge,
timing, and status for each particle. The REC::Particle bank’s contents are displayed
in Fig. 2.16. Detailed detector responses for each track in the REC::Particle bank
are accessible via a mapping schema that links the track index to each individual

detector response bank. Follow Ref. [69] for more details on how the particles are
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created in the CLAS12 Event Builder and how to correlate information across the

different banks.
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CHAPTER 3

Data Sets and Event Selection

3.1 CLAS12 Run-Group A

3.1.1 Experimental Conditions

CLAS12 Run-Group A (RG-A) was the first group of CLASI2 experiments that
began production data taking during the spring of 2018. The RG-A experiments
shared the same experimental setup such as target, beam current, magnetic field, etc.,
with common detector settings. The RG-A science program includes 13 experiments
developed by the CLAS Collaboration and approved by Jefferson Lab’s Program
Advisory Committee (PAC). The scientific goal of these experiments is to explore the
structure of the proton in its ground and excited states, as well as 3D imaging of the
proton and gluonic excitations, in order to understand how the constituent parts of
the proton are bound by the strong force and to shed light on the origin of hadron
mass. Studies presented in this project are just one subset of the Very Strange physics
program (F12—11—005A), which is a part of the MesonEx program (F12—11—005)
of RG-A.

To satisfy the physics goals of the RG-A experiments, the experimental run con-
ditions were developed to configure the electron beam, target, magnetic field settings,
DAQ), and the trigger system. A summary of the RG-A run conditions is listed below
and summarized in Table 3.1. The details on the RG-A run conditions can also be
found in the general RG-A Phase 1 analysis note for the CLAS12 first publications
in Ref. [70].

e Electron beam energy: Longitudinally polarized electron beam with beam en-

ergy at 10.6 GeV and 10.2 GeV.
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e Beam Current: Beam current ranges from 5 nA to 75 nA.

e Target: 5 cm unpolarized liquid-hydrogen (LHy) target.

e Torus Magnet: Full torus field with electrons inbending and outbending mag-
netic field configurations.

e Solenoid: Full 5 T solenoid field.

e Forward Tagger on for quasi-real photoproduction studies.

e Luminosity: L=10% cm2s7!.

3.1.2 Data Set

The data analyzed for this analysis corresponds to three RG-A data sets taken dur-
ing different run periods with varying beam energies and torus polarity. These three
data sets are Fall 2018 inbending, Fall 2018 outbending, and Spring 2019 inbending.
Inbending and outbending torus polarities bend negatively charged particles towards
and away from the beamline, respectively. Both the inbending and outbending Fall
2018 data sets were taken with a 10.6 GeV electron beam energy. The Spring 2019
data set was taken with slightly lower 10.2 GeV electron beam energy with inbending
torus polarity setting only. The total accumulated charge incident on the target cor-
responding to these three different data sets is 37.06 mC, 34.08 mC, and 50.53 mC,
respectively, for Fall 2018 inbending, Fall 2018 outbending, and Spring 2019 inbend-
ing. These values correspond to total live-time gated Faraday cup charge summed
over all good runs used in this analysis. The list of good runs from the different RG-A
run periods analyzed for this study is summarized in the appendix A.1. The list of
good runs for different RG-A run periods was compiled by Rafayel Paremuzyan by
checking the Faraday cup charge normalized counts for J/1 analysis and by browsing
and checking the shift summaries from the logbook recorded during the data taking

for outlier runs. CLAS12mon, an online monitoring tool [71] developed by Andrey
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Analyzed RG-A Data Summary

Expt. condition Fall 2018 out- | Fall 2018 in- | Spring 2019 in-
bending bending bending

Beam (GeV) 10.604 10.604 10.199

Current (nA) 40 — 55 40 — 55 50

Target LH, LH, LH,

Torus field +100% —100% —100%

Solenoid field —100% —100% —100%

Run range 5422 — 5666 4804 — 5019 6616 — 6783

Number of good runs used 156 147 114

Beam charge on target (mC) | 34.0826 37.0594 50.5319

Table 3.1: Summary of the experimental conditions for the three different RG-A data
sets analyzed.

Kim, is very useful to browse and check the status of the run during the data tak-
ing. To calculate the beam charge, a Python library developed by Maurik Holtrop
to access the Run Control Database [72] (RCDB) and add MYA data (MYA is an
EPICS-based archiving system) such as beam charge is used. The script provides
both the livetime corrected and uncorrected beam charge. The Python library is

available in GitHub (see Ref. [73]).

3.2 Event Selection

The main focus of this analysis is the reaction ep — ¢/ K™ K™K~ (A/X°), where we are
especially interested in searching for intermediate doubly-strange excited hyperons

in the reaction ep — ¢’ K+*K+tZ*~ that decay through AK~ and X°K~. First we
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performed a preliminary investigation of the reaction ep — ¢/ KT K (X) by detecting
the ¢’ and two Kt in each event to search for the signature of electroproduced higher-
mass doubly-strange excited hyperons as missing particles. The preliminary study
does not show any signature of the missing higher-mass excited hyperons other than
E*7(1530) in the reaction ep — ¢/ KTK*(X). Therefore, we decided to investigate

the exclusive reaction

ep — € KTKT=*

= K~ (A/2°),

by detecting an additional K~ in the event to search for excited intermediate hyperons
(E*7) that decay to AK~ and Y°K~. Requiring an additional K~ in the event
suppresses the majority of the non-strange background events and helps to single
out electroproduced =*~ resonances if there are any. The two topologies studied for
the reaction used only the Forward Detector of the CLAS12 spectrometer to detect
the final state charged kaons (Kt, K*, and K~) with trigger electrons detected
either in the Forward Detector or in the Forward Tagger. The first topology with
the trigger electron and all three charged kaons detected in the Forward Detector
studied high Q? electroproduction process of the reaction of interest. The second
topology with the trigger electron detected in the Forward Tagger studied the quasi-
real photoproduction process of the reaction.

A general data filtering was performed on the available data based on pre-
assigned particle identification (PID). Filtered data files analyzed for this analysis
correspond to the so-called “skim-14" and “skim-11" skims. The “skim-14" files con-
tain events with an electron in the Forward Detector and at least one K™ detected
in either the CD or FD. Similarly, the “skim-11" filtered files consist of events with

at least one electron detected in the Forward Tagger with one or more K tracks de-
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tected either in the CD or FD. The java code for “skim-11" and “skim-14" is included
in Ref. [74]. Final data filtering was performed starting initially from the “skim-14"
and “skim-11” files to select events with at least two K and one K~ in the FD
with an electron in either the FD or FT. The topologies with an electron in either
the FT or in the FD are analyzed separately as these processes address two different
production mechanisms for the same reaction.

The next section describes the particle identification criteria imposed by the
CLAS12 Event Builder and a few additional cuts implemented on electrons and
charged kaons to improve particle identification for this analysis. Various cuts on

top of the Event Builder cuts were implemented on an event-by-event basis to reduce

the background of events other than ep — ¢ KT K™K~ (A/X0).

3.3 Particle Identification (PID)

The CLAS12 Event Builder assigns the first layer of particle identification by asso-
ciating detector responses from various CLAS12 subsystems to particles through an
identification protocol. The magnetic field will deflect particles in polar angle, either
making their curvature inbending or outbending with respect to the beamline based
on the torus polarity. The direction of curvature of the track in the toroidal magnetic
field is analyzed to assign the charge of the particle track. The Event Builder ini-
tially provides e~ /et (11/ — 11) for charged particles in the Forward Detectors based
on the DC, HTCC, ECAL, and FTOF response. The Event Builder then allocates
d/p/K*/n*(45/2212/4321/4211) to charged particles with Time-of-Flight hits that
do not meet the e /e~ criterion based on minimizing the time difference between the
particle vertex time and the event start time. For each PID assignment by the Event
Builder, a quality factor known as chi2pid is computed that indicates the accuracy of

the Event Builder PID assignment for the track. The chi2pid for e~ /et is assigned
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based on the number of o from the expected e~ /et ECAL sampling fraction, which
will be discussed later in detail. Similarly, the chi2pid for charged hadrons is as-
signed as the number of ¢ from the expected vertex time for a given PID assumption
(i.e. %) The CLAS12 Event Builder also stores the particle track status, which in-
dicates whether the track was reconstructed in the Central or Forward Detector. It
also carries information that tells us about the detector responses such as scintillator,
calorimeter, Cherenkov, etc. associated with the track. The status assignment used
by the Event Builder for a particle track is given by,

status = 1000x F'T 42000%x FD +4000% CD 4100% Ngeine +10% Negp +1% Neper,

where,

FT/FD/CD are 1 if that detector subsystem contributed to the PID, else 0

Nieint is the number of scintillator responses

N.u is the number of calorimeter responses

Neper is the number of Cherenkov responses.

All the information from the Event Builder is output to dedicated data struc-
tures, called HIPO banks, for further physics analysis. The identification schema
described for electrons and charged kaons in the following sections detail the final

particle selection criteria used in this analysis.

3.3.1 Electron Identification in the Forward Detector

For charged particle tracks in the Forward Detector, the Event Builder first assigns
e~ /et PID based on certain requirements from the DC, FTOF, HTCC, and ECAL
detectors. First, the Event Builder looks for a charged track of the correct curvature
in the DC that has a matched hit in the FTOF. Second, it looks for a minimum of
two photoelectrons detected in the HTCC by the Cherenkov light created by that

track. The HTCC separates electrons from negative pions to a pion momentum of
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4.9 GeV. An electron will produce more photoelectrons in the HTCC than pions of
the same velocity due to their lower momenta. The distribution of photoelectrons
for the negative tracks in sector one after applying the number of photoelectrons cut

(Nphe > 2) is shown in Fig. 3.1.

2500

500

T T T ] T T T ] T T T ] T T T T T T T 7

O 111 ‘ - l L 111 | L 11 I I L 111 l 1111 I 11
0 10 20 30 40 50 60 70
Nphe

Figure 3.1: Number of photoelectrons (N,.) reconstructed in the HTCC for electron
tracks in sector one. The vertical red line at N,,. = 2 indicates the position of the
number of photoelectrons cut implemented by the Event Builder to assign electron
ID in the Forward Detector. When selecting electrons in the Forward Detector with
the Event Builder PID, this cut is automatically imposed.

Electrons traveling through the calorimeter develop an extended electromag-
netic shower and deposit significant energy. Minimum-ionizing pions, on the other
hand, deposit smaller and nearly constant amounts of energy compared to electrons.
Thus, the third criterion for electron identification in the Forward Detector is a min-
imum of 60 MeV of energy deposited in the PCAL. The energy deposition in EC
vs. the energy in the PCAL is shown in Fig. 3.2.

In addition to the three criteria explained above, a sampling fraction cut is

also implemented in the Event Builder to clean up electron identification in the
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Figure 3.2: Energy deposited in the EC (EC;, + EC,,) vs. energy deposited in
the PCAL. The red line at 60 MeV represents the minimum energy deposited cut
implemented by the Event Builder to assign electron ID in the Forward Detector sector
one. The band below the 60 MeV red line corresponds to pions. When using the Event
Builder PID to choose electrons in the Forward Detector, this cut is automatically
enforced.

Forward Detector. The sampling fraction is momentum dependent and given by
SF = E(det)/p, where p is the momentum of the electron track determined from
the DC tracking and E(det) is the sum of the cluster energy detected by the EC
and PCAL. The mean and width of the sampling fraction are parameterized as a
function of the total energy deposited by the particle track in the ECAL. For the
electron track, the momentum-dependent sampling fraction cut implemented by the
Event Builder is £50. The Event Builder’s calorimeter sampling fraction for sector
one electrons with the £50 cut is shown in Fig. 3.3. When selecting electrons in the

Forward Detector with the Event Builder PID, this cut is automatically imposed.
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The details on the sampling fraction parameterization are available in the CLAS12

Event Builder page in Ref. [69].

?al‘mplir?g'Frgction, Pass Nphe & Edj=p boAL S1

(PCAL + El + EO)/P

Figure 3.3: An example of the momentum-dependent calorimeter sampling fraction
cut (£50) implemented by the CLAS12 Event Builder. The plot is the ratio of the sum
of energy deposited in the forward calorimeter layers to track momentum vs. deposited
energy in the pre-shower calorimeter for sector one electrons. The electron tracks have
Npre and minimum PCAL energy cuts applied. The black dashed line corresponds to
the mean sampling fraction, and the red dashed lines correspond to the +£50 width
implemented by the CLAS12 Event Builder. Using the Event Builder PID to choose
electrons in the Forward Detector also insures that this cut is automatically enforced
in the PID assignment.

In addition to all these criteria required by the Event Builder, some additional
PID refinement cuts were implemented post Event Builder to select good electrons in
the FD for this analysis. A z—vertex cut (coordinate along the beamline) of —10 cm
to 1 cm on the electron track candidate was implemented to ensure that scattered
electrons come from the target region. A hard cut of 1 < P, < Epeamn (GeV) on the
momentum of the trigger electron was applied to remove the contamination from low
momentum accidental electrons coming from outside of the target region created with

different processes such as pair production, Compton scattering, ionization, multiple
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scattering, etc. A polar angle cut of 5° < 6., < 35° was applied for the trigger electron
to ensure electrons were detected within the angular region covered by the FD. The
minimum-ionizing pions are easy to identify as discussed earlier and are easily removed
with the PCAL minimum energy deposition cut implemented by the Event Builder.
However, there is contamination from the heavily-ionizing pions at higher momentum
that overlap the signal region for electrons. To remove the contamination of heavily-
ionizing pions in the electron sample with pion momentum above the HTCC threshold
of 4.9 GeV, a calorimeter “diagonal cut” was applied for electrons with momenta
greater than 4.5 GeV. The calorimeter diagonal cut is defined based on deposited
energy by electrons in different parts of the calorimeter. This cut is not implemented
in the Event Builder PID assignment in this preliminary pass of the data processing.
This preliminary pass of the data is referred to as the pass-1 data processing. The
post Event Builder diagonal cut implemented in our analysis is given by the black
diagonal line Ej,er/p < 0.2 — Epcar/p as shown in Fig. 3.4. The detailed study of
the post Event Builder diagonal cut for particles using pass-1 data was performed
by Stefan Diehl and documented in the CLAS12 centralized software wikipage [75].
There is a plan to include this cut in the Event Builder during the next pass of the
data processing. Additionally, geometrical fiducial cuts from the preliminary studies
on the drift chamber volume were also applied to exclude events in regions where the
acceptance is low and not well understood. The study of the drift chamber fiducial
volume cut was performed by Stefan Diehl and Aron Kripko using preliminary pass-1
data, and the details can be found from the CLAS12 Run Group A wikipage [76].
Table 3.2 summarizes the various cuts applied to select electrons in the Forward

Detector.

60



10°

10*

103

EpcaL/P

102

S B el o - i 1

0.1 0.15 0.2
Egcin/P

Figure 3.4: Calorimeter diagonal cut used for electrons with momentum greater than
4.5 GeV. As shown in the figure, the black diagonal line cut separates two distinct
distributions corresponding to true electrons and heavily-ionizing pions misidentified
as electrons. The minimum-ionizing pions are shown by the band below 0.06 and
the band appears due to the minimum-ionizing energy deposition by low momentum
pions. The details of the study can be found in the CLAS12 centralized software
wikipage [75].

3.3.2 Electron Identification in the Forward Tagger

The Forward Tagger can only differentiate charged particles from neutral particles.
The CLAS12 Event Builder assigns two possible particle identifications (electron or
photon) for tracks in the Forward Tagger based on the response from the Forward
Tagger hodoscope. Electrons and photons both produce indistinguishable electromag-
netic showers inside the calorimeter. However, electrons are identified by observing
a hit in the hodoscope and matching that hit with the response from the Forward
Tagger calorimeter.

There is no standard fiducial volume cut developed for the Forward Tagger
electron. In this analysis, a lab polar angle cut of 2.5° < 6., < 4.5° for electrons in the

Forward Tagger was applied. This polar angle cut matches the actual location of the
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Forward Tagger in the laboratory phase space with respect to the center of the target.
In addition, an electron energy cut of 1 < F. < 4.5 GeV was applied following the
MesonEx trigger to select high-energy, quasi-real photons for the experiment. The
Forward Tagger electrons with energy lower than 1 GeV were not included in our
data sample as most of those electrons are low momentum accidental background
electrons. The vertex information for the electron detected in the Forward Tagger is
not available in the pass-1 data, hence, no vertex cut was applied for the Forward
Tagger electron. Table 3.2 summarizes the various cuts applied to select electrons in
the Forward Tagger.

