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CHAPTER I

INTRODUCTION

Physics motivation

A brief history of particle physics

Humankind has never stopped wondering what the world we live in is made of.
More than 2400 years ago, the Greek philosopher Leucippus surmised the idea of the
atom, an indivisible unit of matter. Later, his student Democritus expanded the con-
cept of atoms. He maintained the impossibility of dividing things ad infinitum and
proposed that atoms are the basis of all forms of matter. However, it was not until
the early nineteenth century that empirical physicists making observations began to
define the elementary particles which form our universe. In 1811, Amadeo Avogadro
hypothesized that equal volumes of gases at the same temperature and pressure con-
tain equal numbers of molecules. He reasoned that simple gases were composed of
compound molecules of two or more atoms. Nearly a century later, J.J. Thompson
discovered the electron in 1897. Soon after, Ernest Rutherford made the discovery of
compact nuclei. Thus the modern science of particle physics began a new era. With
the introduction of quantum mechanics and the construction of highly sophisticated
high energy experimental facilities, physicists have been able to penetrate the sub-

atomic world and describe it in the language of quarks. In the 1950’s and 1960’s,



with the discovery of a series of new elementary particles, the quark model (Gell-
Man, Zweig, 1963) emerged to explain this new family of particles; hadrons, particles
which interact through strong interactions within the quark model, are categorized
into two groups: mesons and baryons. Mesons are composed of quark and antiquark
pairs, while baryon states are made of three quarks. Remarkably, almost all known
hadrons are well described by this model.

In 1964, physicists at the Brookhaven National Laboratory discovered the €27,
with strangeness= —3 !, in the 80 inch hydrogen bubble chamber in the reaction
of KTp — Q KTK"° [1, 2, 3]. This particle matched precisely to the prediction

by Gell-Mann of an isotopic singlet baryon with J¥ = %+

,S = =3, and negative
charge around 1680 MeV /c?, using SU(3) symmetry in 1962 [4]. This discovery was
hailed as one of the defining points of hadronic structure. Fig. 1, the bubble chamber
photograph of the first observation of the 27, has become one of the most famous

bubble chamber pictures of all. The quark model, although only a phenomenological

model, became the pervading picture of our understanding of the subatomic world.

The constituent quark model and QCD
In 1964, the constituent quark model was proposed by Gell-Mann and Zweig to
explain the spectrum of strongly interacting particles in terms of elementary con-
stituents called quarks [5, 9, 10]. In this model, mesons are bound states of a quark
and an antiquark, and baryons are bound states of three quarks. Mesons and baryons

together form the family of hadrons, i.e., particles that interact through the strong

!The quantum number of strangeness was introduced earlier in 1950’s [6, 7, 8], see the next
section



Figure 1: In the BNL 80 inch hydrogen bubble chamber, a 5.0 GeV/c K~ beam interacts with a
proton: K—p — Q- KtKO. The red line shows the flight of 2, which then decays to 7~ (blue)
and 20 — A7, with A — p (yellow)n~ (blue) .

force. The quantum numbers of hadrons can be obtained from their quark content,
which are summarized in Table I. The most common baryons: protons (uud) and
neutrons (udd), are isospin partners. The SU(2) isospin symmetry itself is believed
to be a result of the closeness of the u quark and the d quark in mass. Baryon con-
servation, an apparent conservation law , implies that it is impossible to destroy or
to create a single quark. However, we can annihilate or create quark-antiquark pairs.
The discovery of strange particles and the introduction of strangeness [6, 7, 8] lead
to the extension to SU(3) from isospin SU(2) symmetry, however, flavor SU(3) sym-
metry is not exact, since the strange quark is much heavier than the u quark and d
quark. In addition, quarks retain their identity under strong or electromagnetic tran-
sitions, while weak interactions do not prohibit transmutations such as s — u + du.
The types of the quarks are traditionally referred to as flavors.

The light ¢g§ meson states are classified according to the SU(3) ® SU(3) group,



Table 1: Quantum of the six flavor of quarks, here S is the strangeness

Quark Mass Spin | B| Q | I3 | S | Charm | Bottom | Top
(GeV/c?)
u 0.005 > 13123510 0 0 0
d 0.01 > 1sl3]-3]0 0 0 0
c 1.5 > 1sl2]0]o0 1 0 0
s 0.2 > l3zl-3]0]-1] o0 0 0
t 180 > |s|2]0]o0 0 0 1
b 4.7 > |s|3]0]o0 0 -1 0

which translates into 3 ® 3 = 8 @ 1. The nonet is decomposed into an octet and a
singlet (Fig. 2). For the baryons, which are three quark states, there are 27 possible
combinations: the flavor SU(3) decomposition is 3® 3® 3 = (6®3)® (3® 3) =
10 ® 8 @ 8 @ 1. For the baryon ground states, we need to combine the flavor SU(3)
decomposition with the SU(2) spin decomposition. The ground states are illustrated
in Fig. 3.

Although the original quark model enjoyed phenomenological success, it faced two
serious problems. One is the lack of free particles with fractional charge. The other
is the apparent violation of Fermi-Dirac statistics in terms of the quantum numbers
of the A**, which was first discovered in 1952 by Fermi and collaborators in 7*p
scattering experiment [11]. The A™* has spin 3/2 and charge 42, and is interpreted
as a uuu bound state with zero orbital angular momentum and all three quark spins
parallel, which violates the Pauli exclusion principles.

In order to reconcile this dilemma, Han and Nambu [12], Greenberg [13], and

Gell-Mann proposed that quarks carry an additional, unobserved quantum number,



1Y
ds us
du, Al I
$ <
B I]E
su sd
Figure 2: The meson nonet decomposition into an octet and a singlet. A = /% (uu — dd) is part

of the isospin triplet (di, A, —ud, B = \/ +(uti + dd — 2s3) is an isospin singlet part of the octet. C

= /3 (uli + dd + s5) is an SU(3) singlet as well as an isospin singlet.

Figure 3: The conventional (gqq) baryon ground states in the quark model. Left: the baryon
decuplet for J = % baryons, where the Q2 sits at the bottom corner. Right: the baryon octet for

J = % baryons.



called color. A new internal SU(3) global symmetry was hence introduced. Assum-
ing that physical hadrons are singlets under color also implies that the only possible
light hadrons are the mesons, baryons, and antibaryons. This seemingly superfluous
property of color puzzled physicists until color symmetry was identified with a gauge
group, with the colors being the gauge quantum numbers of the quarks. This resulted
in a model of the strong interactions as a system of quarks, of various flavors, each
assigned to the fundamental representation of the local gauge group SU(3). The
quanta of the SU(3) gauge field are called gluons, and the theory is known as Quan-
tum Chromodynamics, or QCD. QCD is the physical theory describing one of the
fundamental forces, the strong interaction. The final form of the theory was pro-
posed in the early 1970s by Frank Wilczek and David Gross [14]. It uses quantum
field theory to describe the interaction of quarks and gluons.

Later, even heavier quarks were discovered. In 1974, the J/1) particle was discov-
ered and interpreted as a c¢¢ meson state [15, 16], which signaled the existence of a
new quark: the charmed quark. The bottom quark (b) was discovered in 1977 [17],
with a mass of 4.7 GeV /c?. The top quark () was discovered in 1995, and has an even
much heavier mass of 176 GeV? [18, 19]. The topic of this thesis is the spectroscopy

of hadrons composed of light quarks (u, d, s).

Exotic hadrons

QCD does not prohibit the existence of hadrons that lie outside of the naive quark
model. While predictions of the decay rates and cross-sections based on isospin

symmetry are close to experimental results in general, the quark model does not



address quark confinement within the hadrons. This should not be surprising, since
confinement should arise from the existence of gluons within the hadron states. The
gluons themselves are in fact expected to contribute to the properties of the hadronic
particles, and provide extra degrees of freedom. Various proposed models predict
possible exotic mesons and baryons that involve more complex internal structures.
Those states that have quantum numbers which cannot exist within the naive quark
model are called exotic states. Possible exotic mesons may be classified as glueballs
(99), hybrids (gqg), four-quarks states (¢gqq), and exotic baryon (gqqqq) states. It
is also important to note that recent measurement of nucleon structure functions
from high energy lepton-nucleon experiments has demonstrated that the quark cloud
(gq pairs) contributes significantly to the total momentum and spin of the nucleon.
In other words, the usual baryons can be seen as a mixture of the standard (¢qqq)
configuration, as well as (gqqqq), (gqqg), .... Therefore, the search for exotic particles
beyond the normal quark model is of fundamental importance to the understanding

of quark confinement and the nature of the strong force.

Exotic and hybrid mesons
The naive quark model states that a meson is composed of a quark and an anti-
quark pair, and only this pair of quarks contributes to the properties of the meson.
However, the gluons, which are bonding these two quarks, can also interact with each
other to form a bound state, or interact along with the quarks as a fundamental
constituent of matter. Among the quantum numbers that define meson states are

JPC. where J is the total spin, P is the parity and C is the charge conjugation.



There are certain JY¢ combinations that are not accessible as the conventional ¢g
meson bound states; these mesons are called exotic mesons. To demonstrate the
possible nature of exotic hybrid mesons, let us first go over how mesons are classified.
Meson states are denoted by their principle quantum number: I1¢JF¢ where J is the
total spin, P is the parity of the state, C is the charge conjugation eigenvalue, I is
the isospin, and G is the G-parity. For a conventional meson that is a bound state of

a qq pair, we have the following rules:

P(qq) = (=)"* (1)

C(qq) = (=)*** (2)
G=C(-) = (=) (3)
J=L+§ (4)

Note that for a ¢4 pair, S can only be 0 (antisymmetric singlet) and 1 (triplet),

JPC’

the only allowed combinations are:

0,0t 17, 1t 1t 20 2t 2t 3 3t 3t (5)

With the contribution from the gluons that are interacting with the quarks, as
described by the flux-tube model [29], states can have exotic quantum numbers other

than what are listed in Eq. 5:

0,0t 1t 2t 3+ . (6)

These meson states are therefore called exotic mesons. Several QCD-motivated

phenomenological models have been proposed to incorporate explicitly the gluonic



degree of freedom into the meson ¢gg interaction picture [20, 21, 22, 23, 24, 25, 26, 27].
The most commonly adopted model is the gluonic flux-tube model [29].

The flux-tube model was inspired by Yoichiro Nambu’s conjecture that the em-
pirical fact that the spin of mesons was proportional to the square of their masses
could rise from a relativistic string with constant mass per unit length binding the
qq together. In this picture, the ¢¢ pair in a meson are bound by a gluonic color field
that forms a tube due to the self interacting nature of the gluons. Quark confinement
is a direct result of the infinite energy required to break the tube and separate the
quark and antiquark. In this model, conventional mesons are states with the flux
tube in its ground state. The excitation of the flux tube leads to the hybrid mesons.
The added degree of freedom corresponding to the rotation of the tube along the ¢g
axis is parameterized by the quantum number A, which can contribute to exotic J&¢
combinations. More recently, lattice calculations have confirmed the behavior of the
flux tube between the ¢¢ pair. In Fig. 4, the left plot shows the linear inter-quark
potential at distance greater than 0.2 fm [28], while the right plot shows the formation
of a flux tube between a quark and an antiquark assuming the distance between them

is 1.2 fm [32]. Both the flux-tube model [31] and the lattice calculations [32] have

predicted the lowest exotic meson mass to be around 1.9 GeV/c?.

Existing evidence for exotic mesons
Several experiments in 1990’s have reported possible evidence for exotic mesons.
A 17F 7,(1400) state (Fig. 5), with a mass of 1370 & 16755 MeV/c?, was observed

decaying to nm— at BNL [33]. Their finding is consistent with the finding made earlier
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Figure 4: Left: Inter-quark potential in the quenched approximation [28]; Right:energy density in
the space surrounding a ¢g pair [32]

by the VES Collaboration at IHEP (7~ N interactions at 37 GeV/c). The VES group
claimed a 17" exotic meson signal in the n7~ state at 1316 & 12 MeV/c? [34] with
a width of 287 + 25MeV/c?, but did not attempt to identify it as a resonance. The
Crystal Barrel Collaboration at CERN confirmed the 7(1400) 1= exotic nm meson
state with a mass of 1400420420 MeV/c? and a width of 310 50130 MeV/c? in the
pd annihilation into 7 TNPspectator [35]. Soon after the first exotic meson state was
reported at BNL, another possible 1~ state with a mass of 159348732 MeV/c? and a
width of 168+20115° MeV /c? was observed (Fig. 6) in the reaction of 7~ p — 7¥7 7 p
by the same group [36]. However, its decay to pm was unexpected for a gluonic hybrid.
It was followed by another observation, from the same group, of a 1~ state in the n'wr
channel with a mass of 1597 4 10*15 MeV /c? but wider (340 4 40 4+ 50 MeV /c?) [37].
The higher lying 1~ exotic state was later confirmed by VES in a combined fit to

intensities in the pm,n'm and wrm systems which resulted in a Breit-Wigner shape
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with mass 1600 MeV /c? and width 300 MeV/c? [38]. In these experiments, the Partial
Wave Analysis (PWA, see chapter 5) technique was used to extract the J”¢ quantum
number of the meson system.

Yet the fact that these states lie below the predicted lowest mass of 1~ exotic
mesons by the gluonic flux-tube model and the lattice calculations raises questions
about the true nature of these meson states, although the MIT bag model does
propose an exotic meson state around 1400 MeV. On the other hand, Lipkin pointed
out [39] that isospin symmetry forbids the nm decay of an odd parity hybrid state via
an OZlI-allowed diagram, while there is no selection rule that forbids the nm decay of a
four-quark state. That prompted some to propose that these exotic mesons may not
be the expected gluonic hybrids, but indeed ggqq states. In summary, even though
the existence of these exotic meson states appears quite unambiguous, their nature

remains unclear.

Exotic baryons

Although exotic mesons can be identified by searching for mesons with exotic
JPC quantum numbers, there is no equivalent counterpart in the case of baryons.
Baryons have no C-parity, and all half-integral J with both parities can be achieved
with three quarks. However, there could be exotic baryons with quantum numbers
such as positive strangeness, which can not be obtained from three quarks. While the
exact nature of those recently discovered exotic mesons remain somewhat ambiguous,
these exotic baryons are manifestly exotic. Such exotic baryons as an S = +1 baryon

state have been proposed in the context of the bag model [40]. The importance
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of the experimental evidence is obvious. In the past, the search for exotic baryons
focused on pentaquark states which have a minimal (gqqqqd) structure, where the g
has a different flavor than the other quarks. Those experiments mainly involved K-
nucleon scattering and a phase shift analysis. During those experiments, widths of
the order of 100MeV were expected and the mass ranged from 1.55 to 2.65 GeV. No
convincing evidence was ever found for possible exotic pentaquark states. In fact, the

whole section on pentaquarks was removed from the Particle Data Group after 1986.

Chiral Soliton Model

In 1987, Praszalowicz predicted a possible Y = 2 isosinglet member of the J = %
104 around 1540 MeV /¢? [41]. However, the search for pentaquarks was revitalized in
1990’s when interest was triggered by a theoretical prediction by Diakonov et al. [42]
of the possible existence of a narrow S = +1 baryon state as a member of a baryon
anti-decuplet.

The chiral soliton model, proposed by Skyrme [43, 44] in the 1960’s, was a different
approach to understand the nucleon. He suggested that the low-energy behavior
of nucleons can be viewed as a spherically symmetric soliton solution of the pion
field. The minimal generalization of spherical symmetry to incorporate three isospin

components of the pion field is the so-called hedgehog form,
(&) = ZP(4) (7)

where P(r) is the spherically-symmetric profile of the soliton. This implies that a
spatial rotation of the field is equivalent to that in isospin and the rotational states
have isospin T equal to spin J, with the excitation energies being
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J(J+1)

Ero =
t 21

(8)

where I is the soliton moment of inertia. The rotational states are therefore (2J+1)%
fold degenerate. The four nucleon states have J = 1/2 and the sixteen A-isobar states
have J = 3/2. In this view, the baryonic nature of the nucleon is not due to quarks
carrying baryon quantum number B = 1/3. Instead, the baryon number is interpreted
as topological quantum number of the pion field [45, 46]. QCD has shed some light
into why this picture may be correct: the spontaneous chiral symmetry breaking in
QCD determines to a great extent the strong interaction dynamics, while Witten
attributes the reason the pion field inside the nucleon can be considered as a classic
one, i.e. as a “soliton”, to the large N, (number of colors) argumentation [45].

By introducing the rotation in the flavor SU(3) space, the quantizations show that
the lowest baryon state is the octet with spin 1/2, and the next is the decuplet with
spin 3/2, which is the same as the constituent quark model predictions. The chiral
soliton model relates the splittings inside the decuplet with those in the octet to an
accuracy better than 1% [47]. In the three-flavor case the third rotational excitation
is an anti-decuplet with spin 1/2, which was probably first pointed by the authors at
the ITEP Winter School in 1984 [48]. As it is demonstrated in Fig. 7, pentaquark
states come out naturally as the rotational excitations of the soliton rigid core (gqq)
surrounded by meson fields (¢g) in the framework of the chiral soliton model.