Electrons interacting with the calorimeter initiate electromagnetic showers. If
by any chance the electromagnetic shower is not fully contained within the detector,
this leads to an incomplete energy measurement that must be corrected. To address
this issue, a Forward Tagger electron energy correction was developed by using the
reaction ep — €/prTm~ with the scattered electron detected in the Forward Tagger.
The final state proton and charged pions were detected in the Forward Detector. With
accurate knowledge of the incoming electron beam energy and the mass of the proton
target, the electron’s energy in the F'T can be reconstructed assuming the final state
proton and pion energies are accurately reconstructed in the FD. The FT-detected
electron energy can then be corrected to match the missing energy determined by
the FD-detected proton and pions. The electron energy correction for the Forward
Tagger was derived by graduate students from Florida International University and
the University of York. The effect of the Forward Tagger electron energy correction on
the missing mass spectrum MM (¢/KTK*TK™) for the reaction ep — ¢ KTKTK~X

is shown in Fig. 3.5.
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Electron selection cuts in FT and FD

Cuts FT electron FD electron
Track charge —1 -1
Track status 1000 < |status| < 2000 | 2000 < |status| < 4000
0. cut 2.5° < 0. < 4.5° 5° < 0. < 35°
Momentum cut 1.0 < P, < 4.5 GeV 1.0 < P, < B, GeV
z-vertex cut N/A —10<vi <1cm
N 1 1
Electron energy correction Applied N/A
PCAL minimum energy cut N/A 60 MeV
ECAL sampling fraction cut N/A +50
Calorimeter diagonal cut N/A Einner/p < 0.2 — Epcar/p
DC fiducial cut N/A Applied
Nphe cut N/A 2

Table 3.2: Summary table showing different cuts applied to select electrons in the FT
and FD.
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Figure 3.5: The effect of Forward Tagger electron energy correction on

MM (¢! KT KT K™) from the reaction ep — ¢/ KKK~ X. Two black lines are drawn
at the nominal mass values of the A and X° at 1.115 GeV and 1.192 GeV, respectively.
The missing mass distribution shifts towards the nominal mass values of the A and
».0 after correcting the electron’s energy in the Forward Tagger.

3.3.3 Charged Kaon Identification

Charged kaons (two K and one K ™) detected in the Forward Detector are initially
selected from the Event Builder information. To improve kaon identification in the
reaction ep — ¢ Kt K+ K~ X, additional post Event Builder cuts implemented in the
analysis include a Forward Detector polar angle cut, momentum cut, 5 cut, z-vertex
cut, momentum-dependent vertex time cut, and DC fiducial cut. The cuts applied to
improve charged kaon identification are summarized in Table 3.3.

Figure 3.6 shows an example of S vs. p plots for all positively and negatively

charged hadrons detected in the Forward Detector with a hit in the FTOF system.
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Charged Kaon Selection Cuts in FD

Cuts

K+

K-

Track charge

+1

—1

Track status

2000 < |status| < 4000

2000 < |status| < 4000

chi2pid cut

< 2.0

< 2.0

FD 6 cut

5% < O+ < 35°

5% < Og- < 35°

Momentum cut

0.4 < Pg+ < B GeV

0.4 < Pg- < B GeV

z-vertex cut

—10 <vjy <1l cm

—10 <vj- <1lcm

B cut 0.4 < Bg+ < 1.05 0.4 < fx- <1.05
DC fiducial cut for hadron Applied Applied
OVhmeas—cale CUL Applied Applied

Table 3.3: Summary table showing different cuts applied to select charged kaons in
the FD.
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The fractional velocity (§ for each particle is defined as the velocity divided by the
speed of light. The velocity for each charged particle is calculated using the time-
of-flight and path length of the particle from the primary interaction vertex to the
scintillator hit position in the FTOF system. Three clear bands in the 5 vs. momen-
tum plot for positively charged particles correspond to pions, kaons, and protons, as
labeled. In addition, there is a faint band of deuterons in the 5 vs. momentum plot
of positive particles. These deuterons are created due to the interaction of incident
electrons with the aluminium end windows of the CLAS12 LH, target. Similarly,
there are three bands in the [/ vs. momentum plot for negatively charged particles
corresponding to pions, kaons, and anti-protons, as labeled. Electron PID was not
included while making these plots. There is a clear separation of the different par-
ticle types at low momentum. As the momentum increases, the particle velocity

approaches the speed of light, the bands merge, and particle ID becomes less certain.
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Figure 3.6: Example of 3 vs. p plots for all positively charged and negatively charged
hadrons in FTOF.
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One can calculate the mass of charged particles using 4 and the momentum from

tracking using the formula, M2,

= p} * (%) Figure 3.7 shows an example of the

calculated time-of-flight mass squared, M2, . for all positively and negatively charged

cale>
hadrons hitting the FTOF using particle momentum determined from the Forward
Detector tracking and speed, [, measured using the time-of-flight and path length
information. For a particle with a total travel time of T along a well-determined
trajectory of path length L, the speed is determined with the formula § = %, where
¢ is the speed of light. The resolution of the FTOF limits the precision to which
T is determined in the experiment, which eventually will affect the § measurement.
Hence, one can observe in particle physics experiments a value of § greater than

one, as shown in the § vs. p plot in Fig. 3.6. Such instrumental resolution is also

responsible for the negative value of the square of the mass, as shown in Fig. 3.7.
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Figure 3.7: Example of time-of-flight mass squared calculated using # and p from for-
ward tracking for all positively charged (left) and negatively charged (right) hadrons
in CLAS12.
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3.3.3.1 Target z-Vertex Cut

The target z-vertex cut removes events with vertices reconstructed outside the target
cell volume. The decay of the intermediate hyperon, Z*~, in the reaction of interest,
ep — ¢ KTKTZ*", is a strong decay, implying that the scattered electron, two K™,
and one K~ in each event should originate from the target region. The center of the
5-cm-long target used for this experiment is located at —3 cm along the z axis in
the global CLAS12 coordinate system. The z-vertex cut applied to select the target
region for electrons and charged kaons detected in the Forward Detector is shown in
Fig. 3.8. Due to the vertex resolution in the available pass-1 data, there is a longer

vertex cut (around 11 cm) than the target’s length.
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Figure 3.8: Distribution of the z-vertex position of electrons and charged kaons in all
six sectors. Wider vertex cuts from —10 c¢cm to 1 cm than the length of the target
were placed to include the physical region of the target due to the vertex resolution.
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3.3.3.2 Momentum Dependent Vertex Time Cut

For the charged kaons in each event, the time difference between the measured and

computed vertex time was calculated using:

2 M2
Sutge = TOF e » 1 [V Laae | (3.1)
pK:t + MKj:

where M. is calculated using particle momentum (p) and § from the tracking defined
by,

1— 2
M(:Zalc = p%(i * ( QﬂKi) . (32)
BKi

The time-of-flight for charged kaons (T'O F+) in the formula for dvt g+ was computed
using the track-dependent vertex time and the FTOF hit time for each kaon track on

an event-by-event basis using,
TOFg+ = FTOFP™ — v, (3.3)

where ¢, is the corrected event start time (STT) propagated to the individual par-

ticle vertex for each K* track using the formula,

2
£, = STT + (C :fg; i) . (3.4)
Figure 3.9 shows the time difference between the measured and computed vertex time
(0vtg+) as a function of particle momentum for K+ and K~ particles. The black lines
shown in the plot are the actual cut applied to improve kaon identification. These
black curves were adjusted to mimic the detector resolution function leaving more
room for the wider cut at lower momentum and less room for the narrow cut going

from lower to higher momentum, as shown in Fig. 3.9. Equation ( 3.5) describes
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the momentum-dependent dvt g+ cut applied for K* to remove pions misidentified as

kaons by the Event Builder.

Sutgs = |0.05 + PR (3.5)
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Figure 3.9: The time difference between the measured and computed vertex time for
K™ (left) and K~ (right) as a function of momentum. The black curves in each plot
show the cut applied to clean up kaon selection. The plots include only kaons that
were pre-assigned a kaon ID by the Event Builder.

3.3.3.3 Fiducial Volume Cuts

We need to remove tracks where the particle momentum vector points toward the
edges of the active region of the detector, such as near the region where the torus
coils are located. The detection efficiency in such regions cannot be accurately deter-
mined. Furthermore, the detection efficiency near the edges of the active region of the
detectors such as drift chambers and calorimeters is problematic as it changes very
rapidly. Therefore, the drift chamber fiducial volume cuts were applied for electrons

and charged kaons in the Forward Detector to select the region where the efficiency
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is relatively flat. The preliminary drift chamber fiducial cuts for CLAS12 were de-
veloped by Aron Kripko and Stefan Diehl. The detailed procedure on how the drift
chamber fiducial cuts for electrons and hadrons were developed, including a discussion
on the exact parameterizations, can be found in the CLAS12 RG-A analysis overview

and procedures note [76].

3.4 Reaction Reconstruction

3.4.1 Missing Mass Technique

We used the missing mass technique to study the reactions ep — ¢/ K™K (X) and
ep — ¢ KTKTK~(Y). In both cases, we know the energy of an incoming electron
beam and the status of the proton target, which is at rest. In the first case, we look
for missing final-state particles by detecting the scattered electron and two positively
charged kaons in the final state in each event. The missing final-state particles (X)
that we are interested to explore in the missing mass off of ¢ KT K™ are doubly-

*

strange Z*~ particles. In the second case, an additional negatively charged kaon will
be detected to study the missing final-state particles. The missing final-state particles
(Y) we are interested in exploring in the missing mass off of ¢ K™ K+*K~ are A and

*—

¥%, which are the decay products of the intermediate =*~ in the missing mass off of
¢/ KTK* through K~A and K~X°. Figures 3.10 to 3.21 show the kinematics (Q?,
W, Q% vs. W, and virtual photon energy (F,)) of the scattered electron detected in
the FD and FT and scatterplots of p vs. 6, p vs. ¢, and 6 vs. ¢ of detected final state
particles (¢/; K*s, and K~) for the Z*~ data sample from the different data sets. The

z-vertex distributions (v,) and 6 vs. v, scatterplots from the different data sets when

the scattered electron is detected in the FD are also shown.
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Electron Kinematics for =*~ Data Sample
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(b) Fall 2018 outbending FT-e.

Figure 3.10: The electron kinematics for the Fall 2018 outbending =*~ data sample:
Q? GeV? (upper left), W GeV (upper right), @* vs. W (lower left), and virtual
photon energy E. (GeV) (lower right). The set of plots in Fig. 3.10a (top) and 3.10b
(bottom) correspond to the FT-e and FD-e, respectively.
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Final State Particle Distributions for =*~
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(b) Fast KT in Z*~ data sample (Fall 2018 outbending FD-e).

Figure 3.11: Final state FD-e (Fig. 3.11a) and fast moving K (Fig. 3.11b) dis-
tributions: p (GeV) vs. 6° (upper left), p (GeV) vs. ¢° (upper middle), 6° vs. ¢°
(upper right), v, (cm) (lower left), and 6° vs. v, (cm) (lower middle) for the Fall 2018
outbending =*~ data sample when the electron is detected in the FD.

73



Final State Particle Distributions
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Final State Particle Distributions for =*~ Data Sample
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(b) Slow K+ (top row) and K~ (bottom row) distributions (Fall 2018 out FT-e).

Figure 3.13: Final state FT-e (top row Fig. 3.13a), fast moving K* (bottom row
Fig. 3.13a), slow moving Kt (top row Fig. 3.13b), and K~ (bottom row Fig. 3.13Db)
distributions: the set of plots in each row correspond to p (GeV) vs. 6°, p (GeV)
vs. ¢°, and 6° vs. ¢° from left to right for the different final state particles for the Fall
2018 outbending =*~ data sample when the electron is detected in the FT.
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Electron Kinematics for =*~ Data Sample
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Figure 3.14: Same as Fig. 3.10 but for the Fall 2018 inbending data set.
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Figure 3.15: Same as Fig. 3.11 but for the Fall 2018 inbending data set.
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Figure 3.16: Same as Fig. 3.12 but for the Fall 2018 inbending data set.
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Final State Particle Distributions for =*~
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Figure 3.17: Same as Fig. 3.13 but for the Fall 2018 inbending data set.
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Electron Kinematics for =*~ Data Sample
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Figure 3.18: Same as Fig. 3.10 but for the Spring 2019 inbending data set.
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Figure 3.19: Same as Fig. 3.11 but for the Spring 2019 inbending data set.
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Figure 3.20: Same as Fig. 3.16 but for the Spring 2019 inbending data set.
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Figure 3.21: Same as Fig. 3.13 but for the Spring 2019 inbending data set.
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The missing mass technique utilizes the conservation of four-momentum to de-
termine the four-momenta of the missing final-state particles by using the knowledge
of the incident electron beam energy and the proton mass in the initial state and
the detected particle four-momenta in the final state. For example, in the reaction,
ep — € KTKTK~(Y), the four-momenta of the missing final-state particles (Y) can

be obtained by applying the conservation of energy and momentum as

PY:Pbeam+P7€arget_Pe’_PK+_PKJF_PK*a (36)

where Py is the four-momentum vector of Y. Since we are interested to reconstruct
intermediate Z*~ in the reaction ep — ¢/ K" KTZ*" in which the Z*~ decays through
K~A and K=X° Py can be identified as the reconstructed momentum vector of
the ground state A and X°. Thus, if Z*~ states are produced in the reaction ep —
¢/ KTK™(Z*7), one can expect to observe two resonances at the A mass (1.1157 GeV)
and the XY mass (1.1926 GeV) in the missing mass off of ¢ KT KT K~ as a result of =*~
decay. The advantage of utilizing the missing mass technique while searching for A
and Y° resonances is that it eventually allows you to explore intermediate Z*~ hyperon
without detecting all decay particles of Z*~. By selecting the A and X° hyperons in

*

the missing mass off of ¢/ KT KK, one can look for intermediate Z*~ resonances in
the missing mass off of ¢/ K™K that decay strongly to K~A and K~X°. Figure 3.22
shows a possible diagram for the electroproduction of the =*~ states through decay
of an intermediate hyperon resonance (Y*) produced in a t-channel process. This
diagram is relevant for only heavier =* states such as =Z(1690), Z(1820), etc. that

decay to K~Y. Low mass = states such as Z(1320) and Z(1530) that do not decay

to K~Y do not follow this production diagram.
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Figure 3.22: Diagram showing an electroproduction of =*~ states in a possible t-
channel production mechanism predicted by Ref. [40] for an electroproduction process.
This diagram is applicable for heavier =*~ states above 1530 MeV mass that decay
to K7Y.