Reference [42] also made a definite prediction for the masses and widths of a
decuplet of pentaquark states (the so-called anti-decuplet, Fig. 8). By identifying the
rather well established nucleon resonance N (1710, %Jr) as one of the members of the
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Figure 7: A simplistic picture of the chiral soliton model within which the baryon anti-decuplet is
predicted. The baryons are represented by a (gqq rigid core surrounded by a (¢gg meson field
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Figure 8: The baryon antidecuplet predicted by Diakonov et al. [42], using the chiral soliton model.
The three corners are states that are manifestly exotic which are not accessible by conventional (ggq)
baryons. The middle octet overlaps with the conventional baryons and are not exotic.
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anti-decuplet, namely the one with the nucleon quantum members Ny, the second
SU(3) moment of inertia I, can be fixed and used to determine the mass and width of
the anti-decuplet members. These calculations do not rely upon a specific dynamical
realization, but follow from symmetry considerations.

The most interesting aspect of this multiplet is the prediction of three states
with exotic quantum numbers, i.e. quantum numbers that can not be possessed by
baryons composed of only three quarks: the ©% with S = +1, and the ==~ and
=t with § = —2. Such quantum numbers can only be obtained with a minimal
pentaquark configuration of the type of uudds for the ©%, ddssu for 2=~ and uussd
for 2. Furthermore, the widths of these exotic pentaquarks were predicted by this
model to be very narrow ( 10-15 MeV'). These predictions suggest the possible
observation of these exotic baryon states directly in an invariant mass spectrum, and
would not need a more sophisticated but sometimes ambiguous partial wave analysis.
The narrow width would also explain the lack of evidence of such exotic states from
previous data, when widths of the order of 100 MeV /c? were expected. Of course, the
choice of the anchoring member of the anti-decuplet (N (1710, %+)) is open to debate,

therefore the experimental evidence for the existence of manifestly exotic pentaquark

states is crucial for the validity of such models.

Di-quark model

Aside from the chiral soliton model of pentaquarks, other models such as the
di-quark model proposed by Jaffe and Wilczeck, have similar predictions in terms

of the mass and width of the pentaquark baryon states [49]. Jaffe and Wilczeck
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argue that the chiral soliton model in the three-flavor case relies heavily on chiral
SU(3) x SU(3) symmetry which is badly broken in nature. Instead, they propose
a picture of the ¢*g system in the framework of a di-quark model, where the four
quarks are bound into two spin zero, color and flavor 3 diquarks, which form an
SU(3)¢ 6; : [ud]?, [ud][us]4, [us]?, [us][ds]+, [ds]?, and [ds][ud]+. When combined with
the antiquark, the result is a degenerate SU(3); 8 & 10, whose quark content is
shown in Fig. 9. The state O ([ud]?5) is identified with the ©*(1540) that has been
observed, while the narrowness of the state is explained possibly by the relatively weak
coupling of the K*n continuum to the [ud]?s state from which it differs in color, spin
and spatial wavefunctions. The two identical [ud] diquarks must have a wavefunction
antisymmetric under space exchange, i.e. with negative space-parity. When combined

with the strange antiquark to form the ©%|[ud]?s), the parity is positive.

N+|£Ud]25>
Ngllud]isu], 5

+
F _
% isul’s)
= mt
"‘3/22_ -3,
|ds]"u |lus]"d)

Figure 9: The quark content of representative members of the (¢*¢)10¢+ 8¢ baryons in the di-quark
model [49].
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Existing evidence for pentaquark baryon states

Since the publication of the Diakonov paper in 1997, a series of new experimental
searches have been conducted. A possible S = 1 baryon was reported in October 2002
by the LEPS Collaboration [50] in the reaction yn — KK ~n from a '2C target. A
narrow baryon state of S = +1 was seen in the missing mass spectrum of the K~
after removing events associated with the ¢(1020) and A(1520). The signal was found
at 1.54+0.01 GeV/c? with a width less than 25 MeV/c? and a Gaussian significance
of 4.6 o(Fig. 10). The photon energy range is 1.5 to 2.35 GeV. A Fermi momentum
correction was applied due to the nature of the target. Within a year, more than a
hundred papers devoted to the topic of pentaquarks were published. This possible

pentaquark baryon state was originally named Z*, and later renamed ©.
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Figure 10: The MM¢, , spectrum (solid histogram) in the reaction yn — K* K n on '*C target
from the LEPS collaboration. Dotted histogram is for events from the LH, normalized by a fit
in the region above 1.59 GeV/c2. This is the first reported evidence for a possible S = +1 exotic
baryon consistent with the prediction of the chiral soliton model. (From reference [50].)

The result from the LEPS Collaboration was received with both enthusiasm and
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Figure 11: A possible production diagram of the ©F in reaction yn — K+ K~n on '2C target at
the Spring-8 facility at Japan. The proton here is a spectator and is not involved in the production
of ©F

skepticism within the hadronic physics community. Several experiments around the
world have since published supportive evidence for the exotic pentaquarks. In May
2003, soon after the Japanese results, the CLAS Collaboration reported the obser-
vation of a S = +1 baryon state in photo-production on a deuteron target in the
reaction of vd — K™K ~np [51]. The charged particles were detected while the neu-
tron was identified using the missing mass technique. A peak in the nK™* invariant
mass spectrum was observed at 1542 + 5 MeV, with a width smaller than 21 MeV,
and a statistical significance of 5.2 + 0.6 0. A possible production mechanism as
suggested in the paper is shown in Fig. 13. The CLAS Collaboration also reported
a possible observation of a ©F that decays to nK™ in photo-production on proton
target [52]. The SAPHIR Collaboration reported a possible © signal in the reaction
vp — nKTK? [53].

Based on isospin symmetry, ©F should have equal branching into pK° and nK™.
The DIANA Collaboration at ITEP re-analyzed old K-Xenon bubble chamber data,

and reported the first evidence of the ©F decaying to pK° [54], as opposed to nK ™
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Figure 12: The nK* invariant mass in the reaction yn — K+K~n on deuteron target from the
CLAS collaboration [51]. The dotted curve is the shape of the simulated background. The dash-
dotted histogram shows the spectrum of events associated with A(1520) production. The fit (solid
line) to the peak on top of the smooth background (dashed line) yields a statistical significance of
5.8 0.

Figure 13: A possible production diagram of the ©% in reaction yn — KK ~n on target of the
CLAS results. The proton here is a spectator and is not involved in the production of ®+. However,

the diagram suggests re-scattering of K+ off the proton which enables the proton to be detected
and identify the neutron through missing mass.
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seen in the first two ©7 signals from the LEPS and CLAS collaboration. The narrow
peak has a width less than 10 MeV at 1.54 GeV with a statistical significance of
40 (Fig. 14). Several other experiments also claimed possible observation of the ©7
in this channel [55, 56, 57, 58]. The mass of these states are in a range of 1525-

1555 MeV/c2.
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Figure 14: The invariant mass spectrum of pK? in the reaction K*Xe — O Xe' — pK°Xe' a)
for all measured events, b)after suppressing proton and K re-interactions in nuclear matter. The
fit to the expected functional form is depicted by the dashed line. (From reference [54].)
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The other possible pentaquark state
The chiral soliton model predicted three manifestly exotic baryon states with the
O©T being the lightest one, and two S = —2 exotic Z states, the 2~ and Z°, within
the baryon anti-decuplet. The first evidence of a possible Eg’ state was also reported
by the NA49 collaboration [59]; a doubly negatively charged baryon with S = —2 was
seen at 1860 MeV decaying to Z~7~. Fig. 15 shows the combined 27—, 2~ 7+, B+~

and =t7* invariant mass spectra, with the 2~ — z > BT being the exotic baryon
candidate, and a possible isospin parter E% decaying into =~ 7" observed at the same
mass.

The evidence of the ==~ as another marker of the anti-decuplet of pentaquarks
is intriguing and injected more excitement into the hadron spectroscopy community.
However, the state requires corroboration, and others have challenged the analysis of

the NA49 results [60]. Several new experiments at Jefferson Laboratory will certainly

provide more evidence to corroborate or refute this result [61].

Did we miss the discovery of ©F thirty years ago?

Partly due to the belief of the width of the pentaquark to be of the order of 100
MeV /c?, previous searches for S = 1 baryon resonance did not yield any evidence for
the existence of such state. However, a recent review of an old paper produced some
interesting results (Fig. 16). It is totally possible that a narrow resonance in the pK?°
invariant mass spectrum was missed when people were looking for a resonance that

is much wider.
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Figure 15: a) The sum of the =7~ ,Z~ 7+, E+1~and=+7" invariant mass spectra. The shaded

histogram shows background obtained from mixed-event technique. b)Background subtracted spec-
trum with the Gaussian fit to the peak. (From reference [59]).
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CERN: K*p—— pK'X Bubble Chamber Data

A. Berthon, et al., NPB63, 54 (1973)
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Figure 16: The results from the old CERN paper [62] showing a shoulder corresponding to mass
of 1.54 GeV/c? in the M?(pK°) spectrum

O* photo-production off a proton target

While the earliest possible experimental signals of the ©F were identified in the
photon interaction on nuclei, photo-production of the ©* on a proton target is be-
lieved to have a similar cross section to that of a neutron target [63, 64, 66]. Since
the first evidence of the ©1 baryon was reported by the LEPS Collaboration, many
theoretical papers have been devoted to this topic. Various calculations of the cross
section of the ©F with different targets have been made [63, 64, 66]. A variety of
possible production mechanisms have also been suggested. In this section, some of
the predictions that have been made for ©% photo-production on a proton target for

different reactions will be discussed.
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OT production from the reaction yp — 7t K~O%

If the possibility of the ©1 being the decay product of an intermediate resonance
is exlcuded, the likely processes that can contribute to ©* production in the reaction
vp — mtK~O% are shown in Fig. 17. Ref [64] gives a detailed calculation of the
OT cross section for both a positive and negative parity ©*, and the results will be
summarized as follows. Assuming positive parity for the ©% as predicted by the chiral

soliton model [42], the amplitudes for the three diagrams are respectively:

B, 1 _v
. ~ €afuvP5 €2D4 €
M, = ZgyKOK*OgKNGG(p3)’YS—aﬂI; 2 22 4p(m) 9)
~ p1+p2)-y+m K
M, = —egreno®(pa)es -y L PLATIN G L By e pp) (10)
s —my 2mpy
~ D1 —DP4) -7+ Me
Mu = —egK*N@@(pg,)Gz ' ’7( u ) m2 €4 - ’yp(pl) (]‘]‘)
— Mg

2 are the usual Mandelstam vari-

where s = (p1 — p2)*,t = (p1 — ps)*,u = (p1 — pa)
ables, with pi, p2, p3, ps denoting the momenta of proton, photon, ©*, and K*°, re-
spectively. The polarization vectors of the v and K** are given by €,, €4 respectively.
The three coupling constants are obtained from different methods. g,xox-0 denotes
the photon anomalous parity interaction with the kaons, and has the dimension of
inverse of energy; its value is given by g,xox+0 = 0.388 GeV ! using the decay width
[k ko, = 0.117 [66]. gxne can be obtained from the SU(3) symmetry relation
gknNe = 39rNn,,- Lhe coupling constant g,nyn,, between m/N and the pentaquark
Ny, can be calculated from the width of the N(1710), assuming it is a mixed pen-
taquark baryon (v/2Nyo — Ng)/+/3, with Ny being a pentaquark (vuddi, uvuddd) and

Ng being the octet pentaquark (uddss, uudss). The result is shown to be gxye ~ 3.0.

Similarly for gx«ne, it can be derived from the SU(3) relation gx-ye = 3g,nn(1710);
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and is calculated to be gg«ye = +1.8 or gx+ne = 0. In addition, form factors at the
strong interaction vertices are needed to account for the internal structure of hadrons.
Different covariant form factors for the s, t and u-channel amplitudes are given by:

A4
T Ay (x — m2)?

F(z) (12)

where © = s,¢, and u with corresponding masses m, = my,mg, and mg of the
off-shell particles at the strong interaction vertices. A is the cutoff parameter that
represents the off-shell momentum above which hadron internal structure becomes
important; the value of A is determined empirically. An additional contact term is
needed in the interaction Lagrangian to retain gauge invariance:

€2 D1
2

S (P = F@)p(p) (13

M, = —2egk-no©O(ps)es - | (F = F(s)) +

where F'is given by F' = F(s) + F(u) — F(s)F(u). A is determined empirically
to be 0.8 GeV, similar to the soft form factor used to describe the lambda photo-
proton production in Ref. [65]. The resulting differential cross section for the reaction
vp — K*O7 is thus:

do 1
9 L _F(O)M, + F(s)M, + F(u)M, + M,|? 14

i
where p; is the magnitude of the initial three momenta in the center-of-mass frame,
i.e., pi = (s —m%)/2/s. Considering the K*° decaying branching ratio of 7" K~
and 7°K0 is 2 to 1, the differential cross section for the reaction yp — K 7tOt
is 2/3 of what is given by Eq. 14. This cross section only takes into account the

diagrams shown in Fig. 17, and ignores the possible production of the ©* through
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Figure 17: Diagrams for ©+ production in the reaction yp — 7+ K~ 0T
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Figure 18: Assuming positive parity, the total cross section ®+ production in the reaction yp —
7T K~0OT as a function of photon energy with form factors
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an intermediate nucleon resonance. The total cross section of the ©7 for the reaction
vp — K*°O7 is plotted in Fig. 18.

On the other hand, lattice QCD calculations have indicated that the reported ©%
mass is consistent with negative parity. The total cross section of a negative parity

©1 is shown in Fig. 19.

o (nb)

Figure 19: Assuming negative parity, the total cross section ©+ production in the reaction yp —
7T K~ O% as a function of photon energy with form factors.
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Figure 20: Diagrams for ©F production in the reaction yp — 7+ K~ ©7% via K*~ exchange
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©* production from the reaction yp — K°0O+

There are also other possible production mechanisms of the © in photon-proton
reaction; Ref [63] gives a detailed calculation of the cross section. In Fig. 21, ©F
production from photon-proton reactions with two-body final states are illustrated.
OT production for three-body final states are shown in Fig. 22. The resulting cross
section are shown in Fig. 23. A notable feature of the total cross section for the ©F
is that when the photon energy increases, the two-body final states decrease faster
than the three-body final states. The two-body final states total cross sections are

expected to be much higher than the three-body contributions at lower energy.
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Figure 21: Possible diagrams for ©F photo-production off a proton target with two-body final
state

©% production through an intermediate baryon resonance
Photo-production of the ©F on the nucleon is usually calculated within hadronic
models, since perturbative QCD is not applicable [68, 66, 69]. From the naive quark
level, each time a quark-antiquark pair is created from the vacuum there should be a
penalty. For the reaction YN — KO, where K can be either a ground state K or K*,
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Figure 22: Possible diagrams for ©F photo-production off a proton target with three-body final
state
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Figure 23: Cross sections for for OF photo-production off a proton target as functions of center-
of-mass energy: total (solid curve), yp — K°O% (dashed curve), yp — K*~7TOT (dotted curve),
and yp — K~ pt©* (dash-dotted curve).
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the dominant process is expected to be ¢q pair creation from the photon. However,
it has been pointed out that the ©T could be an isotensor pentaquark. The narrow
width thus can be explained by isospin violation in the decay to the kinematically
allowed channels nK* and pK° [67]. In this scenario, the t-channel processes for ©F
production, such as the one shown the Fig. 17, would be forbidden due to isospin
conservation. Thus S-channel diagrams such as the one shown in Fig. 24 should also

be considered. Non-resonant K©' mechanisms are therefore also competitive.

At
S-channe] \m'z, 6 i /' Protonsea \ 5

Figure 24: Possible ©F production mechanisms. Left: S-channel diagram where the photon excites
the proton first and two ¢g pairs are created later. Right: Proton sea diagram where the light nn
quark pair is created first and ss is created last.

Similarly, in the case of yp — 77 K~©OT, it is possible to produce the ©* through
intermediate resonances, such as yp — A*rT, A* —» OTK~ (Fig. 25), while an in-
termediate N* is forbidden by isospin symmetry. Such process involves two quark-
antiquark pair creations from the vacuum in the decay of A* — ©1t K™, if we assume
the A* is a three-quark state. It thus could be competitive with other non-resonant
K*©t and K~77O" mechanisms.

Similarly, it has also been suggested that the ©7 signal reported by the CLAS
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Figure 25: Possible ©F production mechanism in the reaction yp — 7+ K~0©7 via intermediate
nucleon

Collaboration [51] could also be a decay product of an intermediate nucleon (Fig. 26),
instead of the re-scattering mechanism suggested in the paper (Fig. 13). In this thesis,
the result of this analysis of the reaction yp — 7t K~0O7" at CLAS with a photon
energy range of 3.0 —5.47 GeV will be presented. Competing production mechanisms,

such as discussed previously, will also be examined.