3.4.2 Features of the Missing Mass Spectrum

Figure 3.23 shows observed features of the missing mass distributions off of ¢/ KT K+
using pass-1 data when a scattered electron and two positively charged kaons are
detected in the final state. The missing mass distribution shows the first-ever ob-
served resonance of the octet ground state Cascade =~ (1320) using electroproduction
data. The missing mass resolution with scattered electrons detected in the Forward
Detector is better compared to the case with scattered electrons detected in the For-
ward Tagger because the Forward Detector momentum resolution is better than the
Forward Tagger energy resolution. Evidence of the decuplet ground state Cascade
=7 (1530) (a peak with FD-e resolution and a shoulder with FT-e resolution) is also

present in the missing mass distribution. Within the Forward Detector acceptance
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of the CLAS12 spectrometer, no statistically significant resonances corresponding to
the known =* states above the =*~(1530) mass were observed in the missing mass off
of ¢ K™K, which triggered us to detect an additional K~ in the event. Since the
main goal of this research is to extensively search for the higher-mass =*~ states that
are accessible with the upgraded 10.6 GeV CEBAF electron beam energy, we decided
to search for the A and XY hyperons in the missing mass off of ¢ KT KT K~ in the
exclusive reaction ep — ¢/ K™K TK~(A/X°) by looking at data events that have at

least ¢/, K, KT, and K~ detected.
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Missing Mass Distribution off of ¢/ K+ K™

1—’ - fall2018-out-fde h"\-’ C fall2018-out-fte
% zso: % = ou
= = 400
2 200 2
s 2
S S 300
8 150; 8 E
100 200}
sl 100—
1 15 2 25 95 ! 25 3
MM(eK*K*) [GeV/c?] MM(eK*K*) [GeV/c?]
(a) Fall 2018 outbending FD-e (b) Fall 2018 outbending FT-e
N§ r fall2018-in-fde % 2000:_ fall2018-in-fte
° ., °
b 2007— s C
e r e r
8 B 1500,
S S T
3 L 3
S [ SEEE
100 1000
5 - 500}
5 1 15 2 25 3 85 1 15 2 25 3
MM(eK*K*) [GeV/c?] MM(eK*K*) [GeV/c?]
(c) Fall 2018 inbending FD-e (d) Fall 2018 inbending FT-e
‘\é £ ‘spring2019-in-fde NQ F
3 250 L 3 F
s 7k = 2000
o F o C
% 200/ E F
5 F S 1500 —
S 150/ — 3 r
F 1000[—
100[— =
50; 500}
25 3 g5 25 3
MM(eK*K*) [GeV/c?] MM(eK*K*) [GeVi/c?]
(e) Spring 2019 inbending FD-e (f) Spring 2019 inbending FT-e

Figure 3.23: Missing mass distribution off of ¢/KTK* in the system ep —
¢ KTKT(X), where ¢ KT K™ tracks are detected. The three plots in the first column
correspond to the three different RG-A data sets (Fall 2018 outbending, Fall 2018
inbending, and Spring 2019 inbending) when the scattered electron is detected in
the Forward Detector. The three plots in the second column correspond to scattered
electrons detected in the Forward Tagger. None of these plots show clear evidence of
higher-mass =Z*~ states in the missing mass spectra.
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The analysis to search for Z*~ states in the exclusive reaction ep — ¢/ KT KTK~
(A/3°) must remove various physics background reactions. The major physics back-
ground contamination on our ¢ KKK~ events for the Z*~ data sample can come
from the physics processes such as ¢ N* production where the ¢ meson can decay
to KK~ and N* decay to K(A/X°%) giving the same final state particles. Careful
investigation of various mass spectra formed by different combinations of the detected
particles of ¢/ K+ K" K~ events showed a clear ¢(1020) meson resonance in the KK~
invariant mass spectrum. Such events are removed in our =*~ data sample for further
analysis by only taking events with K+ K~ invariant mass above 1.08 GeV as shown

in Fig. 3.24.
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Figure 3.24: Invariant mass of K™K~ showing a clean resonance of electroproduced
»(1020) mesons at 1.02 GeV when ¢/ KKK~ tracks are detected. This plot is made
using the Fall 2018 inbending data set with an electron detected in the FT. All of
the data sets we are analyzing show ¢(1020) mesons when ¢’ KT K™K~ tracks are
detected. These ¢(1020) meson events are removed in our =*~ data sample from all
data sets by applying a cut at 1.08 GeV.
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Figure 3.25 shows observed features of the missing mass distributions off of
¢ K*K*T K~ with at least ¢/, K™, K+, and K~ tracks detected in the final state. Clear
evidence of A and XY hyperons is observed in the missing mass off of ¢ K™ K+ K~ in the
ep — ¢ KT KTK~(Y) system. The mass resolution for the A and X% in the missing
mass spectrum is such that the two hyperons resonances are indistinguishable no
matter where the scattered electrons are detected. Later in this section we summarize
the A and X% mass resolution obtained from the fit in the pass-1 data (see Table 3.4).
Quantitatively, the mass resolution worsens by a factor of 1 — 2 when the scattered
electron is detected in the Forward Tagger. Relatively bad mass resolution observed in
the missing mass distribution for the case of FT-e compared to FD-e is simply due to
relatively bad momentum resolution of the F'T-e compared to FD-e. The momentum
information of the FT-e comes from the FT-e energy measurement only. The energy
of the FT-e is directly measured by using the FT-calorimeter. Hence, the energy
resolution of the FT-e is determined by the FT-calorimeter instrumental resolution
at measuring the electron energy. On the other hand, the momentum resolution of
the electron detected in the Forward Detector is determined by using the response
from the DCs, and the instrumental resolution of the DCs is better at determining
the momenta of the particles than the F'T-calorimeter at measuring the energy. When
an electron is detected in the Forward Tagger, the missing mass distribution has a
relatively high background compared to when an electron is detected in the Forward
Detector. The Forward Tagger sees more electromagnetic background and accidental
electrons than the Forward Detector as it is installed near the target.

The MM (/KT K*) vs. MM (¢! K+ K+ K™) scatterplots of Fig. 3.26 do not show

*—

clear evidence of the electroproduction of any specific higher-mass =*~ states from

the currently available statistics of the pass-1 data in the FD acceptance.
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In principle, using charged kaons detected in the CD would significantly in-
crease the statistics. It is highly likely that the =*~ production favors the topologies
in CLAS12 in which at least one kaon in the final state is detected in the CD. How-
ever, the missing mass plots with at least one of the charged kaons detected in the
CD and the electron in the FD in the pass-1 data are dominated by the high particle-
misidentification background. Similar missing mass plots with the scattered electron
detected in the FT are much more affected by the particle-misidentification back-
ground, and similar missing mass studies have not advanced so much with the pass-1
data due to the poor energy resolution of the FT-Cal. The preliminary missing mass
plots and missing mass scatterplots (see Appendix A.2, Figs. 1 to 9) do not show clear
evidence of the A/3° hyperon peak if at least one of the charged kaons is detected in
the Central Detector. The issues in the central tracking and worse timing resolution
that lead to particle misidentification and poor CD momentum resolution, as well
as the misalignment of the CLAS12 subsystems (FD, CD, and FT) with respect to
the target in the pass-1 data, are some important reasons why this analysis confines

kaons to be detected in the limited FD acceptance only.
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Missing Mass Distribution off of ¢/ KT KTK~
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Figure 3.25: Missing mass distribution off of ¢ Kt KK~ after applying all cuts to
clean up electrons and charged kaon identification. The three plots in the first column
correspond to three RG-A data sets (Fall 2018 outbending, Fall 2018 inbending,
and Spring 2019 inbending) when the scattered electron is detected in the Forward
Detector. The three plots in the second column correspond to scattered electrons
detected in the Forward Tagger. The background from particle misidentification
causes a non-physical resonance to appear below 1 GeV.
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Missing Mass Distribution Scatterplots
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Figure 3.26: Scatterplots showing MM (¢/KT*K*K~) along the x axis and
MM (e KTK™) along the y axis for the three RG-A data sets. The first column
corresponds to the case when the scattered electron is detected in the Forward De-
tector, and the second column corresponds to the case when the scattered electron is
detected in the Forward Tagger.
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3.5 Reconstruction of =*~ Hyperons in the Reaction ep —

eKTKYE = KT KTK(Y)

The missing mass distributions off of ¢/ K™K ™K~ reported in this analysis show
evidence of smeared ground state A and X° hyperons in all available RG-A data
sets. The data events corresponding to the A and X° region in the missing mass
off of ¢ KT K™K~ constitute our Z*~ data sample. Using this data sample we can
simply combine reconstructed A/X° from the missing mass off of ¢/ KKK~ with
the detected K~ to search for intermediate Z*~ states that decay to K~A or K~X°.
In order to select the A/3° events in the missing mass distribution, the A and X°
peaks were fit with Gaussian distributions and a linear function was used to represent
the background. We then identified the A and X° events in the missing mass of the
¢ KTKTK~ system by applying a cut of uy — 30 to pso + 30x0 with parameters
taken from the fit. Figure 3.27a shows an example of the cut applied to select the
A and XY region in the missing mass distribution for the Fall 2018 outbending data
set with scattered electrons detected in the FT. A similar plot showing the A and
Y0 selection for the Fall 2018 outbending data set with scattered electrons in the
FD is shown in Fig 3.28a. Table 3.5 summarizes the cuts on the MM (¢/ KT KTK™)
distribution implemented on the different data sets to select the A and X° events.
The missing mass off of ¢ K K™ after applying the cut on MM (¢! KTKTK™)
to select the A and X° region, as explained above, does not show any statistically
significant signal for =Z*~ production. To estimate the shape of the background in the
expected =*~ signal region and to further clean up the background possibly present
in the MM (¢/KTK™) distribution, we used sideband background events from the
missing mass off of the ¢ K™ K™K~ system to plot MM (¢/KTK™). The sideband

background events were normalized in such a way that the total number of background
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events in the A and X% region from puy — 3 * o5 to pso + 3 * oo was equivalent
to the sum of the background events from the upper and lower sidebands. The
magenta areas in Fig. 3.27b correspond to the normalized sideband events selected
in the MM (e/KTK*K~) missing mass to estimate the background shape in the
missing mass off of ¢ KT K™ for the Fall 2018 outbending data set with the scattered
electron detected in the FT. A similar plot showing the normalized sideband region
for the Fall 2018 outbending data set with scattered electrons in the FD is shown
in Fig 3.28b. Table 3.6 summarizes the cuts implemented on MM (e/ Kt KTK~) for
the different data sets analyzed to select the sideband regions. The green histogram
in the middle plot of Fig 3.32 corresponds to the actual MM (e’ K+ K*) distribution
from the normalized sideband events corresponding to the magenta areas in Fig 3.28b
for the Fall 2018 outbending data set with a FT-electron. Similar plots from the other
available data sets are presented in Fig. 3.29 to Fig. 3.34.

The estimated shape of the background from the normalized sideband back-
ground events is then subtracted in the final MM (e’ K™K ™) distribution. This same
procedure was applied separately for all three RG-A data sets with separate plots
for scattered electrons in the Forward Tagger or the Forward Detector. The missing
mass distributions with different cuts and from the sideband events are shown for the

different data sets in Fig. 3.29 to Fig. 3.34.
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MM (e/KTKTK~) Using RG-A Fall 2018 Outbending FT-e

MM(eK*K*K")

NO [ ——a— Data_fall2018_out_fte
Sig. + Bg. Fit
S 50 Y1:316¢43 | Bg i
g  p1:1.1185:0.0063
o | 01:0.0394+0.0050 ’
= 40—
I - Y2:103%34 . %
C
S5 [ u2:1.2024£0.0107 v/
o 30—
(&) [ ©2:0.03000.0584 l/
- X2/Ndf: 1.34
20— .- 77 -8~
— el Z = +
10} + Wt +
O_ | I-+ | -+I I 1 | | | | 1 1
0.9 1 1.1 1.2 13 14
MM(eK*K*K") [GeV/c?]
(a) A/X° region
MM(eK*K*K")
N ——a— Data_fall2018_out_fte
(&) [ Sig. + Bg. Fit
S g Y3643 [T ii‘.?’g
g  p1:1.1185:0.0063
o | 01:0.0394+0.0050
= 40—
a - Y2:103%34
C
=] —  p2:1.2025%0.0107
o 30—
o | 02:0.0300£0.0583 it %
— !
- X2/Ndf: 1.34 I ]
20— I [,
I TN (S
> {3’ iEEE:; - +
O ’ 51 %V L i 1 | | | | 1 | | | %
0.9 1 11 1.2 13 14
MM(eK*K*K") [GeV/c?]

(b) Normalized sideband region

Figure 3.27: The missing mass off of the ¢/ KT K™K~ system using the Fall 2018
outbending data set with the scattered electron detected in the F'T. The shaded
region in Fig. 3.27a corresponds to the A/X signal region, and the shaded region in
Fig. 3.27b corresponds to the normalized sideband region such that the total number
of background events from the signal region is approximately equal to the sum of the
background events from the upper and lower sideband regions.
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MM (/KTKTK~) Using RG-A Fall 2018 Outbending FD-e
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Figure 3.28: Same as Fig 3.27 but for the RG-A Fall 2018 outbending data set with
the scattered electron detected in the FD.
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Missing Mass Distribution Using RG-A Fall 2018 Outbending FD-e
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Figure 3.29: Different missing mass distributions from the RG-A Fall 2018 outbending
data set with the electron detected in the Forward Detector. The top plot shows the
global fit (magenta) with a double Gaussian function (blue for the A signal and
green for the 3° signal) plus a linear background (red) function. The middle plot
shows the different MM (¢/ Kt K™) distributions from selecting different regions in
the MM (¢/ K*K+K™) distribution. The bottom plot is the background-subtracted
MM e/’ K*K™) distribution.
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Missing m Mass Distribution Using RG-A Fall 2018 Inbending FD-e
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Figure 3.30: Same as 3.29 but for the RG-A Fall 2018 inbending data set with the
FD electron.
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Missing Mass Distribution Using RG-A Spring 2019 Inbending FD-e
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Figure 3.31: Same as 3.29 but for the RG-A Spring 2019 inbending data set with the
FD electron.
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Missing Mass Distribution Using RG-A Fall 2018 Outbending FT-e
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Figure 3.32: Same as 3.29 but for the RG-A Fall 2018 outbending data set with the
FT electron.
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Missing Mass Distribution Using RG-A Fall 2018 Inbending FT-e
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Figure 3.33: Same as 3.29 but for the RG-A Fall 2018 inbending data set with the
FT electron.
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Missing Mass Distribution Using RG-A Spring 2019 Inbending FT-e
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Figure 3.34: Same as 3.29 but for the RG-A Spring 2019 inbending data set with the
FT electron.
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Fit Results of the M M (¢/K+*K*K~) Distributions

Data set LA oA A Lis0 O50 0
(GeV) | (GeV) | Yield | (GeV) | (GeV) | Yield

Fall 2018 outbending FT-e 1.1164| 0.036+| 296 + | 1.199+| 0.030+| 125 +
0.010 | 0.006 | 69 0.016 | 0.088 |71

Fall 2018 inbending FT-e 1.1134| 0.029+| 656 + | 1.189+| 0.030+| 285 +
0.003 | 0.002 | 41 0.005 | 0.001 |41

Spring 2019 inbending FT-e | 1.106+ | 0.0354 | 730 4+ | 1.18044 0.030+ | 382 +
0.002 | 0.002 | 39 0.004 | 0.005 |40

Fall 2018 outbending FD-e | 1.129+| 0.0214| 162 4+ | 1.197+| 0.017+ | 60£15
0.004 | 0.003 18 0.005 | 0.004

Fall 2018 inbending FD-e 1.1234| 0.023+ | 135 4+ | 1.192+ | 0.032+ | 41£12
0.004 | 0.003 | 20 0.021 | 0.010

Spring 2019 inbending FD-e | 1.123+| 0.0214+| 117 4+ | 1.189+ | 0.0274 | 78+28
0.006 | 0.004 | 22 0.010 | 0.008

Table 3.4: Summary table showing fit results and A/X° yields from the missing mass
distribution, MM (e’ K+ KT K~), for the different data sets analyzed.
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Cut Summary on The MM (¢/KTKTK~) to Select A/X°

Data set A /30 selection cut (pp — 30a to o + 30s0) on MM
Fall 2018 outbending FT-e 1.00 < MM <1.29 GeV
Fall 2018 inbending FT-e 1.02 < MM <1.28 GeV
Spring 2019 inbending FT-e 1.01 < MM <1.27 GeV
Fall 2018 outbending FD-e 1.07< MM <1.25 GeV
Fall 2018 inbending FD-e 1.02 < MM <1.28 GeV
Spring 2019 inbending FD-e 1.05 < MM < 1.29 GeV

Table 3.5: Summary table showing the cuts applied in the missing mass distribution
MM(e'KTKTK™) to select A/X° events for the different data sets.

Cut Summary on the MM (¢/KTKTK~) to Select Normalized Sideband
Events

Data set Normalized sideband event selection cut on MM

Fall 2018 outbending FT-e l-sb: [0.88, 1.00) GeV; u-sb: (1.29, 1.44] GeV

Fall 2018 inbending FT-e l-sb: [0.84, 1.02) GeV; u-sb: (1.28, 1.40] GeV

Spring 2019 inbending FT-e | 1-sb: [0.78, 1.01) GeV; u-sb: (1.27, 1.39] GeV

Fall 2018 outbending FD-e l-sb: [1.00, 1.07) GeV; u-sb: (1.25, 1.36] GeV

Fall 2018 inbending FD-e l-sb: [0.97, 1.05) GeV; u-sb: (1.29, 1.44] GeV

Spring 2019 inbending FD-e | l-sb: [0.96, 1.06) GeV; u-sb: (1.27, 1.38] GeV

Table 3.6: Summary table showing the cuts applied in the missing mass distribution
MM (e’ KTKTK™) to select normalized sideband events for the different data sets.
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3.6 Four-Momentum Transfer ()? for =*~ Data Sample

The Q? coverage for which KT KK~ events are detected with scattered electrons
in the Forward Tagger after applying the cuts listed in Table 3.2 span the range of
0.02 — 0.25 GeV? as shown in Fig. 3.35 for both outbending and inbending torus
field configurations. The torus polarity setting has no effect on the electron going in
the Forward Tagger, but it impacts the distribution of charged kaons going in the
Forward Detector, resulting in different detection acceptance. For the same reason,
inbending and outbending torus field settings have different Q? coverage, as shown in
Fig. 3.35, when a scattered electron is detected in the Forward Detector.

The CLAS12 acceptance for electrons in the Forward Detector with inbending
torus configuration is such that it cannot detect electrons with low (? kinematics,
as shown in Fig. 3.35. Electrons with low @? kinematics curl into the beam pipe
in the inbending torus configuration. On the other hand, the Forward Detector can
detect electrons with low Q2 kinematics in the outbending torus configuration as the
magnetic field is such that it curls electrons towards the Forward Detector acceptance.
Hence, the outbending torus field setting, which bends negatively charged particles
outward with respect to the beam pipe, is favorable for our case to detect KT KK~
tracks in coincidence with the trigger electron in the Forward Detector as it results
in accessing lower Q?, which eventually provides us a higher virtual photon flux.

The two-dimensional scatterplot of four-momentum transfer ) vs. the missing
mass off of ¢ KT K™K~ in Fig. 3.36 shows general features of the different data sets
in terms of the A, XY reconstruction from the missing mass technique with different
Q? coverage. For the FT-e Q? kinematics, the majority of reconstructed A/X° events,
which constitute our =*~ data sample of interest, lies in the Q? range from 0.033 —

0.13 GeV? as shown in the red rectangles in the plots from the right column of
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Fig. 3.35. For the FD-e Q? kinematics, the majority of reconstructed A/X° events

are observed from the missing mass technique in the Q% range from 1.28 — 2.88 GeV?

and 0.16 — 1.28 GeV?, respectively, for the inbending and outbending torus field

configurations as shown in the red rectangles in plots from left column of Fig. 3.35.
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Figure 3.35: Different Q? coverage from the different data sets with different torus
polarity settings for which K+*KTK~ tracks are detected with scattered electrons
either in the Forward Detector (left column) or in the Forward Tagger (right column).
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Q? vs. Missing Mass off of ¢ KT KT K~
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Figure 3.36: Two dimensional scatter plot showing Q? coverage with respect to the
missing mass off of ¢/ KKK~ form the different data sets with different torus field
polarity for which K K™K~ events are detected with the scattered electron either in
the Forward Detector (left column) or in the Forward Tagger (right column). Because
of the torus polarity, the majority of our events are above and below Q% = 1 GeV?
with inbending and outbending polarity, respectively, for the FD-e case. This analysis
concentrates on the Q? coverage from several data sets, which are specified in the
caption and shown by the red rectangle drawn in each figure.
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CHAPTER 4

CLAS12 Monte Carlo Simulation

The experimental data distributions are the result of the physical distributions modi-
fied by the detector response function. Simulated data with a proper theoretical model
can be tuned to reproduce the detector response function in Monte Carlo (MC) stud-
ies. In particle physics experiments, Monte Carlo simulations are used to understand
the detector’s imperfections (i.e. limited geometrical coverage, detection inefficiencies,
resolution biases, etc.) and the physical processes that can affect the ability to recon-
struct a track. In our case, we are specifically interested in understanding the detector
efficiency and acceptance to reconstruct the reaction ep — ¢/ K™ KTK~(A/%°) from
the simulation. Once we measure the detector efficiency and acceptance, we can cor-
rect any inefficiencies that are present in the real data. The detector efficiency, €, and

its uncertainty, de, are defined as

NT@C
= 4.1
‘ Nyen’ (4.1)
(1 —e)e
e = | ——— 4.2
‘ Nyen (4.2)

where N, and N, are the total number of reconstructed and generated events in
the Monte Carlo study.

The CLAS12 detector simulations use a c++ framework called GEMC to sim-
ulate events through the CLAS12 detector. The GEMC framework [77] uses the
GEant4 simulation toolkit to simulate the passage of particles through the CLAS12
detector by considering the physical location and composition of its different com-
ponents. The entire CLAS12 geometry has been developed by users using GEant4

tools and implemented in the GEMC framework. All physical processes such as
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pair production, Compton scattering, ionization, multiple scattering, bremsstrahlung,
electron-positron annihilation, hadron interactions, etc. that can occur by the pas-
sage of particles through matter are also accounted for in GEMC while simulating

the interaction of particles through the CLAS12 detector.

4.1 Monte Carlo Smearing to Reproduce Data Resolution

The MC missing-mass resolution is better than the data missing-mass resolution, in
spite of the fact that every effort was made to account for all physical processes in the
simulation. It is therefore necessary to smear the MC distributions to match the data
distributions. The ground state =~ (1320) resonance in the MM (e/KTK™) is visible
for all RG-A data sets. The mass resolution of the =7 (1320) in the missing mass of
the ep — ¢/ KTK*(X) system with charged kaons and scattered electrons detected
in the FD is better than charged kaons detected in the FD and scattered electrons in
the FT as shown in Fig. 4.1, which shows the =7 (1320) missing-mass resolution from
the fit for two different cases (FT-e and FD-e) using the RG-A Fall 2018 outbending
data set.

=7(1320) Mass Resolution in the MM (¢/K*K™) Distribution

=7(1320) | Electron detected in the FD | Electron detected in the FT

w (GeV) 1.3383 4= 0.0015 1.3344 £ 0.0051

o (GeV) 0.0244 + 0.0015 0.0482 £ 0.0071

Table 4.1: Summary table showing the fit parameters of reconstructed =~ (1320) in
the MM (e’ K* K1) missing mass distribution using the RG-A Fall 2018 outbending
data when a scattered electron is detected either in the FD or in the F'T with kaons
detected in the FD.
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(b) Electron in the FT.

Figure 4.1: Plot showing fit parameters and fit functions for the missing mass dis-
tribution off of ¢ K*K™ using the RG-A Fall 2018 outbending data set with the
scattered electron detected either in the FD (top) or in FT (bottom). The magenta
line is the global fit function, which is the sum of a double Gaussian fit function to
represent the octet ground state = (1320) (blue) and decuplet ground state =~ (1530)
plus a third-order polynomial function (red) to represent the background. The result
of the fit is summarized in Table 4.1.
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In order to ensure the MC simulation reproduces the data missing mass distribu-
tions, the CLAS12 GEMC simulations of the ground state =~ (1320) were performed
first to match the resolution of the ground state =7 (1320) resonance in the missing
mass off of ¢ K™ K™*. The exclusive reaction ep — ¢/ KTKT=(1320) — ¢ KTKTn~ A
was simulated with a phase space generator and the =~ (1320) was reconstructed us-
ing the missing mass technique by detecting at least two KT tracks in addition to
the €’ track in the FD acceptance. The 4.4.2 GEMC software and CLAS12 geome-
try tag was used to run the =7 (1320) simulation and all other simulations discussed
later in this analysis. The details of the GEMC source code and CLAS12 geometry
used in the 4.4.2 GEMC tag is stored in the Jefferson Lab gemc GitHub page under
the clas12Tags repository in Ref. [78]. The reconstructed =~ (1320) mass resolution
in the missing mass distribution from the data and MC were then compared. To
find the correct MC resolution that reproduces the data resolution, the change in
the =7 (1320) mass resolution by applying different momentum smearing factors (%)
to the momentum of reconstructed particles in the MC was studied. First, the MC
smearing factor for FD-particles was determined by matching the == (1320) mass res-
olution in the MM (' K™ K™*) from data and MC by detecting the scattered electron
and two KT in the FD. Second, the MC smearing factor for FD-particles derived in
the first step was used to derive the MC smearing factor for the FT-electron. The
same technique of matching the =~ (1320) mass resolution from data and MC in the
MM (e!KTK™) was used by fixing the MC smearing factor from the first step for
K™s detected in the FD and varying the MC smearing factors for scattered electrons

detected in the FT.

111



Momentum Smearing Factor Derived Using = (1320) in Data vs. MC
=7(1320) width in MM(eK*K*) from MC (smeared))
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(b) MC smearing factor (%) optimization for FT-electron.

Figure 4.2: Plot showing the Z7(1320) mass resolution (width) of MM (¢/KTK™)
from the RG-A Fall 2018 outbending data and MC with different MC smearing factors
as a function of the momentum smearing factor for particles. The top plot is for the
electron detected in the FD, and the bottom plot is for the electron detected in the
FT. The black horizontal line in each plot shows the =7 (1320) width of the Gaussian
fit as summarized in Table 4.1 for the RG-A Fall 2018 outbending data with a blue
band representing the uncertainty range on the width for the two different cases. A
momentum smearing factor of 0.3% has been fixed from the top plot for FD-kaons to
derive the momentum smearing factor for FT-electron in the bottom plot.
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Figure 4.2 shows the mass resolution of the reconstructed =7(1320) from MC
simulation in the missing mass spectrum as a function of the momentum smearing
factor (%) for the FD-electron and for the FT-electron cases. We can see that
the mass resolution of the =7 (1320) changes with different smearing factors. The
simulation reproduces the observed data mass resolution of the =~ (1320) state in the
missing mass spectrum at (0.30 £ 0.05)% momentum smearing factor for the forward
detected particles. Hence, the simulation with 0.30% momentum smearing for the
FD particles will provide a fair estimate of the CLAS12 FD resolution. We used the
upper limit of the momentum smearing factor, 0.35%, for FD-kaons to derive the
momentum smearing factor for FT-electrons. We repeated the same MC study by
detecting scattered electrons in the F'T rather than in the FD. Charged kaons are
still detected in the FD, so we fixed their momentum smearing factor at 0.35% and
measured the missing mass resolution as a function of the FT-electron momentum
smearing factor, as shown in Fig. 4.2b.

The missing mass resolution as a function of the FT-electron momentum smear-
ing factor shows that the best match between data and MC, in this case, can be
achieved at a momentum smearing factor of (2.5 4+ 1)% for the FT-electron in addi-
tion to 0.35% for the FD-kaons. We considered the worst-case scenario and chose the
upper limit of these momentum smearing factors (0.35% for FD-particles and 3.5%
for FT-particles) in our simulations for the excited states to determine the experi-
mental mass resolution even though these momentum smearing factors were derived
comparing the resolution of the ground state Cascade in the simulation and data. The
effect of the different momentum smearing factors while determining the experimental
mass resolution of the =*(1820) state and eventually the upper limit cross-section

estimate was studied to provide an associated systematic uncertainty.
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4.2 =*7(1820) Experimental Mass Resolution

The mass resolution of the reconstructed =Z*~(1820) in the missing mass off of ¢ KT K+
was inferred from the Monte Carlo simulations after checking that they were consis-
tent with the data. The generated events for the reaction ep — ¢ KTK+t=*" —
¢KTKTK~A/X% with an intrinsic Z*7(1820) width of 24 MeV from the Particle
Data Group (PDG) were simulated independently for the scattered electron recon-
structed either in the FT or in the FD using CLAS12 GEMC. The resulting missing
mass distribution off of ¢ KT K™ after applying the MC momentum smearing was
then fitted with a Gaussian function as shown in Fig. 4.3. The width of that Gaus-
sian fit is what was used as the mass resolution for the =*~(1820) in the missing mass
distribution to work with a similar reaction topology using real data where no statis-
tically significant =*~(1820) signal was observed. Table 4.2 summarizes the expected
mass resolution of the Z*~(1820) in the data derived from the MC simulation with

appropriate momentum smearing.

=*7(1820) Experimental Mass Resolution

Electron detected in | Expected =Z*~(1820) width

FD 46.96 + 0.61 MeV

FT 55.22 £ 0.31 MeV

Table 4.2: Summary table showing the expected mass resolution of the reconstructed
E*7(1820) in the M M (¢! K+ K*) missing mass distribution when a scattered electron
is detected either in the FD or in the FT with kaons detected in the FD. The ex-
pected mass resolution was derived using a MC smearing study as explained in the
Sections 4.1 and 4.2.
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=*7(1820) Mass Resolution from MC
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(b) Electron detected in the FT.

Figure 4.3: Plot showing the =(1820) mass resolution from MC in MM (¢/KTK™)
for the ep — ¢ KTKT=*7(1820) — ¢/ KTKTK~(A/X°) process with the scattered
electron detected in the FD (top plot) or in the FT (bottom plot). The normally
distributed Gaussian smearing factor of 0.3% for the momentum of FD-particles and
that of 3.5% for the momentum of FT-detected electron (derived in Section 4.1) has
been applied to make sure that the missing mass distribution from the MC simulation
matches that from the real data.
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4.3 Mass-Dependent Detection Efficiency of =~ in the Reac-

tion ep = ¢ KTKTE" — ¢ KTKTK—(A/XY)

The CLAS12-elSpectro phase space Monte Carlo generator [79] was used to generate
the reactions, ep — ¢ KTKT=Z*" — /KTKTK~(A), and ep — ¢ KTK =" —
¢KTKTK=(XY) in different electron scattering kinematics in phase space, where
flat mass distributions of the intermediate doubly strange excited Cascade =*~ were
generated and allowed to decay through K~A and K~X°, respectively. The main

*

purpose of generating flat mass distributions for the intermediate =*~s was to study
the mass-dependent detection efficiency of the CLAS12 detector in the excited state
Cascade mass range from above 1.6 GeV. To differentiate the electroproduction (high
Q?, i.e. > 0.5 GeV?) and the quasi-real photoproduction (low Q?) processes, the
electron scattering phase space was restricted in such a way that the polar scattering
angle of the generated electron was greater than 5° in the former case, and in the range
of 2.5° to 4.5° in the latter case. These two processes were simulated separately by
repeating the same steps for scattered electrons in the two different electron scattering
angle ranges. While running the simulation, background merging was performed by
merging simulated data with real data from a random CLAS12 trigger to accurately
mimic possible beam and electronic backgrounds from different physical processes
in the simulation that are present in the real data that affects the charged track
reconstruction efficiency [80].

Particle tracks behave differently in response to different torus polarity settings
resulting in different detection efficiencies. The same Monte Carlo steps were repeated
for high Q? and low () processes for the different torus polarities to understand their
effect on the CLAS12 acceptance and to calculate the detection efficiency for our

reactions of interest.
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The generated and reconstructed missing mass distributions from the MC sim-
ulation study to calculate the detection efficiency as a function of missing mass
MM(ep — ¢ KTKTX) in the exclusive process ep — ¢ KTKT(=2*7) = ¢ KT KTK~
(A/X%) are shown in Figs. 4.4 to 4.9 for the different run configurations. The re-
construction efficiency for different missing mass bins was calculated independently
using Eq. (4.1) for the different run configurations. The reconstruction efficiency as a
function of missing mass in these figures corresponds to the CLAS12 Forward Detec-
tor reconstruction efficiency as the final state particles are detected in the Forward
Detector geometrical coverage only. Table 4.3 summarizes the reconstruction efficien-
cies in the Forward Detector geometrical acceptance for different data configurations
for a 40 MeV =*~ missing mass bin from 1.82 GeV to 1.86 GeV. The efficiency as a

function of ? for various missing mass bins is briefly illustrated in Section 4.4.
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Efficiency as a Function of Mass (Fall 2018 Outbending FT-e)
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Figure 4.4: Efficiency as a function of missing mass (bottom), MM (¢/KTK™), for
the Fall 2018 outbending torus configuration where ¢/ Kt KK~ tracks are detected
with the €’ in the Forward Tagger and charged kaons in the Forward Detector. The
top plot shows the generated flat ==* mass distribution (blue histogram) in the phase

space, and the corresponding reconstructed mass distribution (red histogram) from
the GEMC simulation.
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Efficiency as a Function of Mass (Fall 2018 Inbending FT-e)
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Figure 4.5: Same as Fig. 4.4 but for the RG-A Fall 2018 inbending MC simulation
configuration.
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Figure 4.6: Same as Fig. 4.4 but for the RG-A Spring 2019 inbending MC simulation
configuration.