Figure 26: Possible ©F photo-production mechanism off a target. N can be either neutron or
proton.
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CHAPTER II

EXPERIMENT APPARATUS

The data that was analyzed in this thesis came from three experiments conducted
at Thomas Jefferson National Accelerator Facility (TJNAF), in Newport News, Vir-
ginia. All three experiments used a photon beam with energies ranging from 3.0
to 5.47 GeV produced through bremsstrahlung radiation of a 5.7GeV electron beam
produced by CEBAF (Continuous Electron Beam Accelerator Facility). The photon
beam was incident on a liquid hydrogen target at CLAS (CEBAF Large Acceptance

Spectrometer) [73]. The Hall B tagging system was used to tag the photon beam [81].

The Continuous Electron Beam Accelerator Facility

The Continuous Electron Beam Accelerator Facility (CEBAF) delivers a high-
intensity continuous electron beam with an energy ranging from 0.8 GeV to 6.1 GeV.
Electrons are pre-accelerated to 67 MeV before being injected into the North linear
accelerator (Linac). Each time the electron passes through one of the Linear Accel-
erators it will obtain an energy boost of 0.6 GeV. Because the beam is continuous,
different electron beam energies can coexist in the same linac. The typical linac set-
ting allows beam energies available to all the halls from 1.2 to 6.0 GeV in multiples
of 1.2 GeV. At the end of the South Linear Accelerator, the electron beam can be
extracted to three different experimental halls (See Fig. 27). The electrons beam cir-

culates in bunches separated by about 2/3 ns. The beam separator/extractor extracts
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the electrons from the main accelerator and delivers beams to the three halls, while

these three beams each come in bunches separated by 2.004 ns.

North Linac
(400 MeV, 20 cryomodules)

Injector

Helium
(45MeV, 2 /4 cryomodules) p

refrigerator

South Linac
(400 MeV, 20 cryomodules)

Figure 27: The main elements of the Continuous Electron Beam Accelerator Facility (CEBAF) at
Jefferson Laboratory, Newport News, Virginia, USA

The Superconducting Linear Accelerators
At the injector, the electrons of 100 £V were produced by electron guns and
then accelerated to 40-80 MeV before entering the linac. Each linac was designed
to accelerate the electrons by 400 MeV per pass [71]. In practice, the linacs are
capable of higher performance (close to 600 MeV) than the design value. The Linear
accelerators are made up of a series of RF cavities powered by independent klystrons
that are adjusted so that the phase and energy gradient of the cavity maximizes
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performance. The RF cavities are made of niobium and cooled to about 2K using a
liquid helium bath to achieve superconductivity, allowing current to flow continuously

with no resistance.

The Recirculation Arcs

To achieve higher energy electron beams, a series of dipole magnets in the recircu-
lation arcs are used. The electrons are turned 180° to pass through the linac multiple
times. Since electrons of different energies (momentum) will bend differently for the
same magnetic field, the electron beam is split into as many as five separate beams
of different energies before going through different dipole magnets along the arcs. At
the end of the recirculation arcs, the beams of different energies are recombined be-
fore reentering the linacs. The arcs are designed to prevent the different beams from

losing their synchronization upon recombinations [71].

The Experimental Halls
Currently, there are three experimental halls at CEBAF: Hall A, Hall B, and Hall
C. Both Hall A and Hall C provide two-arm spectrometers capable of making high
precision measurement, but limited by phase space and angular acceptance. Hall A
has two identical focusing high-resolution spectrometers with a maximum momentum
of 4 GeV/c. Hall C has two symmetric focusing spectrometers: one featuring accep-
tance of high-momentum particles, the other a short path length for the detection

of decaying particles. Hall B is the home of the CLAS (CEBAF Large Acceptance
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Spectrometer) detector, which is a large acceptance spectrometer of almost 47 solid-
angle coverage and able to detect multiple particle final states. The CLAS detector

is discussed in detail in the following section.

Hall B Detector Components

Hall B is one of the end stations as shown in Fig. 27. The CLAS detector (Fig. 28),
located in hall B, can conduct both electro-production and photo-production exper-
iments. The physics research of Hall B spans a broad range of programs: hadron
spectroscopy, comprehensive study of nucleon structure, transition form factors of
baryon resonances, measurements of the spin structure of nucleons and studies of
nucleon correlations inside nuclei. These programs require large-acceptance parti-
cle detection and CLAS is an ideal place for such purposes. The CLAS detector is
a nearly 47 toroidal spectrometer that includes an array of different detectors. It
is based on a novel six-coil toroidal magnet which provides a largely azimuthal field
distribution. The particle detection system consists of drift chambers for charged par-
ticle tracking, gas Cerenkov counters for electron identification, scintillation counters
for time-of-flight measurement, and electromagnetic calorimeters to detect showering

particles (photons and electrons) and neutrons.

Torus Magnet
The CLAS magnetic field is generated by six superconducting coils arranged in
a toroidal geometry around the beam line and thus provides the tool for momentum

analysis for charged particles. Each coil has 4 layers of 54 turns of aluminum-stabilized
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Figure 28: The CLAS detector is composed of a series of detectors that are designed for various

purposes.
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NbTi/Cu conductor. The superconductivity is achieved by cooling the coils to 4.5
K by forcing super-critical helium through cooling tubes located at the edge of the
windings. The magnet is about 5 m in diameter, and 5 m in length. The layout of
the coils and contours of constant absolute field strength are shown on the top plot of
Fig. 29. The bottom figure shows the magnetic field vectors in a plane perpendicular
to the torus axis at the target position (CLAS center). The kidney-shape of the
coils results in high field integral for forward-going particles and a lower field integral
for particles emitted at larger angles. This coil geometry allows a central field-free
volume for the operation of a polarized target.

The maximum design current of the torus magnet is 3860 A, which provides an
integral magnetic field of 2.5 Telsaxmeter in the forward direction, and only 0.6
Telsaxmeter at scattering angle of 90°. In operation, however, it is limited to 87%
(3375 A) of the maximum current due to mechanical concerns. For the nominal mag-
net, polarity, negatively charged particles are bent inward towards the beam line and
positive particles are bent outwards away from the beam. This results in better ac-
ceptance for positively charged particles than negatively charged ones. When desired,
the torus current can be lowered to allow better acceptance of negative particles, while

the momentum resolution will be reduced. The magnet polarity can also be reversed.

Drift Chambers
In CLAS, charged particles are tracked with drift chambers which are grouped into
three regions [74, 75, 76, 77]. Region 1 is the closest to the target with almost zero

field inside the torus core; these chambers determine the initial direction of the tracks.
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Figure 29: Top: Contours of constant absolute magnetic field for the CLAS toroid in the midplane
between tow coils. Bottom: Magnetic field vectors for the CLAS toroid transverse to the beam in a
plane centered on the target. The length of each line segment is proportional to the field strength
at that point. The six coils are seen in cross section.
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Region 2 lies between the torus coils where the toroidal magnetic field is strong, and
provides a second measurement of the particle track when curvature is maximized, to
achieve good energy resolution. Region 3 is outside the coils where the magnetic field
is low, and determines the final direction of the charged particles which are heading
toward the outer time-of-flight counters, Cerenkov counters and the Electromagnetic
Calorimeters. All three regions consist of 6 sectors corresponding to the six torus coils
segmentation. Each region within one given sector contains one axial superlayer,
which is perpendicular to the midplane of each sector and approximately parallel
to the magnetic field, arranged in six layers (4 layers for Region 1) and one stereo
superlayer with sense wires in six layers at an angle of 6 degrees with respect to the
axial wires to provide the azimuthal information. Each superlayer is grouped into
6 layers in Region 2 and 3, while spatial volume limits it to 4 layers in Region 1.
The wires are arranged into a hexagonal pattern, with 192 sense wires in each layer
(Fig. 31) in Region 2 and 3, and 128 wires in Region 1. Each superlayer is surrounded
with a row of guard wires to minimize edge effects. There are a total of 35,148 sense
wires in the drift chamber system.

The drift chambers are filled with a gas mixture of 88% argon (Ar) and 12% CO,
from considerations of system safety as well as operation lifetime. The gas mixture
has a drift velocity of about 4 cm/us. The cell size for Region 1, 2, and 3 are about
1.5, 2.7 and 4.3 cm, respectively.

The tracking resolution is a function of single-wire resolution which depends on
where within a cell the track has passed. Within a given layer, it is estimated by

fitting a track to all hits except those in that layer. The fit residual is the difference
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Superlayer 1
Superlayer 2
Superlayer 3
Superlayer 4
Superlayer 5
Superlayer 6

Figure 30: The CLAS Drift chambers schematic showing the names convention for regions and
superlayers (from [88].

Figure 31: Representations of a portion of a Region 3 chamber showing the layout of its two
superlayers. The sense wires are at the center of each hexagon and the field wires are at the vertices.
The perimeters of the hexagonal cells represents no material and are only shown to outline the wire
layout. The highlighted drift cells that have fired show a passing charged particle. The upper right
corner of the picture shows the edge of Cerenkov counter.
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between the fitted distance -of-closest-approach (DOCA) of the track and the DOCA
value calculated from the drift time in the excluded layer. The whole-cell average
resolution is about 310, 315, and 380um for R1, R2, and R3, respectively. The
resolution is better in the mid-portion of the cell due to the Poisson distribution of
ion-pair production along the path of the primary ion near the sense wire, as well
as time-walk effects and the divergence of the electric field lines near the field wire.
Fig. 32 shows the rms width of the track-hit residual distribution plotted versus

DOCA for Region 2.
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Figure 32: Track-hit residual rms width as a function for the fitted DOCA for Region 2

Cerenkov Counters
The Cerenkov Counter [78] is used for both e/m separation and triggering on elec-
trons, based on the principle of Cerenkov Radiation: a fast particle with velocity

v > = where n is the gas refraction index will produce Cerenkov light in a narrow
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cone in the forward direction. The light is focused by mirrors and collected by Pho-
tomultiplier Tubes (PMT). The Cerenkov Counter array is placed between the Drift
Chamber Region 3 and the time-of-flight Scintillator system, about 4m from the tar-
get. Each of the six sectors was divided into 18 regions of #, and each 6 segment was
divided into two modules symmetric with respect to the middle plane. This results
in a total of 216 light collection modules. Each module consists of two focusing mir-
rors, a “winston” light collection cone, and cylindrical mirror at the base of the cone
(Fig. 33). The light is collected by the PMT mounted at the Winston cone base. The
PMTs and the Winston cones are placed in the regions of ¢ that are already obscured
by the magnet coils in order to maximize solid-angle coverage. The CLAS Cerenkov
detector covers a polar angle range of 7° < 6 < 45° in the forward direction and full

azimuthal angle range.

Hyperbolical Photomultiplier Cones
Mirrors and

Magnetic Shielding
Figure 33: A schematic drawing of the array of optical modules in one of the six Cerenkov Counter

sectors.

The radiator gas used in the Cerenkov detector is perfluorobutane (C4F;0) with
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an index of refraction of 1.00153. This results in a high photon yield and a pion
momentum threshold of 2.5 GeV/c. Each sector holds approximately six cubic meters
of gas. An in-bending electron, traversing the active volume of the detector, induces
typically 4-5 photoelectrons. A typical trajectory of the light produced by an electron
passing through the Cerenkov detector is illustrated in Fig. 33. In photo-production

experiment, the Cerenkov Counter is usually not used for triggering.

elliptical mirror

sector center line

PMT

magnetic
shield

light collection
cone

cy_IindricaI
mirror

electron —

track hyperbolic mirror

Figure 34: Optical arrangement of one of 216 optical modules of thfz CLAS Cerenkov detector,
showing the optical and light collection components. Note that the C'erenkov PMTs lie in the ¢
region obscured by the magnet coils.

Time-of-flight system
In CLAS the time-of-flight (TOF) system [79] provides the means of charged par-
ticle identification and can be used in the triggering. It is located radially outside the
Cerenkov counters but in front of the calorimeters (Fig. 28). It is essential for the
time-of-flight system to achieve a good enough timing resolution to perform charged

particle identification. The system was also designed to be capable of operating in a
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high-rate environment. The time-of-flight system for CLAS is composed of scintilla-
tion counters that are 5.08 cm thick, 15 and 22 cm wide, and with lengths varying
from 32 cm at the most forward angle to 445 cm at larger angles. Each of the six
sectors has 57 scintillators with a PM'T mounted at each end. The last 18 of these are
paired into nine logical counters, each with an effective width of 44 cm. This grouping
results in a total of 48 logical counters. For the forward-angle system, 15-cm-wide
scintillators and 2-inch PMTs are used. For the large-angle system, a 22-cm width
coupled to bent and twisted light guides and 3-inch PMTs was selected. All of the
components of the system have been designed to optimize the timing resolution. The
intrinsic timing resolution varies from about 80 ps for the short counters to 160 ps
for the longer counters. Reconstruction of interaction particles for photon-runs have
timing resolution up to 160ps for the shorter counters and around 200ps for longer

counters.

Figure 35: View of TOF counters in one sector showing the grouping into four panels.

The TOF system can also be used for energy-loss measurements and velocity
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Figure 36: B vs momentum for charged hadrons. The six visible bands from top to bottom are:
et,nt,K*, proton and deuteron and 3H.

determinations (Fig. 37), and therefore provide an independent means for the identi-
fication of slow particles, which can be used for calibration purpose before time-based

particle identification becomes available.

Electromagnetic Calorimeter

The Electromagnetic Calorimeter (EC) [80] is used to provide the primary electron
trigger (for electrons with energies above 0.5 GeV) for CLAS as well as pion rejection,
detection of photons at energies above 0.2 GeV for 7° and 7 reconstruction as well
as neutron detection. The detector is located just behind the TOF, about 5m from
the CLAS center, and covers the 6 range of 8° to 45°. The calorimeter is made of
alternating layers of scintillator strips and lead sheets with a total thickness of 16
radiation lengths. For each EC module, the lead-scintillator sandwich is contained

within a volume with the shape of a nearly equilateral triangle. There are 39 layers
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Figure 37: Energy deposited in scintillator as a function of particle momentum. Protons and pions
can be distinguished.

in the sandwich, each consisting of a 10 mm thick scintillator followed by a 2.2 mm
thick lead sheet. The calorimeter uses a “projective” geometry pointing to the normal
target position, in which the area of each successive layer increases with the distance.
For readout purposes, each layer is made of 36 strips parallel to one side of the
triangle, with the orientation of the strips rotated by 120° in each successive layer
(Fig. 38). The three orientations, or views (labeled U, V, and W), each contain 13
layers, providing stereo information on the location of energy deposition. Each view
is further subdivided into an inner (5 layers) and outer (8 layers) stack, to provide
longitudinal sampling of the shower for improved hadron identification. There are a
total of 36(strips) x3(views) x 2(stacks) x 6(sectors) = 1296 PMTs and 8424 scintillator

strips in the six EC modules.
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Figure 38: Exploded view of one of the six CLAS EC modules.

Start Counter

In order to identify particles using TOF, one has to determine the event start time
(vertex time). For electron runs, the beam bunch (499MHz) can be determined by
identifying the final-state electron (with a combination of Cerenkov and calorimeter
information), and tracing the 8 = 1 (which is true for almost all the electrons detected
in CLAS) particle back to the interaction points. For tagged photon experiments,
independent information about the beam bucket is obtained through another counter:
the start counter [82].

The start counter is a detector only used in photo-production experiments to
determine which photon started the event. It is a small detector that surrounds
the target region with 3 pairs of thin scintillators each folded half way to cover two
sectors. Since the best clock we have at CEBAF is the RF time and the electrons
beam buckets come in time intervals of 2.004ns, the start counter is used to select

which photon caused the event. The start counters are thin enough to minimize the
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multiple scattering, and large enough to cover the same solid angles in each sector as
the TOF counters (7° < 6 < 146°,—29° < ¢ < 29°). The basic layout of the start
counter, seen in Fig. 39, is made up of three scintillating paddles, each covering two
sectors. The particular shape of the paddle with a nose in the upstream of the target
increases both the efficiency and timing resolution.

The time from the start counter is only used to determine the correct photon,
which required that the software-corrected timing resolution be of the order of o ~
350ps. The actual start time is obtained from the RF signal once which photon caused
the event is known. By including Start Courter in the trigger, the trigger rate can

also be reduced in high beam intensity experiments.

START COUNTER COUPLED-PADDLE

Endplate PMT
Housing Light Guide

Carbon Fiber
+— Beam Pipe

Scintillator

Figure 39: One Start Counter segment in place relative to the beam pipe. The target is inside the
start counter.
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The Tagging system in Hall B

The tagging system [81] installed in experimental Hall B at JLab produces the
photon beam through bremsstrahlung radiation by passing the electron beam through
a thin radiator, typically 5 x 1073-3 x 10~* radiation lengths of gold plated on a thin
carbon support foil. The foil is located 0.5 m in front of the tagging magnet. The
system can tag photon energies over a range from 20% to 95% of the incident electron
energy which can be as high as 6.1 GeV.