120



Efficiency as a Function of Mass (Fall2018 Outbending FD-e)
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Figure 4.7: Efficiency as a function of missing mass (bottom), MM (¢! K*K™), for the
Fall 2018 outbending torus configuration where ¢/ K+ KK~ tracks are detected with
the e’ and charged kaons from the Forward Detector. The top plot shows the generated
flat ==* mass distribution in the phase space (blue histogram) with the corresponding
reconstructed missing mass distribution (red histogram) from the GEMC simulation.
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Efficiency as a Function of Mass (Fall2018 Inbending FD-e)
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Figure 4.8: Same as Fig. 4.7 but for the RG-A Fall 2018 inbending MC simulation
configuration.
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Efficiency as a Function of Mass (Spring 2019 Intbending FD-e)
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Figure 4.9: Same as Fig. 4.7 but for the RG-A Spring 2019 inbending MC simulation
configuration.
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Efficiency summary for the =* (1820) reconstruction

Data set Q*-bin MM-bin Nyen. N,c.. | Efficiency

Falll8 out | [0.03:0.13] GeV? | [1.82: 1.86] GeV | 1807903 | 15980 | 0.00884 +
FT-e 0.00007

Falll8 in | [0.03:0.13] GeV? | [1.82: 1.86] GeV | 1169460 | 9038 | 0.00773 +
FT-e 0.00008

Spring19 [0.03 : 0.13] GeV? | [1.82: 1.86] GeV | 1209929 | 8935 | 0.00739 +
in FT-e 0.00008

Falll8 out | [0.16 : 1.28] GeV? | [1.82: 1.86] GeV | 2766758 | 6758 | 0.00244 +
FD-e 0.00003

Falll8 in | [1.28: 1.88] GeV? | [1.82: 1.86] GeV | 226012 | 536 | 0.00237 +
FD-e 0.00009

Springl9 | [1.28: 1.88] GeV? | [1.82: 1.86] GeV | 201998 | 508 | 0.00252 =+
in FD-e 0.00011

Table 4.3: The reaction ep — ¢’ KTKT=*(1820) — ¢/ K™K K~ (A/X°) reconstruc-
tion efficiency for the different data configurations in the CLAS12-FD phase space
acceptance derived using GEANT4 based MC simulation.
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4.4 (Q>-Dependent Reconstruction Efficiency

We investigated the variation of reaction reconstruction efficiency with four-momentum

*

transfer Q2 for each intermediate Z*~ missing mass bin from the previous section. Fig-
ures 4.10 to 4.15 shows the Q?-dependent reaction reconstruction efficiency for the
different missing mass bins of =*~ for the different run configurations.

The reaction reconstruction efficiency decreases with increasing momentum
transfer (Q*> when the scattered electron is detected in the Forward Tagger. The
decrease in efficiency with increasing Q2 in the FT-e scattering kinematics is more
noticeable for the outbending torus field configuration as shown in Fig. 4.10. On
the other hand, the decrease in efficiency with increasing values of Q? in the FT-e
scattering kinematics is very small with inbending torus field configuration and it
remains constant as shown in Figs. 4.11 and 4.12 in the Q? range from 0.033 — 0.13
GeV?, where the majority of the reconstructed A/¥° events were observed in the

missing mass off of ¢ KT K*TK~ contributing to the Z*~ data sample as discussed in

Section 3.6.
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Q*-Dependent Reconstruction Efficiency (Fall 2018 Outbending FT-e)
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Figure 4.10: Reaction ep — ¢ KTK(Z*7) — ¢ KTKTK (A/X°) reconstruction
efficiency as a function of momentum transfer Q2 for different Z*~ missing mass bins
for the Fall 2018 outbending run configuration with electron detected in the Forward
Tagger.
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Q*-Dependent Reconstruction Efficiency (Fall 2018 Inbending FT-e)
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Figure 4.11: Same as Fig. 4.10 but for the RG-A Fall 2018 inbending MC simulation

configuration.
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Q*-Dependent Reconstruction Efficiency (Spring 2019 Inbending FT-e)
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Figure 4.12: Same as Fig. 4.10 but for the RG-A Spring 2019 inbending MC simulation
configuration.
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Figure 4.13: Reaction ep — ¢ KTK(=Z*7) — ¢ KTKTK (A/X°) reconstruction
efficiency as a function of momentum transfer Q2 for different Z*~ missing mass bins
for the Fall 2018 outbending run configuration with electron detected in the Forward
Detector.
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Figure 4.14: Same as Fig. 4.13 but for the RG-A Fall 2018 inbending MC simulation
configuration.
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Figure 4.15: Same as Fig. 4.13 but for the RG-A Spring 2019 inbending MC simulation
configuration.

4.5 Quality Control of Simulations

The event generator used in this analysis is a phase space event generator, which

simply generates intermediate Cascade state in the phase space without implement-
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ing any theoretical production model. The generator then decays the intermediate
Cascade to the final state K~ and A/X° particles by conserving their four-momenta
in the phase space. Therefore, it is very important to make sure that the geomet-
rical acceptance of the detector to reconstruct the reaction of interest matches in
between the MC simulation and experimental data. This can be done by comparing
the final-state particle momentum and angular distributions in simulation and the
experimental data. Since the final =*~ data sample for this analysis is highly limited
by statistics, an alternative approach of comparing the Q? distributions from data
and MC was implemented rather than comparing the momentum and angular dis-
tributions of different final-state particles. Figure 4.16 shows an example of the 2
distribution comparison made for the =*~ data sample and simulation result for the
Fall 2018 inbending configuration when the scattered electron is detected in the F'T to
judge how realistic is the simulation to reproduce the data. The different histograms
shown in the comparison plot are such that the total integral of each histogram is
normalized to one so that the overall shapes can be compared. Similar comparisons
were performed for the rest of the data sets analyzed with respective simulations and
ensured that the @? distribution from the simulation perfectly matches with that

from the experimental data.
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Figure 4.16: Example showing the overall shape of the % distribution comparison
between MC generated (magenta) events, MC reconstructed (black) events, and the
experimental Z*~ data sample (red) from the Fall 2018 inbending data set with the
electron detected in the FT. The total integral of each histogram is normalized to
one.
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The plots that are shown in Figures 4.17 to 4.28 are the scattered electron
kinematic plots (Q% W, Q* vs. W and E,), scatterplots (p vs. 6, p vs. ¢, and 6 vs. ¢
of the reconstructed final state ¢/, K*s, and K~), and z-vertex plots from the MC
simulation study for the different RG-A run period configurations. These sets of plots
are helpful to understand the geometrical acceptance of the detector to reconstruct
the reaction ep — ¢KTKT(Z*) —» ¢ KTKTK~(A/X°) from the MC simulation
and compare the observed acceptance of the Z*~ data sample from the experimental
data. A similar set of plots from the RG-A experiments corresponding to the =*~

data sample from the different data sets was discussed in Section 3.4.1.
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Electron Kinematics in the Simulation
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(b) Fall 2018 outbending FT-e.

Figure 4.17: The electron kinematics for the Fall 2018 outbending MC simulation
configuration: Q? GeV? (upper left), W GeV (upper right), @* vs. W (lower left),
and virtual photon energy E, (GeV) (lower right). The set of plots in Fig. 4.17a (top)
and 4.17b (bottom) correspond to the FT-e and FD-e, respectively.
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Final State Particle Distributions
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(b) Fast Kt (Fall 2018 outbending MC configuration).

Figure 4.18: Final state FD-e (Fig. 4.18a) and fast moving K (Fig. 4.18b) dis-
tributions: p (GeV) vs. 6° (upper left), p (GeV) vs. ¢° (upper middle), 6° vs. ¢°
(upper right), v, (cm) (lower left), and 6° vs. v, (cm) (lower middle) for the Fall 2018
outbending MC simulation configuration when the electron is detected in the FD.
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(b) K~ (Fall 2018 outbending MC configuration).

Figure 4.19: Final state slow moving K (Fig. 4.19a) and K~ (Fig. 4.19b) distribu-
tions: p (GeV) vs. 0° (upper left), p (GeV) vs. ¢° (upper middle), 6° vs. ¢° (upper
right), v, (cm) (lower left), and 6° vs. v, (cm) (lower middle) for the Fall 2018 out-
bending MC simulation configuration when the electron is detected in the FD.
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(b) Slow K+t (top row) and K~ (bottom row) distributions (Fall 2018 out MC

configuration).

Figure 4.20: Final state FT-e (top row Fig. 4.20a), fast moving Kt (bottom row
Fig. 4.20a), slow moving Kt (top row Fig. 4.20b), and K~ (bottom row Fig. 4.20b)
distributions: the set of plots in each row correspond to p (GeV) vs. 6°, p (GeV)
vs. ¢°, and 6° vs. ¢° from left to right for the different final state particles for the
Fall 2018 outbending MC simulation configuration when the electron is detected in

the FT.
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1 | | 1 | | |
% p 4 6 8 10 12 S0 05 10 s 20 25 30 35 40 45 S0
Q2 (GeV?) W (GeV)

3.0 05 10 15 20 25 30 35 40 45 50

W (GeV)
(a) Fall 2018 inbending FD-e.
10p 1 6
sk s
4
6 ]
- 2s
L <
o
r 2
2:* 1
. P I EATETAEN U S SRR
"T00s 000 005 020 025 030 035 040 045 0.50 80 32 34 36 38 40 42 44 46 48
Q' (GeV?) - W (GeV)
N3
.3
of
~
o
X o
e ns
~
oo N3
N3
.E
| | |
00 2 4 6 8 10 12
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Figure 4.21: Same as Fig. 4.17 but for the RG-A Fall 2018 inbending MC simulation
configuration.
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(b) Fast Kt (Fall 2018 inbending MC configuration).

Figure 4.22: Same as Fig. 4.18 but for the RG-A Fall 2018 inbending MC simulation
configuration.
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Figure 4.23: Same
configuration.

(b) K~ (Fall 2018 inbending MC configuration).

as Fig. 4.19 but for the RG-A Fall 2018 inbending MC simulation
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Figure 4.24: Same as Fig. 4.20 but for the RG-A Fall 2018 inbending MC simulation
configuration.
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Figure 4.25: Same as Fig. 4.17 but for the RG-A Spring 2019 inbending MC simulation
configuration.
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(b) Fast Kt (Spring 2019 inbending MC configuration).

Figure 4.26: Same as Fig. 4.18 but for the RG-A Spring 2019 inbending MC simulation

configuration.
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Final State Particle Distributions
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Figure 4.27: Same as Fig. 4.23 but for the RG-A Spring 2019 inbending MC simulation
configuration.
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Final State Particle Distributions
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Figure 4.28: Same as Fig. 4.20 but for the RG-A Spring 2019 inbending MC simulation
configuration.
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CHAPTER 5

Electroproduction Cross Section

5.1 Upper Limit Estimate on =" (1820) Electroproduction

For the same K~ (A/X°) decay mode, several Z* states were expected to be seen
in the analysis of exclusive reaction ep — ¢’ KTK+TK~(A/X°) that were previously
claimed in other experiments with non-zero branching ratios as documented in the
PDG and summarized in Table 5.1. However, the missing mass spectrum off of
¢KTK™ for A/X° events observed and reconstructed from the missing mass off
of ¢ KTKTK~ exhibits no evidence of any statistically significant =Z*~ resonance.
Establishing an upper limit electroproduction cross section of =Z*~ states is one of
the intriguing studies one may pursue in such a situation using the currently avail-
able statistics from the pass-1 RG-A data within the CLAS12 Forward Detector
acceptance. Hence, in this work it was decided to establish an upper limit on the
=*7(1820) production cross section by determining the experimental mass resolution
of the =*7(1820) state, background shape, and the CLAS12 detection efficiency for
the reaction of interest.

The experimental mass resolution of the =*7(1820) state in the missing mass
spectrum is inferred from the MC simulation discussed in Section 4.2. The problem
with the current simulation is that it does not reproduce the data. So, the mo-
mentum of the detected particles in the simulation was smeared. The missing mass
resolution changes by changing the momentum smearing factor. The observed ex-
perimental resolution of the ground state =(1320) in the data was used to derive the
appropriate momentum smearing factor to achieve the best match between the data

and simulation. With that done, the same smearing factor was used for the excited
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Previously Seen =Z*~ States from PDG With K~ (A/X°) Decay Mode

State KA K0

Z*7(1690) | **x (seen) | *x (seen)

=*7(1820) | * % x (large) | #* (small)

=*(1950) | % (seen) N/A
=+ (2030) . .
=% (2120) * (seen) N/A
=+ (2500) * R

Table 5.1: Experimentally seen Z*~ states that decay to K~A or K~X° with their
non-zero branching ratios in terms of the PDG ratings. The data summarized here
were taken from the 2022 edition of the review of PDG [81].

=*(1820) Signal Window Selection on the MM (¢/ KT KTK™)

Data set Excluded =*(1820) mass window to fix Bg. shape
Fall 2018 outbending FT-e [1.74,1.90] GeV =~ 3053(1820)
Fall 2018 inbending FT-e [1.74,1.90] GeV =~ 3053(1820)
Spring 2019 inbending FT-e [1.74,1.90] GeV =~ 305?,(1820)
Fall 2018 outbending FD-e [1.74,1.86] GeV =~ 2.50L7 |4y
Fall 2018 inbending FD-e [1.74,1.86] GeV =~ 2.5052(1820)
Spring 2019 inbending FD-e [1.74,1.86] GeV =~ 2.5052(1820)

Table 5.2: Summary table showing the ~ 30 Z*(1820) signal range in the missing
mass distribution around the nominal mass value (1.823 GeV) of the =*~(1820). The
corresponding signal mass range was excluded while fitting the data to determine the
polynomial background shape.
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state simulation to calculate the experimental mass resolution of the =*~(1820) state
in the MM (' KTK™) distribution for the ¢ Kt K+ K~ system even though the mo-
mentum smearing factor was derived from the ground state Cascade. The results
obtained for the experimental mass resolution of the =Z*7(1820) state are 46.96 MeV
and 55.22 MeV for scattered electrons detected in the FD and in the F'T, respectively,
as summarized in Table 4.2.

An excess of =*(1820) signal events was assumed in the missing mass spectrum
hidden under a smooth background. The excess was estimated by fitting the missing
mass distribution with a Gaussian function to represent a possible Z*~(1820) reso-
nance plus a fixed-shape scaled background function to represent the background.
The shape of the background function used in the fit was determined by multiple
approaches.

In the first approach, the whole spectrum was fit by excluding the signal region.
The signal region to exclude in the fit was determined by looking into the experimental
mass resolution of the =*~(1820) state. A mass window of &~ +30 width was selected
around the =*~(1820) nominal mass value as shown in Fig. 5.1 as the signal region
to exclude in the fit. Table 5.2 summarizes the excluded mass window range in the
missing mass distribution to determine the background shape for the different data
sets analyzed. Figure 5.2 shows an example of a third-order polynomial background
fit to the missing mass distribution with the resulting fit parameters shown in the
plot. The two plots correspond to the RG-A Fall 2018 outbending data set after
excluding the =*7(1820) mass window when a scattered electron is detected in the
FD or in the FT. One major problem with implementing this technique is that the

background function has a sizable uncertainty due to the poor statistics.
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=*7(1820) Mass Window
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Figure 5.1: Example plot showing the Z*~(1820) mass window in the sideband events
subtracted MM (/KT K™) distribution from Fig. 3.29 and Fig. 3.32 for the RG-A
Fall 2018 outbending data set with the scattered electron detected in the FD (top)
or in the FT (bottom), respectively.
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Background Shape Estimation by Excluding =* (1820)
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Figure 5.2: Example plot showing the background shape from the fit and correspond-
ing parameters determined by fitting the missing mass distribution excluding the
=(1820) mass window shown in Fig. 5.1 for the RG-A Fall 2018 outbending data set
with scattered electrons detected in the FD (top) or in the FT (bottom), respectively.
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The second approach implemented to determine the background is the event
mixing technique, which mixes particles from different events to form a background
spectrum. In this analysis, a spectrum to define a background shape was obtained
by mixing three kaons (Kt, KT, and K ) from different events over the ¢ K™Kt K~
data sample and by constraining the same missing mass selection cuts to select the
A/3Y region as summarized in Table 3.5. The kaons chosen were limited to the
FD to determine the background spectrum. Mixing kaons from different events that
satisfy A/X° selection ensures that the possible background coming predominantly
from misidentified pions as kaons in the data sample is also included in the resulting
background spectrum. The event mixing strategy was appealing since it allowed for
the formation of a high-statistics background spectrum. Another major advantage of
implementing this technique was that the analysis technique does not have to exclude
the =*(1820) signal region to determine the background shape as implemented in
the previous technique. In contrast, the event mixing technique allows the analysis
to employ the complete spectrum resulting from mixing kaons from the A/X° region,
which is the =*(1820) signal region. In practice, the event mixing technique pro-
vided a smooth background shape with very small error bars. Figures 5.3 and 5.4
shows the different missing mass spectra used to determine the background shape by
implementing the event mixing technique using the Fall 2018 outbending data set.

Figures 5.5 to 5.7 represents the normalized background shape (blue) in the
MM (€' KT K™) distribution derived using the event mixing technique along with other
background spectra resulting from other techniques for comparison for the different
data sets. The background shape from the event mixing technique was normalized in
such a way that the total number of background events within the A/X° mass region
derived by integrating the background fit function from gy —3 %o to pso +3 %oy was

equivalent to the total events in the background spectrum obtained from the event
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mixing technique. Comparison of the background shape from the event mixing tech-
nique and the A /3 signal shape determined by fit weighting of the MM (¢! KTK+K ™)

spectra for the different data sets is shown in Figs. 5.8 to 5.10.
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Missing Mass Spectra Using Mixed Events for FD-e Configuration
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(a) MM(e/KTKtK™) distribution by mixing kaons from different events over the
¢ K*K+TK~ data sample.
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Figure 5.3: Missing mass distributions used to determine the background shape from
the event mixing technique. Plots correspond to the Fall 2018 outbending data set
with the FD-e.
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Missing Mass Spectra Using Mixed Events for FT-e Configuration
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(a) MM(e'KTKtK™) distribution by mixing kaons from different events over the
¢ K*K+TK~ data sample.
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Figure 5.4: Missing mass distributions used to determine the background shape from
the event mixing technique. Plots correspond to the Fall 2018 outbending data set
with the F'T-e.
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Comparison of Background Shape from Different Techniques
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Figure 5.5: Comparison of the background shape in the MM (¢/ K™ K1) spectra (red)
for the A/X° events selected with cuts specified in Table 3.5 in MM (¢/KTKTK™)
spectra for the Fall 2018 outbending data set. The blue, green, and brown histograms
correspond to the normalized background distributions derived from the event mixing
technique, the side band events, and the fit weighting technique.
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Figure 5.6: Same as Fig. 5.5 but for the RG-A Fall 2018 inbending data set.
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Comparison of Background Shape from Different Techniques
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Figure 5.7: Same as Fig. 5.5 but for the RG-A Spring 2019 inbending data set.
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Comparison of Background Shape with Weighted A/X° Signal
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Figure 5.8: Comparison of the background distribution from the event mixing tech-
nique and the signal determined by weighting a double Gaussian fit function for the
A/3Y in the MM (e/KTK*K™) spectra for the Fall 2018 outbending data set. The
blue histograms correspond to the normalized background distribution derived from
the event mixing technique and the magenta histograms corresponds to the signal in
MM (/KT KT) that decays to K~A/X° obtained by weighting the missing mass off
of ¢ KTK+tK~ on an event-by-event basis and assigning a probability according to
the A/XY fit function with respect to the global fit function in the MM (/KT K™K ™)
spectra.
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Comparison of Background Shape with Weighted A/X° Signal
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Figure 5.9: Same as Fig. 5.8 but for the RG-A Fall 2018 inbending data set.
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Comparison of Background Shape with Weighted A/X° Signal
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Figure 5.10: Same as Fig. 5.8 but for the RG-A Spring 2019 inbending data set.
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The Gaussian function used in the fit represents a possible Z*~(1820) resonance
over the scaled background function that was determined using multiple approaches.
The width and sigma of the Gaussian were fixed, respectively, to the =*(1820)
nominal mass value from the PDG and mass resolution determined from the MC
simulation summarized in Table 4.2. Two parameters that are allowed to vary in the
fit are the amplitude of the Gaussian function, which represents the =Z*~(1820) signal
strength, and a factor that scales the entire background template by minimizing y?
in the fit. The integral of the fitted Gaussian was then calculated in a mass range
corresponding to £1o (total 20) from the Gaussian mean and estimated as an excess
of =*7(1820) events over the background events. The total number of background
events (Np, ) was obtained by integrating the polynomial background function in the
same 10 mass range from the Gaussian mean. The integral of the global fit function
within the range of £10 from the Gaussian mean gives a total number of observed
events (Nops. ). The excess of =Z*7(1820) events, which are also known as the raw

yield, was calculated as,

NSig. = NObs. - NBg.- (51)

Plots from Fig. 5.11 to 5.13 show the fit results for the =*~(1820) in the missing
mass distribution using the different data sets. The total number of observed events,
background events, and excess events estimated from the integral of the fit with
corresponding fit uncertainties on the integral calculated using the fit parameters
from the converged fit, and corresponding parameter uncertainties are shown on each
plot and summarized in Table 5.3. In general, the excess events estimated for the
=*(1820) signal from all data sets analyzed is compatible with zero within ~ 1 — 20
of the uncertainties, demanding more statistics to claim a statistically significant
=*7(1820) signal in the data. The confidence on the estimated excess of signal depends

on the uncertainty associated with it. If the excess is compatible with zero to within ~
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1o, then the estimate is believed to be statistically significant within a 68% confidence
level. If the excess is compatible with zero within ~ 20, then the estimate is believed

to be statistically significant within a 95% confidence level.
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=*7(1820) Excess Estimate for the Fall 2018 Outbending
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Figure 5.11: Missing mass distribution for the RG-A Fall 2018 outbending data set
fitted with a Gaussian function to represent the =*~(1820) plus a sixth order polyno-
mial background function obtained by scaling the background template. The mean
and sigma of the Gaussian function and the background template from the event
mixing technique were fixed in the fit, allowing only the Gaussian amplitude and the
background scale factor to vary.
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=*7(1820) Excess Estimate for the Fall 2018 Inbending
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Figure 5.12: Same as Fig. 5.11 but for the RG-A Fall 2018 inbending data set.
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Counts/40 MeV/c?

Counts/40 MeV/c?

Figure 5.13: Same as Fig. 5.11 but for the RG-A Spring 2019 inbending data set.
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=*7(1820) Fit Summary

Data Obs. Bg. Excess | p o PolBg.
Events | Events | (from | (fixed) | (fixed) | (fixed)
fit)

Fall 2018 outbending FT-e | 95+9 | 69 £4 | 26+10 | 55.22 | 1823 Pol —
MeV | MeV |6

Fall 2018 inbending FT-e 126 £ | 96 =4 | 304+11 | 55.22 | 1823 Pol —
10 MeV MeV 6

Spring 2019 inbending FT-e | 189 4+ | 14247 | 47415 | 55.22 1823 Pol —
12 MeV | MeV |6

Fall 2018 outbending FD-e | 35+£5 |28 £2 | 6£5 |46.96 | 1823 Pol —
MeV | MeV |6

Fall 2018 inbending FD-e 26+4 |1 20£2 |6E£5 | 46.96 | 1823 Pol —
MeV | MeV |6

Spring 2019 inbending FD-e | 294+4 | 224+2 | 7£5 | 46.96 | 1823 Pol —
MeV | MeV |6

Table 5.3: The total number of observed, background, and estimated Z*~(1820) excess
events calculated by integrating the global fit function, scaled sixth-order polynomial
background function, and Gaussian signal function in the +10 range from the Gaus-
sian mean for the different data sets. The parameters of the sixth-order polynomial
background template, mean, and width of the Gaussian function have been fixed
in the fit allowing only the amplitude (signal strength) and background scale factor
to vary. The yield uncertainties were calculated using the uncertainties in the fit

parameters from the fit.
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5.1.1 Upper Limit on the =* (1820) Raw Yields

The observed raw yield of Z*~(1820) events is converted into an upper limit on the

=*7(1820) yield using the two different methods described in this subsection.

5.1.1.1 Fit Method

A simple Gaussian fit method was implemented to estimate an upper limit on the
=*7(1820) yield. The uncertainty of the raw yield was determined using the resulting
fit parameters from the fit discussed in Section 5.1 and the corresponding covariance
matrix containing the fit parameter uncertainties and their correlations. The 95%
confidence level upper limit was then calculated by adding two times the uncertainty

of the =*(1820) raw yield.

5.1.1.2 Maximum Likelihood Ratio Test Method

The hypothesis test method was used to estimate the significance of the excess signal
counts and uncertainties. Gammapy’s’ [82] CashCountsStatistic class ? was used to
compute the true =*(1820) signal counts and statistical significance, as well as to
generate the confidence interval boundaries assuming the signal yield was positive
definite and small. The CashCountsStatistic class implements the statistical analysis
method of Webster Cash (W. Cash, 1978) [83] for parameter estimation through
the application of the likelihood ratio test. The two input variables used by this
routine class are the total number of observed events (Npys.) and the total number of

expected background events (Np, ). The method then determines the true signal yield

Thttps://www.gammapy.org

Zhttps://docs.gammapy.org/0.20/api/gammapy.stats. CashCountsStatistic.html
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and statistical significance with proper confidence level boundaries by considering the

background and signal statistical uncertainties.

One can naively estimate the statistical significance of the signal as %

<NSig.>

or \/T but these “naive” methods overestimate the significance on < Ng;, >
Bg.

(< Nops. > — < Npg.>) either by underestimating the statistical uncertainty of the
number of predicted background or signal events. Simply using —=2= to calculate

\V/ NSig.>

the statistical significance of the signal is wrong as < Ng;, > is calculated using two

<NSig.>
<

directly observed quantities < Nops, > and < Np, >. Hence, Ng;, does not follow
a Poisson distribution. Therefore, the statistical significance of the estimated signal

(Nsig.) was calculated by taking the square root of the test statistics (T'S) given by

—2In A. Where, A = m:;sz((/)gs ZB f';g') is the ratio of the maximum likelihood function
for a background-only (null) hypothesis (Hp,.) claiming that all observed =*~(1820)
events are due to background and no signal exists (< Ng;,. >= 0) to that for a
signal+background (alternative) hypothesis (Hgig+py.) positing that there is some
positive signal yield (< Ng;, ># 0). Here, —2In A simply represents the difference
between the fit statistics values for the two hypotheses. In this analysis, only one
unknown parameter, that is, signal strength (< Ng;, >), is involved in the null
hypothesis. Hence, according to Wilks’s fundamental theorem of statistics [84], if the
null hypothesis is true, —21In A will asymptotically follow a y? distribution with one
degree of freedom, which implies that the statistical significance can be estimated in
terms of the number of o as v/—21In A, which is equivalent to the Li&Ma significance
for known backgrounds discussed in Ref. [85] by Ti—Pei Li and Yu-Qian Ma.

The CashCountsStatistic class of the gammapy Python library was created
to fit models and estimate parameters for Poisson-distributed data with a known

background. The total number of observed counts (Ngps.) in this analysis was sampled

from the Poisson process with a mean value of < Ng;; + Npg >, where < Ng;y >
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and < Np, > represent, respectively, the mean number of expected =Z*~ (1820) events,
which is an unknown parameter of interest, and an average number of background
events, which is known from the fit. A negative excess of events implies that the
number of background events is overestimated from the fit. In such a case, the
following convention was used to estimate the statistical significance (v/T'S) of the

negative signal in terms of the number of ¢ as,

—/TS, if excess <0
Statistical Significance = (5.2)

VTS,  otherwise.

The maximum likelihood ratio test method provides a way to estimate the
p—value of the data sample analyzed by following the background only hypothesis
rather than the signal plus background hypothesis by combining both hypotheses
together in a test. The p—value in a hypothesis test is a number calculated based on
data to help make decisions about the statistical uncertainty by inferring how likely
the data sample is consistent with the null hypothesis (background only hypothesis
in our case). A higher p—value in a hypothesis test signifies that the data sample is
highly consistent with the null hypothesis and the result tends more towards rejecting
the corresponding alternative hypothesis (background plus signal hypothesis in our
case).

Tables 5.4 and 5.5 summarize the 95% confidence level upper limit estimate on
the Z*7(1820) yield from the different data sets calculated using the maximum likeli-
hood ratio test method. The upper limit estimates are the output of the Gammapy’s
CashCountsStatistic software program after providing two variables Nops. and Np,,.

calculated from the fit for the different data sets as summarized in Table 5.3.
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=*7(1820) Excess and Significance from the Likelihood Ratio Test Method

Fit result F18 FT-e out | F18 FT-e in | S19 FT-e in
Excess yield 26.10 30.42 47.06
Yield uncertainty 9.74 11.22 13.75
TS 8.84 8.80 14.11
VTS 2.97 2.97 3.76
p—value 0.0015 0.0015 0.0001
95%— CL range of excess yield (7.92,46.94) | (9.29,54.22) | (20.88,75.91)

Table 5.4: The 95% confidence level (CL) interval for the =Z*~(1820) true yield based
on the calculated statistics using the maximum log-likelihood ratio test method for
the different data sets with the electron detected in the FT. The 95% confidence
interval is constructed by searching the signal values for which the test statistics (TS)
variation is 22 = 4. These results are only as good as the quality of the missing mass

spectra fits.

=*7(1820) Excess and Significance from the Likelihood Ratio Test Method

Fit result F18 FD-e out | F18 FD-e in S19 FD-e in
Excess yield 6.25 5.90 6.99
Yield uncertainty 5.88 5.09 5.35
TS 1.29 1.59 2.05
VTS 1.13 1.26 1.43
p—value 0.1284 0.1036 0.0761
95%—CL range of excess yield (—4.22,19.37) | (—2.99,17.47) | (—2.42,19.06)

Table 5.5: Same information as in Table 5.4 but for the scattered electron detected

in the FD.
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5.1.2 Upper Limit on the =*(1820) Cross Section

The 95% confidence level upper limit on the =*~(1820) yield calculated in Section 5.1.1
was used to estimate the upper limit on the total production cross section of the
Z*7(1820) in the reaction ep — ¢ KTKT=*7(1820) — ¢K+TKTK~(A/X%. The
formula used to calculate the total cross section is,

YE*_ (1820) (95%CL)
ex L ’

(5.3)

Otot =

where Yz (1820)(95%CL) is the 95% confidence level upper limit on the Z*(1820)
yield, € is the CLAS12 detection efficiency, and L is the integrated luminosity. The to-
tal cross section in this formula is the electroproduction cross section of the Z*~(1820)
corresponding to the =*7(1820) — K (A/X") decay mode in the reaction ep —
¢ KTKTE*(1820) — ¢ KT KK~ (A/X"). The branching ratio for the =*~(1820) —
K~ (A/X%) decay mode is not available in the PDG. Hence, the total cross section
calculated in Eq. (5.3) represents the scaled total cross section value (i.e. the appro-
priate branching ratio of the =*7(1820) — K~ (A/X°%) decay mode times the total
cross section).

The integrated luminosity depends on the target factor (77), representing the
total number of target particles (protons) per cross-sectional area and incoming beam

flux on the target. The integrated luminosity is given by,

L =T % Fluz, (5.4)
with the target factor defined as,
N l
T: A*pt*t} (55)
Aw

171



LH,-Target Characteristics

Parameters Value
p: (density) 0.07114 g/cm?
l; (length) 5 cm
A, (atomic weight) 1.00794 g/mol
N4 (Avogadro’s number) 6.023 * 102 mol !

Table 5.6: RG-A LH, target properties and constants used to calculate the cross
sections.

where Ay, p;, and [, are, respectively, the atomic weight, mass density, and length
of the target, and N4 is the Avogadro’s number. Table 5.6 shows the characteristic
properties of the target used.