The produced photons continue straight ahead through the tagger magnet, toward
the target, while the energy-degraded electrons from a thin bremsstrahlung radiator
are bent by the tagger magnet and detected by a hodoscope containing two planar
arrays of plastic scintillators. The CLAS tagging system uses a single dipole magnet
to direct those electrons which do not radiate into a shielded beam dump. The first
layer of the hodoscope is called E-plane, and consists of 384 partially overlapping small
scintillators yielding the photon energy. Their widths (along the dispersion direction)
range from 6 to 18 mm in order to subtend approximately constant momentum in-
tervals of 3 x 1073Ej,. Each counter optically overlaps its adjacent neighbors by one
third of their respective widths, thus creating 767 separate photon energy bins that
provide an energy resolution of 1073E,. The second layer, called T-plane, lies 20 cm
downstream of the E-plane and includes 61 larger scintillators. The T-plane provides
the timing resolution necessary to form a coincidence with the corresponding physical
events triggered by the tagged photon. The rms timing resolution of these counters
is 110 ps. Fig. 40 shows the layout of the Hall B photon-tagging system.

The fraction of photons that have been tagged and actually hit the CLAS target
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is called the tagging ratio. Typically for photon energies over most of the upper
operational range, the tagging ratio is about 78%. The tagging system is designed to
run at a photon flux as high as 5 x 10° photons/sec. The photon beam position and
size are monitored by a fixed array of crossed scintillator fibers located 20 m behind
the CLAS target.

The signal registering a photon event is a set of times from both the E-counters
and the T-counters measured with FASTBUS TDCs. The T-counter output signals
are fed into the Master OR (MOR) logic, which is a simple cascade of outputs of
the AND gates into fast OR gates, after passing through the E-T coincidence logic

module.

Trigger Setup

In photon experiments at CLAS, the level-1 (L1) trigger is produced by a coinci-
dence of the photon trigger [83] from the tagging system and the CLAS trigger [84, 85].
The photon trigger contains signals from the MOR logic unit and the start counter
(ST). The CLAS trigger is a logic combination of signals from the CLAS detectors
including time-of-flight (TOF') counters and the electromagnetic calorimeter (EC).

In experiment E01_017, the CLAS trigger is two charged tracks registered by the
TOF system. As for the photon trigger, the events are triggered on the first twelve
T-counters in the MOR, since we are interested in the higher end of the photon energy

range, and two-out-of-three ST sectors.
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CHAPTER III

DETECTOR CALIBRATION AND PARTICLE IDENTIFICATION

Running conditions

The data analyzed in this thesis includes data from three different data runs. Of
the three runs, Run a and Run b had identical geometrical acceptance and trigger
requirements, while Run ¢ had slightly different running conditions. Runs a,b and
c had a tagged photon beam in the energy range of 3.2-3.95 GeV, 3-5.25 GeV, and
4.8-5.47 GeV, respectively. Run ¢ (Experiment E01.017) was completed during the

period from August 17th, 2001 to September 11th, 2001. Table 2 is the summary of

the running conditions.

Table 2: Running conditions for g6a, g6b, and gb6e

conditions gba gbb gbc
Electron beam energy(GeV) 4.0 5.6 5.744
Electron beam current(nA) 45 40-45 40/50
Converter radiation length 1074 1074 3x 107"
tagged photon energy range(GeV) 3.2-3.95 3.0-5.25 4.8-5.47
Tagged photon flux 2 x 108 2 x 106 5 x 108
Target offset 0 0 -1m
Start counter 0 0 -0.85m
Torus magnet current 3375A 3375A 1938A
Sensitivity (pb ') 2.0 2.0 2.7
MOR(1-24)& same | MOR(1-12)&
Trigger ST(2/3)& as ST(2/3)&
2 opposite tracks gba 2 tracks
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Detector Calibration

Before the raw data is ready to be analyzed, the detectors need to be calibrated.
There are three crucial calibration procedures involved with photon experiments: the
Tagger Calibration [86, 87], the Drift Chamber calibration [88], and the time-of-flight
Calibration [89]. The three are intertwined, therefore the entire procedure is iterated.
The quality of the calibration met the standards as required [86, 87, 88, 89]. This
a project for the entire collaboration, and my role focused on the calibration of the

time-of-flight system.

Tagger Calibration

In photon experiments, the time of the beam photon is measured by the tagging
system and then corrected for the phase difference between the tagger and the RF
signal, which is the most accurate timing measurement in CLAS. The calibration
procedures include: determination of the RF time, tagger TDC calibration, the TDC
slope calibration, and the alignment of tagger time and RF time. The alignment
between the tagger and CLAS is completed during the TOF calibrations. Fig. 41
shows that all T-counters are aligned with the RF time, noting that the experiment
triggered on only the first 12 T-counters. Fig. 42 is the overall time difference distri-
bution between the tagger time and the RF time. A Gaussian fit yields a resolution

of 115 ps.

Time-of-flight Calibration

For each TDC, the raw data T is converted into a time, t, using:
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Figure 42: The projection on the y-axis of Fig. 41. The distribution is centered, and fitted with a
Gaussian function. The fitting parameter o shows the resolution of the tagger is 115 ps.
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t= Cco + ClT + ngﬂl2 + tw (15)

where ¢, is an overall offset, ¢; and ¢, are constants, and ¢,, is the time walk correction
due to the pulse height. After these constants are obtained from calibration, the left
and right PMTs need to be aligned. The averaged time of the two PMTs gives the

time for that paddle:

T, + T,
T = fo+ 1R (16)
2
In the case of only one TDC present, say the left, the time is calculated as
T=1,- % (17)
UL

where y is the distance along the paddle to the PMT from the point where the particle
entered the scintillator as determined from tracking.

Once the energy loss is calibrated, particles can be roughly identified from the
energy loss as a function of particle momentum (Fig. 37), where the pions form the
horizontal band. The energy loss of protons increases linearly at low momentum until
they begin penetrating the scintillators, at which point the energy loss follows the
Bethe-Bloch formula. Pions are minimal ionizing particles (MIP). For the most part,
the momentum range and the energy deposition remain roughly constant. This can be
used as an independent particle identification method before the timing is calibrated.
Using the measured momentum, (3, of the pions identified with this method can then
be computed and used to align the TOF paddles with the tagger. The right plot in
Fig. 43 shows the difference between the pion vertex time, which is calculated from
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the time recorded by the TOF scintillator and extrapolated back to the event vertex
using a (3 value obtained as discussed above, and the event vertex time as recorded by
the tagger for all 288 TOF paddles. The overall resolution is about 210 ps. The start
counter was also aligned with the TOF by shifting the time delay between the two
detectors and comparing the vertex time difference between the vertex time recorded
by each of the two (Fig. 43, left). The achieved resolution of start counter is about
490 ps, which is good enough to be used for the selection of photons that come every
2 ns.

Fig. 44 shows the scatter plot of vertex time differences vs the TOF paddle id for
sector 4, of which all 48 paddles are aligned with the tagger, while paddles with id
above 40, corresponding to large angle TOF counters, cannot be calibrated because of
the acceptance. In experiment E01_017, the target was pulled upstream 1m resulting
in the loss of tracking information, particularly in DC region 1, which is needed for the
TOF calibration. However, the event would not be able to be reconstructed anyway
without region 1 tracking information.

After all three detectors: start counter, tagger and time-of-flight system, are
aligned in timing (Fig. 43), the mass of charged particles can be calculated from
their time of flight (Fig. 45). The timing resolution achieved is about 160 ps for

forward paddles and up to 250 ps for large angle paddles.

Drift chamber Calibration
To improve the track reconstruction, the drift chamber calibration is performed

in iterations of running the reconstruction program followed by refitting the detector
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Figure 43: The quality of the Time-of-Flight calibration for experiment E01.017. Left: The
timing difference between the pion vertex time calculated from the Time-of-Flight and the Start
Counter for all paddles. Left: The timing difference between the pion vertex time calculated from
the Time-of-Flight and the tagger, which has already been aligned with the RF time for all paddles.
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Figure 45: Time-of-flight mass for charged particles. The three main peaks are pion, kaon and
proton.

calibration constants. The track reconstruction is completed in two stages. In the
first stage, individual tracks are fit to the hit wire positions. The hists inside the
superlayer are combined into track segments, which are then linked together to form
tracks across all three drift chamber regions. Due to the relatively small size of the
drift cells and large number of wire layers, the track momenta can be reconstructed
with 3 — 5% resoluction [76]. In the second stage, the time-of-flight information is
used to correct the drift times, which are then converted to drift distances to correct
the hit positions and determine the final track parameters.

As discussed in Chapter 2, the drift chambers at CLAS are composed of 6 sectors,
each of which has an identical set of chambers. They are grouped into 3 regions,
each containing 2 superlayers. Each superlayer contains 6 layers of sense wires (with
the exception of superlayer 1 only having 4 layers). When a charged particle goes

through the drift chambers, all 34 layers are hit. Each track has about 30 hits due
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to the inefficiency or holes in the chambers’ fiducial volume. Each hit detected in the
chamber is used to determine the particle’s track via a least squares fit done inside
the CLAS reconstruction program. Two terms are used to describe the distance of a
charged particle track from a sense wire:

DOCA - (Distance Of Closest Approach): The distance from the sense wire to
the track as determined by tracking.