The total beam flux on the target depends fully on the live-time-gated running
time of the experiment and the beam current used. It was calculated experimentally
using the total beam charge collected on the target, which is summarized in Table 3.1
for the different data sets. The total incident electron flux summed over the good runs

included in this analysis corresponding to the different data sets was calculated using

Fccha'r'ge

o where Q). is the

the total Faraday cup charge (F'Ceparge) in the formula N, =
magnitude of the electron charge. The total electron flux for the different data sets was
used directly in Eq. 5.4 to calculate the total luminosity. The total number of incident
electrons on the target is multiplied by a conversion factor I', known as the virtual
photon flux factor, to calculate the equivalent virtual photon flux (i.e. N, = I'xN,) to
describe the quasi-real photoproduction process (low-Q? electroproduction) and the
pure electroproduction process (large-Q? electroproduction). The value of the virtual

photon flux factor is different for different kinematics of the scattered electron and

beam energies. The formula used to calculate the virtual photon flux factor for the
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kinematic volume defined by the @* and W range (i.e. AQ? and AW) covered by

the different data sets in this analysis is given by,

a <W> <W>2-_M*> AWAQ?

r=2
i ME T T M<@2> d-<e>

(5.6)

where o(= 73=) is the fine structure constant, E is the electron beam energy (10.604

and 10.199 GeV, respectively, for the Fall 2018 and the Spring 2019 run periods), the
< W > and < QQ? > are the bin-averaged values of the W and Q? range, the AW and
AQ? are the bin volumes of the W and Q? range covered by the Z*~ data sample, and

<e>=[1+ 2 (1+ 55—221) tan?=<%=]~1 is the virtual photon polarization parameter

computed using the < W > and < Q? > values. The average energy transfer to the

virtual photon < v >= E,— < E. > used in the < € > expression is also computed

<W>24+<Q%>—M?

using < W > and < Q% > in the formula < v >= Wi

, where M is

the mass of the proton. The average value of the scattered electron polar angle in
the lab is computed using the formula 6, = cos™'[(< W >? —M? -2 < v > M —
2M? +2FE,E.)/2p.p,], where py, p., and M, are, respectively, the average momentum
of the beam, scattered electron, and the magnitude of the electron mass. The Gamma
factor expression in Eq. (5.6) is identical to the one used in the CLAS elf analysis
note [86]. Table 5.7 shows values of the I' factor computed using Eq. (5.6) for the
=*~ data samples from the different data sets with the different trigger conditions
(i.e. FT-e or FD-e) and beam energies. These values were used in the cross section
calculation for this analysis. An alternative approach to compute the equivalent
quasi-real photon flux from the electron flux is discussed in the Ph.D. thesis (see page
no. 110, Eq. (6.4) in Ref. [87]) by Andrea Celentano. In his approach, the I' factor

for the FT-e kinematics is derived by numerically integrating Eq.( 5.7) in the low-Q?
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limit over the FT acceptance range summarized in Table 2.2.

a E. v (2F)—v)?
dl'(Q.. BE,.)) = — — —[———2 + 1|dQ.dE.. .
( € @) 47T2 EO Q2[ 1/2 + ] € € (5 7)
=Z*~ Data Sample Kinematic Coverage Summary
=* data | F18 FT-e | F18 FT-e | S19 FT-e | F18 FD-e | F18 FD-e | S19 FD-e
coverage | out in in out in in
E, 10.604 10.604 10.199 10.604 10.604 10.199
GeV GeV GeV GeV GeV GeV
W range | [3.64:4.26] | [3.64:4.26] | [3.52:4.16] | [3.3:4.3] [3.1:4.1] [3.0:4.0]
GeV GeV GeV GeV GeV GeV
AW 0.62 GeV | 0.62 GeV | 0.64 GeV | 1.0 GeV 1.0 GeV 1.0 GeV
< W > 3.95 GeV | 3.95 GeV | 3.84 GeV | 3.8 GeV 3.6 GeV 3.5 GeV
Q2 range | [0.03:0.13] | [0.03:0.13] | [0.03:0.13] | [0.16:1.28] | [1.28:2.88] | [1.28:2.88]
GeV? GeV? GeV? GeV? GeV? GeV?
AQ2 0.10 0.10 0.10 1.12 1.60 1.60
GeV? GeV? GeV? GeV? GeV? GeV?
< Q? > 0.08 0.08 0.08 0.72 2.08 2.08
GeV? GeV? GeV? GeV? GeV? GeV?
I" factor 5.087TFE — | 5.08TE — | 5.458FE — | 9.769F — | 5.086F — | 4.150F —
04 04 04 04 04 04

Table 5.7: Summary of the kinematic coverage of the =*~ data sample used to com-
pute the I' factor for the different data sets.

The upper limit estimates of the electroproduction cross section from the differ-

ent data sets spanning different Q? range are summarized in Table 5.8. The extracted

preliminary electroproduction upper limit cross section result for the =Z*~(1820) state

in the reaction ep — ¢/ K™K TZ*7(1820) — ¢ KT KT K~ (A/X") is found to be approx-
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imately around 0.3 nb. This estimate of the upper limit cross section does not include
the statistical uncertainties due to the photon flux, the detector efficiency, and the
systematic uncertainties from different sources. The cross section results obtained
in this study are in agreement with the available published photoproduction cross
section results from the CLAS ¢12 experiment discussed in Ref. [42]. The publication
was based on the Ph.D. work by John Theodore Goetz (see Ref. [88]), which quoted
a value of 1.01 nb for the upper limit on the photoproduction total cross section of
the =Z*7(1820) state by investigating the M M (K* K ™) missing mass spectra from the
CLAS g¢12 data set. The quoted upper limit estimate in his thesis was obtained by
applying an overall scaling factor of 35% in the result to account for the possible

systematic uncertainties associated in the measurement.

5.1.3 Uncertainty

The estimates of the upper limit on the electroproduction cross section of the =Z*~(1820)
state obtained in the Section 5.1.2 have associated statistical and systematic uncer-

tainties. These are detailed in this subsection.

5.1.3.1 Statistical Uncertainty

Statistical uncertainty is related to the overall data size analyzed for the measurement,
and it comes from counting quantities such as electron/photon flux, signal /background
events, etc. The data samples analyzed to search for the =Z*~(1820) state have very
poor statistics; hence, the results are dominated by statistical uncertainties. The sta-
tistical uncertainty associated with the measurement of the upper limit production

cross section was calculated using,
0N, \?  [(Yu\?  [de)?
0w = ou | | =L v = 5.8
o= oun () 4 ()" (%)’ 5
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Electroproduction Cross Section (95% CL Upper Limit)

bending FD-e

Data set Q? range Yield (95% UL) | Efficiency | o (95% UL)
Fall 2018 out- | [0.03,0.13] GeV? 47 0.00884 0.23 nb
bending FT-e

Fall 2018 inbend- | [0.03,0.13] GeV? o4 0.00715 0.30 nb
ing FT-e

Spring 2019 in- | [0.03,0.13] GeV? 75 0.00739 0.28 nb
bending FT-e

Fall 2018 out- | [0.16,1.28] GeV? 19 0.00244 0.18 nb
bending FD-e

Fall 2018 inbend- | [1.28,2.88] GeV? 17 0.00237 0.29 nb
ing FD-e

Spring 2019 in- | [1.28,2.88] GeV? 19 0.00252 0.27 nb

Table 5.8: Upper limit on the electroproduction cross section of the

= (1820) in

the reaction ep — ¢/ KT K+T=*7(1820) — ¢/ KKK~ (A/X°%). The upper limit esti-
mate does not include systematic uncertainties and corresponds to the Z*~(1820) —
K~ (A/X%) decay mode only (i.e. scaled cross section by the appropriate branching

ratio).
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Counting Uncertainties Estimate

Data set 00y

Fall 2018 outbending FT-e¢ | 0.04 nb (=~ 17%)

Fall 2018 inbending FT-e | 0.06 nb (=~ 20%)

Spring 2019 inbending FT-e | 0.05 nb (= 17%)

Fall 2018 outbending FD-e | 0.04 nb (= 20%)

Fall 2018 inbending FD-e | 0.07 nb (= 25%)

Spring 2019 inbending FD-e | 0.06 nb (= 23%)

Table 5.9: Counting uncertainties (do,;) calculated using Eq. (5.8) for the different
data sets.

where N, /. represents the total number of the quasi-real photon flux used in the
cross-section calculation and Y,; is the upper limit estimate on the =*~(1820) yield.
0w 1s the upper limit production cross section. The statistical uncertainties on these
quantities are calculated using the Poisson counting uncertainty formula given by the
square root of the total counts (v/N). The last term in Eq. (5.8) is the relative statis-
tical uncertainty associated with the detector efficiency. The statistical uncertainty in
the detector efficiency, (d¢), was calculated using the Binomial counting uncertainty
formula given by Eq. (4.1). Table 5.9 shows the do,,; value calculated using Eq. (5.8)
for the different data sets. The results quoted in Table 5.8 do not include the counting
uncertainties associated with N, /. and €. These results have to be rescaled in such a
way to include the relative uncertainty contribution of the three terms in Eq. (5.8)

when quoting the final upper limit estimates.
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5.1.3.2 Systematic Uncertainty

Systematic uncertainty arises in the process of measuring the different parameters
needed to calculate the cross section. Determining systematic uncertainties is almost
always tied with the statistics of the measurement. Frequently, a systematic uncer-
tainty emerges due to an unknown variation in a measurement that is correlated from
run to run. In some cases, such unknown variations in a measurement contributing
to a systematic uncertainty appear for the overall scale of the data (scale-type uncer-
tainties). Contributions from each source of systematic uncertainty can be quantified
by altering the parameter defining the source and calculating the difference in the
measurement. The overall systematic uncertainty (excluding scale-type uncertain-
ties) is then calculated by adding the individual contributions from different sources
in quadrature assuming the individual systematic uncertainties are uncorrelated. The
formula to calculate a relative systematic uncertainty associated with i** source vari-
ation in the measurement is given by Eq. (5.9) and the quadrature sum is given by
Eq. (5.10).
ow— oalt

b = — e (5.9)

Oul

gt = Y62, (5.10)
=1
alt

where o, and o’ are, respectively, the reference measurement and the measurement
with the alternate cut or correction. 4%¥*! is the overall systematic uncertainty of the
measurement. The sources of systematic uncertainties considered in this measurement
of the upper limit production cross section for the =Z*~(1820) state are defined below

and summarized in Table 5.10.

5.1.3.2.1 Effect of momentum smearing factor and the =Z*(1820) mass

resolution used in the fit. The width of the Gaussian function chosen to represent
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the possible =*7(1820) state in the missing mass distribution was inferred from the
MC simulation with momentum smearing determined by comparing the observed
resolution of the ground state Cascade resonance from data and MC. The momentum
smearing factors were varied in the simulation while determining the experimental
mass resolution for the =*~(1820) state to see the effect because of the uncertainty
associated with the determined momentum smearing factors, that is (0.30 + 0.05)%
for FD-particle momenta and (2.5 & 1.0)% for FT-particle momenta. The resulting
relative systematic uncertainty in the estimate of the upper limit of the =*(1820)
production cross section because of the uncertainty in the =*(1820) experimental
mass resolution due to the effect of the momentum smearing factor was found to be
2.9% and 4.4% for the FD-electron and FT-electron case, respectively, for the Fall

2018 outbending data set.

5.1.3.2.2 Spectrum fitting to extract background and signal yield. The
background fitting functions were varied while fitting the background spectrum to
determine the background shape. A systematic uncertainty has been assigned on
the cross-section measurement based on changing the background fitting function.
The relative systematic uncertainty on the cross section measurement while changing
the fit function (third vs. sixth-order polynomial function) to define the background
shape is in the range of 4 — 6% for both data samples with electrons detected in the
FD/FT for the Fall 2018 outbending data set.

5.1.3.2.3 Bin shift study. The effect of bin shift on the upper limit cross section
estimate was studied by moving each bin by half the size of a bin width and re-fitting
the missing mass spectra. The relative systematic uncertainty was estimated to be
0.9% and 1.3% for the FD-e and FT-e case, respectively, for the Fall 2018 outbending

data set.
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5.1.3.2.4 Background shape estimation process. Multiple approaches were
implemented to determine the background shape in the missing mass spectra. The
background function obtained using the signal region excluding technique was highly
limited by the poor statistics compared to that obtained using the event mixing
technique, which allowed for the inclusion of any desired statistics to get a better
background function improving the cross section measurement. A systematic uncer-
tainty assignment on the upper limit of the production cross section was estimated by
comparing the results using background shapes derived from the two different fitting
techniques. The resulting relative systematic uncertainty on the cross section associ-
ated with the choice of background function obtained from two techniques was found
to be 26% and 16% for the FT-e and FD-e case, respectively, when calculated using
the Fall 2018 outbending data set. The large relative systematic uncertainty found
with this source in the cross section calculation was not unexpected since the true
systematic uncertainty might be much overestimated when comparing a “superior”
event mixing technique with an “inferior” signal exclusion technique. Hence, such an
overestimated value of the systematic uncertainty observed with this source is not
quoted in summary Table 5.10.

The upper limit results on the =*(1820) production cross section were all
obtained using the background shape estimated from the event mixing technique as
the analysis had better control over the background from this technique. Additionally,
better control over the background shape from the event mixing technique also allowed
for the determination of preliminary results on the production cross section of the
reaction ep — ¢/ K ¥ K+Z*" as a function of Z*~ mass for different Q* ranges with the

assumption that the background model from the event mixing technique is complete.
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List of Relative Systematic Uncertainties in Upper Limit Cross Section

Systematic Fall 2018 out FT-e | Fall 2018 out FD-e
Smearing factor and the Z*~(1820) res- 4.4% 2.9%
olution
Background fit 4.5% 5.8%
Bin shift 0.9% 1.3%

Table 5.10: Size of relative systematic uncertainties estimated in the measurement of
the upper limit production cross sections for the Z*~(1820) state quoted in Table 5.8
for the Fall 2018 outbending data set.

5.1.3.2.5 Choice of the event generator. All the necessary MC simulations
for this work were carried out using a phase-space event generator (clasl2-elSpectro)
developed by Derek Glazier. An important source of the systematic uncertainty over-
looked in this study is associated with the choice of the event generator and the model
used to generate simulated events. In an ideal scenario, an appropriate production
model should be used to generate simulated events for calculating efficiencies. An
event generator that best reproduces the particle momenta and angular distributions
in the data would be appropriate to minimize the systematic uncertainties associated
with the MC simulations and efficiency calculations. Since the higher mass (> 1530
MeV) =*~ production mechanism is unclear, it would be very informative to imple-
ment multiple production models to generate events and compare the results for a
reasonable systematic uncertainty assignment. In this study, the systematic uncer-
tainty associated with the choice of an event generator and the phase-space model
used to generate events is not calculated as multiple event generators were not avail-

able to generate events and compare results against each other.
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5.2 Upper Limit Cross Section of the Reaction ep — ¢ K™K

(E7) = ¢ KTKTK~(A/X°) as a Function of =*~ Mass

The event mixing technique implemented in Section 5.1 allows for good control over
the background in the missing mass spectra and provides a smooth background shape.
For each missing mass bin from 1.7 — 2.3 GeV, an estimate of the average background
events can be determined. The remaining events after subtracting the average back-
ground events in each bin must come from physics processes explained by the exclusive
process ep — ¢ KTKT(2*7) — ¢ KTKTK~(A/X%) under the assumption that the
background model from the event mixing technique is complete.

In this section, the 95% upper limit cross section of the reaction ep — ¢/ KT K™
(7)) = ¢ KTKTK—(A/X°) for different missing =*~ bins are presented. The same
log likelihood ratio test method that was discussed in Section 5.1.1.2 was employed to
determine an estimate of the 95% confidence level upper limit yield for each missing
mass bin. The total number of observed events (Ngps. (7)) for the signal plus back-
ground and the total number of expected background events (Np, (7)) estimated from
the event mixing technique were used as input variables in the CashCountsStatistics
routine class to estimate the true signal yield and the statistical significance with
proper confidence level boundaries for each it missing mass bin. The estimated 95%
confidence level upper limit yield of the true signal for each bin was then combined
with the CLAS12 reaction reconstruction efficiency for that bin and the global lumi-
nosity information to calculate the upper limit cross section of the exclusive reaction
for the different missing mass and ? bins. Figures 5.14 to 5.19 show the 95% confi-
dence level upper limit yield and corresponding upper limit production cross section

estimate for the different missing mass and Q? bins using the different data sets.
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95% Confidence Level Upper Limit Yield
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Figure 5.14: The 95% confidence level upper limit yield estimate for the reaction
ep = € KTKT(E) — ¢ KTKTK~(A/X°) using the RG-A Fall 2018 outbending
data set with electrons in the FD (see Fig. 5.14a) and FT (see Fig. 5.14b). The
maximum log likelihood ratio test was used to estimate the upper limit yield for the
different missing mass bins. The Q? coverage for each mass bin of the different plots
is indicated in the captions of each plot.
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Figure 5.15: Same as Fig. 5.14 but for the RG-A Fall 2018 inbending data set.
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Figure 5.16: Same as Fig. 5.14 but for the RG-A Spring 2019 inbending data set.
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95% Confidence Level Upper Limit Cross Section
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Figure 5.17: The 95% confidence level upper limit cross section estimate for the reac-
tionep — ¢ KTKT(Z*7) — ¢ KT KTK~(A/X°) using the RG-A Fall 2018 outbending
data set with electrons in the FD (see Fig. 5.17a) and FT (see Fig. 5.17b) for the
different intermediate Z*~ missing mass bins spanning from 1.65 — 2.3 GeV. The ?
coverage for each mass bin of the different plots is indicated in the captions.
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95% Confidence Level Upper Limit Cross Section
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Figure 5.18: Same as Fig. 5.17 but for the RG-A Fall 2018 inbending data set.
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95% Confidence Level Upper Limit Cross Section
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Figure 5.19: Same as Fig. 5.17 but for the RG-A Spring 2019 inbending data set.
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5.3 Differential Cross Section of the Reaction ep — ¢ KTK™

() = ¢ KTKTK~(A/X°) as a Function of Missing Mass

In the previous sections it was seen that the background estimate from the event
mixing technique is very promising and provides a smooth background for the missing
mass spectra off of ¢ KTK™. Therefore, the background estimate from the event
mixing technique can be used for the different missing mass bins in the missing
spectra as a good estimate of the total background events for that bin coming from
all possible sources in an assumption that the background model from the event
mixing technique is complete. In so doing, the remaining events in each missing mass

*

bin must be the total signal yield of the electroproduced intermediate =*~ states and
the difference as a total signal yield can be estimated. The signal yield (Y;) estimated
for the different missing mass bins can then be used in Eq. (5.11) along with the
()? dependent reaction reconstruction efficiency (¢;) calculated in Section 4.4 and bin
width (A;(MM)) information for that missing mass bin to calculate the differential
cross section m as a function of the missing mass MM (¢/KtK*). The

formula used to calculate the differential cross section for the different missing mass

bins is given by,
do B Y,
AMM (e KTK+)  L.eg.A(MM)’

(5.11)

where £ is the integrated luminosity discussed in Section 5.1.2. Since the efficiency
used in Eq. (5.11) is calculated for the exclusive process corresponding to the Z*~ —
K~ (A/X) decay mode only, the corresponding differential cross section represents the
scaled differential cross section scaled by a factor which is equivalent to the branching
fraction for the Z*~ — K~ (A/X°) decay mode.

Figures 5.20 to 5.22 show the differential cross section as a function of the

missing mass off of ¢/ K+ K. The different data sets used have different Q? coverages.
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In this analysis, the same Q? range was used for the different missing mass bins in a
given run configuration. The % bin chosen for the different run configurations was

decided by checking the Q? vs. MM (e’ KT K™K ™) plots summarized in Fig. 3.36.
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Differential Cross Section as a Function of Missing Mass
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Figure 5.20: The differential cross section - as a function of MM (¢/’K* K ) miss-
ing mass in the reaction ep — ¢ KT KT(2*7) — ¢ KTKTK~(A/X°) using the RG-A
Fall 2018 outbending data set with electrons in the FD (see Fig. 5.20a) and FT (see
Fig. 5.20b). The Z*~ mass bins in the exclusive reaction span from 1.65 — 2.3 GeV.
The Q? coverage for each mass bin of different plots is indicated in caption of each
plot. The error bars on these plots corresponds to statistical uncertainties only.
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do/dMM(eK*K*) (nb/(GeV/c?))
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Figure 5.21: Same as Fig. 5.20 but for the RG-A Fall 2018 inbending data set.
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Differential Cross Section as a Function of Missing Mass
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Figure 5.22: Same as Fig. 5.20 but for the RG-A Spring 2019 inbending data set.
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CHAPTER 6

Results and Discussion
It has been demonstrated that cascade electroproduction can be studied utilizing the
CEBAF ~ 11 GeV electron beam incident on a proton target via exclusive reactions
such as ep — ¢/ KTK1(X) using the CLAS12 spectrometer in Hall B JLab. The
preliminary study of the reaction ep — ¢ KTKT(X), where double strangeness is
tagged by detecting two positive kaons in the final state using the CLAS12 Forward
Detector system, shows a clear peak of the octet ground state =~ (1320) and an evident
peak of the decuplet ground state =7 (1530) (a clear peak with FD-e resolution and
a shoulder with FT-e resolution) in the MM ('Kt K) distributions. The observed
=7(1320) and =7 (1530) resonances in this work mark the first time that Cascade
states have been seen in the electroproduction process to date. The centroid of the
Gaussian fit to the observed = (1320) and = (1530) resonances in the missing mass
distributions was found to be shifted towards higher mass value by 10 — 18 MeV than
their nominal mass values from the PDG. The known CLAS12 momentum distortions
that are present in the pass-1 data sets can contribute to such mass shift. These known
momentum distortions observed and understood by analyzing available pass-1 data
are being studied and are expected to be minimized in the next pass of the data
processing. The major contribution to the observed mass shift can come from the
energy loss effects and momentum distortions for the detected electrons and kaons
that are not properly accounted for in the reconstruction. There were no statistically
significant peaks visible in the missing mass spectrum above the Z~(1530) mass that
correspond to any other experimentally known or theoretically predicted =* states.
The exclusive reaction ep — ¢ KTKT=*" — ¢ KTKTK~(A/X°) was investi-

gated by analyzing events with an additional K~ detected in the CLAS12 Forward
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*~ states that are acces-

Detector system to extensively search for the higher mass =
sible with the upgraded 11 GeV CEBAF electron beam energy. Clear evidence of
non-separable smeared A and X% hyperons was observed in the missing mass off of
the ¢ KT K™K~ system while analyzing the pass-1 RG-A data sets by detecting two
K™, and one K~ tracks in the Forward Detector with the scattered electron in the
FT and FD. The momentum resolution in the pass-1 data for the particle tracks re-
constructed in the Central Detector is such that the MM (' K™K K~) missing mass
spectrum did not show a A/¥° hyperon peak if any one of the charged kaon tracks
was detected in the Central Detector. No statistically significant higher mass =*~
states above the =7 (1530) mass that decay to K~ and A/X° hyperons were observed
by analyzing the currently available data.

Further study to establish the upper limit on the production cross section of the
=*7(1820) state for low-Q? (0.03 — 0.13 GeV?) quasi-real photoproduction and high-
Q? (0.16 — 1.28 and 1.28 — 2.88 GeV?) electroproduction processes was performed.
The 95% confidence level upper limit on the =Z*~(1820) yield was estimated from the
different data sets using the maximum log-likelihood test for counts and fit statistics.
The maximum log-likelihood test implemented the technique of a hypothesis test to
estimate the statistical significance of the true =*~(1820) signal by considering the
statistical fluctuation of the background counts as well as that of the signal counts to
determine the proper confidence level boundaries for statistically insignificant signals
hidden under an extensive background with a constraint that the true =*~(1820)
signal is either positive or zero. The 95% confidence level upper-limit yields, along
with the CLAS12 detection efficiency derived from the GEMC simulation, were then
used to set the upper limits on the electroproduction cross section of the reaction
ep — ¢ KTKT=*7(1820) — ¢ KTKTK~(A/X%). Table 5.8 summarizes the upper-

limit results on the production cross section of the reaction.
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The extracted preliminary electroproduction upper limit cross section result is
estimated to be around 0.3 nb by investigating the Z*~(1820) — K~ (A/X°) decay
mode. This estimate does not include any systematic uncertainties associated with
the measurement process. As expected, the upper limit cross section result is found to
be small. The electroproduction process on the proton target requires the formation
of two s§ quark pairs from the vacuum to create the =*7(1820) (S = 2) in the
final state when there are no strange quarks in the initial state. The overall change
in baryon strangeness number (AS = 2) from the initial to the final state is one
of the causes for a small cross section result. Such physics processes are rare and
demand high-energy probes to occur in experiments. The electroproduction result
obtained in this study is consistent with the reported photoproduction result from

*—

the CLAS ¢12 experiment. In both cases, the signal for the higher mass =*~ states
above the 1530 MeV mass are not visible in the missing mass spectrum, and the
cross section of the =Z*7(1820) production is estimated to be < 1 nb. The CLAS ¢12
experiment reports a value of 0.73 nb (1 nb with an overall scale factor of 34% applied
to account for the possible systematic uncertainties associated in the measurement)
for the 90% confidence level upper limit photoproduction total cross section of the
=*7(1820) state in the process yp — KTKT=*7(1820) (see Ref. [88]). Such evidence
for the small production cross section of the =Z*~(1820) state is poorly understood in
the electroproduction and photoproduction processes. This clearly indicates the lack
of current theoretical knowledge to explain the production mechanism of the higher

mass =*

~ states and demands more precise theoretical calculations and explanations
in the future.

Finally, the electroproduction upper limit cross section as a function of the elec-
troproduced =*~ mass and the differential electroproduction cross section W

as a function of MM (' K K™) were investigated by implementing the event mixing
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technique to estimate the average background in different missing mass bins and with
the assumption that the background model from the event mixing technique is com-
plete. Figures 5.14 to 5.22 summarize the 95% upper limit yield, upper limit cross
section, and differential cross section results for the different Q? coverage.

As more data become available for analysis in the future (an order of magnitude
more statistics expected in total), the preliminary cross section results obtained in
this study will continue to evolve. The major boost in the statistics for the study
from the currently available data sets is expected to come in the next pass of the data
processing. Significant advancements in the Central Detector tracking, improved par-
ticle identification, momentum corrections, and good knowledge of the alignment of
the Forward Detector, Central Detector, and Forward Tagger in the next pass of the
data processing will allow improvement in this analysis by combining tracks from
the Central Detector as well. Improved efficiency studies have to be performed in
the future by implementing realistic model dependency in the simulation, which will
allow for a better understanding of the theoretically proposed =Z*~ production mech-
anism. The momentum smearing method implemented in this analysis to reproduce
the data missing mass resolution in the MC simulation is very preliminary. A single
momentum smearing factor was used for particles irrespective of their momentum
and scattering angle range. Additional work to compare particle momenta as well
as angular distributions is necessary in the future once more statistics are available
to fine tune the MC simulations so that they better reproduce the data distributions

with reduced systematic uncertainties.
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APPENDIX
A.1 List of Good Runs

1) Good run lists for the RG-A Fall 2018 outbending data set (34.08 mC): 5666
9665 5664 5663 5662 5656 5655 5654 5652 5651 5650 5649 5648 5647 5646 5645 5644
5643 5641 5639 5638 5637 5635 5633 5632 5631 5630 5629 5628 5626 5625 5624 5623
5621 5619 5618 5616 5615 5614 5613 5612 5611 5607 5606 5603 5602 5601 5598 5597
5594 5592 5591 5578 5577 5574 5573 5572 5571 5570 5569 5567 5562 5561 5559 5558
5537 5556 5355 5554 5552 5551 5550 5549 5548 5547 5546 5545 5544 5543 5541 5540
9538 5537 5536 5535 5534 5533 5532 5330 5528 5527 5526 5525 5524 5523 5522 5521
5520 5519 5518 5517 5516 5507 5505 5500 5499 5498 5497 5487 5486 5485 5483 5482
5481 5480 5479 5478 5476 5475 5474 HAT3 5AT2 5471 5470 5469 5468 5467 5466 5465
5464 5460 5456 5455 5454 5453 5452 5451 5450 5449 5448 5447 5445 5441 5440 5438
9437 5436 5435 5434 5432 5430 5429 5426 5425 5424 5423

2) Good run lists for the RG-A Fall 2018 inbending data set (37.06 mC): 5036 5038
5039 5040 5041 5043 5045 5046 5047 5051 5052 5053 5116 5117 5119 5120 5124 5125
5126 5127 5128 5129 5130 5137 5139 5153 5158 5159 5162 5163 5165 5166 5167 5168
5169 5180 5181 5182 5183 5190 5191 5193 5194 5195 5196 5197 5198 5199 5200 5201
5202 5203 5204 5205 5206 5208 5211 5212 5215 5216 5219 5220 5221 5222 5223 5230
5231 5232 5233 5234 5235 5237 5238 5247 5248 5249 5250 5252 5253 5257 5258 5259
5261 5262 5303 5304 5305 5306 5307 5310 5311 5315 5317 5318 5319 5320 5324 5325
5333 5334 5339 5341 5342 5343 5344 5345 5346 5347 5349 5351 5354 5355 5356 5357
5358 5359 5360 5361 5362 5366 5367 5368 5369 5372 5373 5374 5375 5376 5377 5378
5379 5380 5381 5383 5386 5390 5391 5392 5393 5394 5398 5400 5401 5403 5404 5406
5407

3) Good run lists for the RG-A Spring 2019 inbending data set (50.53 mC): 6619
6620 6631 6632 6636 6637 6638 6639 6640 6642 6645 6647 6648 6650 6651 6652 6654
6655 6656 6657 6658 6660 6661 6662 6663 6664 6665 6666 6667 6668 6669 6670 6672
6673 6675 6676 6677 6678 6680 6682 6683 6684 6685 6687 6688 6689 6691 6692 6693
6694 6695 6696 6697 6698 6699 6704 6705 6706 6707 6708 6709 6710 6711 6712 6713
6714 6715 6716 6717 6718 6719 6728 6729 6730 6731 6732 6733 6734 6736 6737 6738
6739 6740 6741 6742 6743 6744 6746 6747 6748 6749 6750 6753 6754 6755 6756 6757
6759 6760 6762 6763 6764 6765 6767 6768 6769 6775 6776 6777 6778 6779 6780 6781
6783

A.2 Preliminary Missing Mass Distributions: Kaons Detected
in the CLAS12 (FD/CD)
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(b) Fall 2018 outbending FT-e.

Figure 1: MM (e KT KT K™) distributions with kaons detected in the different
parts (CD/FD) of CLAS12. c¢K* and fK* refers to charged kaons detected
in the CD and FD, respectively. MM (e'fKTfKTfK™), MM(e/fKTcKtfK™),
and MM (e'cKTeKtfK~) are shown in the top row and MM (¢'fKTfKTcK™),
MM fKTeKTeK™), and MM( €cKtcKteK™) are shown in the bottom row,
respectively, from left to right. Figs. 1a and 1b are for the Fall 2018 outbending data
set with the electron detected in the FD and FT, respectively. The set of missing
mass plots with at least one kaon in the CD does not show clear A/XY peaks because
of issues in the CD leading to the particle misidentification, poor CD momentum
resolution, and misalignment of the CLAS12 subsystems (CD, FD, and FT) with
respect to the target position in the pass-1 data.
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(b) Fall 2018 inbending FT-e.

Figure 2: Same as Fig. 1 but for the Fall 2018 inbending data set.
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Figure 3: Same as Fig. 1 but for the Spring 2019 inbending data set.
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Figure 4: MM (¢/KtK™) distributions with two K* and one K~ detected in the
different parts (CD/FD) of CLAS12. c¢K* and fK®* refers to charged kaons de-
tected in the CD and FD, respectively. MM (e'fKTfK™), MM(e'fKtcK™), and
MM (e'¢cKtcK™) are shown in the top row from left to right for an additional K~
detected in the FD and MM (¢/fK*TfK™), MM (e’ fKTcK™), and MM (e'cKtcK™)
are shown in the bottom row from left to right for an additional K~ detected in
the CD. Figs. 4a and 4b are for the Fall 2018 outbending data set with the electron
detected in the FD and F'T, respectively.
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Figure 5: Same as Fig. 4 but for the Fall 2018 inbending data set.
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Figure 6: Same as Fig. 4 but for the Spring 2019 inbending data set.
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Preliminary MM (/KT K™") vs. MM (¢/K*K*K~) Distributions
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Figure T7:
tected in the different parts (CD/FD) of CLASI12.

charged kaons detected in the CD and FD, respectively. MM (e'fKtTfK™)
vs. MMEfKTfKTfK™), MM fKTcKt) vs. MM(fKteKTfK™),
and MM(e'cKTcKT) vs. MM(ecKTeKTfK™) are shown in the top
row and MM(fKTfKT) vs. MM(EfKTfKTcK™), MM(fKtcK™")

vs. MM(e'fKteKTe K7), and MM (e'cKteK™) vs. MM (e/cKteKteK™) are
shown in the bottom row, respectively, from left to right. Figs. 7a and 7b are for
the Fall 2018 outbending data set with the electron detected in the FD and FT,
respectively.
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Figure 8: Same as Fig. 7 but for the Fall 2018 inbending data set.
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3.0 3.0

3.0
1
'
2.5 2.5 2.5
"
1
2.0 2.0 2.0
1 d 1
1
U 1 : 1
1
N 1
1
1.5 1.5 1.5F a1 f"ll
n
1 I .ll II
1
1 g III L}
1.0 ] L I L 0 1.0 L L I w0 1.0 . I 1 1 L
‘0.0 0.5 1.0 1.5 2.0 ‘0. 0.5 1.0 1.5 2.0 ‘0.0 0.5 1.0 1.5 2.0
hi-efkpfkpckm-MM-efkpfkp-MM-efkpfkpckm hi-efkpckpckm-MM-efkpckp-MM-efkpckpckm hi-eckpckpckm-MM-eckpckp-MM-eckpckpckm
3.0

"0.0 0.5 1.0 15 2.0 " 1.0 0.5 1.0 15 2.0

MM(e'K*K")

MM(@EKK'K)

1
0.5 1.0 1.5 2.0
hi-efkpfkpckm-MM-efkpfkp-MM-

2.5

2.0

0.5 1.0 1.5 2.0 0.0 .5 1.0 1.5 2.0 - 0.0 0.5 1.0 1.5 2.0

MM(eK 'K K )
(b) Spring 2019 inbending FT-e.

Figure 9: Same as Fig. 7 but for the Spring 2019 inbending data set.
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