DIST - The predicted distance from the sense wire to the track. This is calculated
from the drift time as well as some other parameters. The drift time is calculated
from the wire’s TDC values accounting for fixed cable delays and event-dependent
delays such as flight time.

The term resitdual is used as the primary means of measuring the resolution of
the drift chambers: RESI = |DOCA| — |DIST).

A method called residual fitter was used to calibrate the drift chambers. It com-

pletes the calibration by minimizing the x? as defined in Eq. 18.

= % (DOCA(t) — [DIST(t, Py, Gang) + (DIST(t, P, @) — DIST(t, Py Qang))] e
ERR(t)

i

(18)

where: p; are the parameters varied in the fit, p,, are the previous parameters,
a = 6,§, and locangle, and O4yg = 5aug,§aug, and locanglesyy. The two DIST
terms in the round brackets of the above equation is a correction to the first DIST
term. This accounts for the difference between evaluating a function at the averages

of its input distributions and averaging over the distribution of a function. Generally,

DIST(t, p, @) # DIST(t, B, Gang)-
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The quality of the calibration is checked by the number of hits per track, and the
average tracking x? as defined in Eq. 18. Fig. 46 shows the fitted residuals vs drift
time distribution. The residual is centered around zero across the whole range of drift
times. On average 30.33 hits per track were achieved, and the average x? value is

1.49, well below the required value of 3.0.
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Figure 46: A sample distribution of the DC residuals (cm) vs drift time (ns).

Particle identification

Charged Particle identification
Once the detectors are calibrated, the particles can be identified from their timing.
In CLAS, charged particles such as pions, protons and kaons are identified by the
time-of-flight mass, which relied heavily on a precise measurement of drift chamber
momentum and flight time from the target to the TOF counters. Fig. 47 is a plot of the
relation between 5 and momentum (P) for all charged particles, which qualitatively
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illustrates the PID in CLAS. Pions, protons and kaons form separate bands defined

by:
p=bm (19)
where
= (20)
N

where | is the path length from the event vertex to the TOF scintillator hit position,
and At is the time of flight. Eq. 21 also gives the TOF mass which is used to identify

different charged particles:

m:\/l—BQ% (21)
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Figure 47: B : P for all charged particles detected by CLAS for a typical high intensity photon
experiment. The crossing bands correspond to particles that are identified with the wrong photons
which were of multiple time bucket away from the correct photons.

Charged particles are then identified in the event reconstruction stage by:
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1. pions: m<0.3 GeV/c?,

2. kaons: 0.35< m < 0.65 GeV/c?,

3. protons: 0.8< m < 1.2 GeV/c?,

4. deuterons: 1.75< m < 2.2 GeV/c?,

However, such standard PID procedure does not address the two following prob-
lems, particularly for kaon identification. First, the TOF resolution deteriorates when
the momentum of the particles increases. This means a simple universal mass cut
of 0.35GeV < m < 0.65GeV for of kaons of all momentum is not enough. Above 2
GeV, kaons and pions become more or less inseparable. Second, the contamination
from particles with wrong RF time buckets. As mentioned before, when running at
a photon flux as high as 5 x 10%/sec as in Run c, there is a high probability that
there are more than one photon that has time close to the event start time (12% of
the time, there are two photons from one beam bucket). During the calibration runs,
when the beam current is only 5 na, the possibility of choosing the wrong photon is
rather low. However, when the beam current increases, out of time photons lead to
a bigger contamination. In Fig. 47 it can seen that pions with +- 2M ns ( M=1, 2,
3...) wrong time bucket fall to the side bands and intersect with the kaon bands. It
is important to note that such out of time photons are a particular concern for kaon
identification because many more pions are being produced than kaons. Protons also
have side bands, which however are less visible. To clean up this background, one
needs select the good events by requiring the vertex time according to the photon

selected for this event to fall within 1 ns around the vertex time obtained by the
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starter counter.

Electron and neutral particle identification

In CLAS, neutral particles include photons and neutrons. Neutrals are called
neutrons if the 8 of such a particle is below 0.9. The 8 cut of 0.9 is applied for
neutron-y separation. For neutrons, the momentum is obtained from the timing
result. However, the neutron momentum has a large uncertainty and therefore it is
usually better to reconstruct the neutron four vector through missing mass technique
if all the other final state particles are charged. The electrons are identified from the
Cerenkov Counter and the EC. They consist of small backgrounds in this analysis,

therefore need not be elaborated on.
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CHAPTER IV

DATA ANALYSIS

Overview

In this chapter, the analysis of the reaction of yp — 7 K~ K*n will be presented.
The data analyzed here are from three data sets:Run a,b and Run c. Of the three
runs, Run a and Run b had identical geometrical acceptance and trigger require-
ments, with Run c having slightly different conditions. Runs a,b and c had a tagged
photon beam in the energy range of 3.2-3.95 GeV, 3-5.25 GeV, and 4.8-5.47 GeV,
respectively. Runs a and b had the hydrogen target in the standard position at the
CLAS center, but in Run c the target was moved upstream by 1 meter to improve
the acceptance in the forward direction, especially for the negative charged particles.
The estimated integrated luminosity for the combined data set of Runs a and b is 2
events/pb, and Run c is 2.7 events/pb. The analysis of the data set of the Run ¢
(Experiment E01.017) will be reviewed in detail, and later it will be combined with
the other two data sets at lower energy to obtain final results. The analysis of Run c
was carried out by me as well as the partial wave analysis (PWA) of the three-body

meson system in the same final state.

Event selection

In the final state n K™ K~n" , all three charged particles were detected by CLAS,

and the neutron is reconstructed from missing mass. Fig. 48 shows the missing mass
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spectrum off of K K~7*. The missing mass peaks at 0.938 GeV with a o of 22 MeV
and is sitting on a background that is estimated to be around 21%. (Depending on
the neutron cut: the background is 25% if this cut is loosened to 30). Most of the
background is believed to be coming from pions that are misidentified as kaons as well
as other reactions that include more final state particles. In CLAS, charged particles
are identified using the time-of-flight mass. Fig. 51 shows the 8 vs momentum scatter
plot for this final state. The kaon band is well separated from the pion band. The
vertex time difference for pions as calulated from the TOF and the TAGGER, shown
in Fig. 52, shows peaks that are 2 ns apart. The highest peak centered around zero
is from the events that have correct photon times, while the other peaks at 2M ns,
with M = 41,42, ..., are from events that have the wrong photon time buckets that
come every 2.004 ns. A cut on the vertex time difference between the start counter
record (sc_vtime) and the tagger vertex time(sc_vtime) to be within 1 ns is imposed
to insure that good photons are identified with the event. In addition to the timing
requirement, the cut on the missing mass to be around neutron mass also provides
addditional kinematic constraint which leads to good kaon identification. The usual
crossing bands into kaons ,which is common when an out-of-time photon is chosen, are
not visible. In fact, even the 8 vs Momentum scatter plot (Fig. 53) for the neutron
side bands (illustrated in Fig. 49) does not show many events that have incorrect
photons.

To test whether the kaons are really kaons instead of misidentified pions, the
missing mass of the three detected charged particles can be calculated by assigning a

pion mass to the two kaons, while retaining the measured momentum. As shown in
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Fig. 50, the hypothetical missing mass off 777" 7~ vs the missing mass off K7t K~

Tn would not be

illustrates the possible background from the reaction yp — 7wtn~7
present once the missing neutron events are selected due to the phase space constraint.
The background under the neutron peak is most likely due to reactions such as yp —
7t K-K*™7m% or yp — mtm~7T7%. It is also worth pointing out that in CLAS, kaon
identification is good up to 2 GeV, and it becomes impossible to separate kaons from
pions when the momentum is above 2 GeV. Since there are two kaons in the final
state, typically at least one kaon would have low momentum which leads to good
particle identification and the other kaon would have a better chance of good particle
identification due to strangeness conservation. Events that are associated with the
#(1020) production are removed by requiring the invariant mass of K*K~ system
to be higher than 1.06 GeV/c? (Fig. 55). Because of the acceptance, this is not a
large background. In Run ¢, the target was moved upstream. The ¢(1020), which is
produced in association with A’s or N*’s with low momentum transfer, retains most
of the beam momentum, about 5 GeV. Therefore it goes straight through the beam
line where the acceptance is very low. In addition, energy loss in the target and start
counter region were taken into account. A beam energy shift of +0.086% was also
applied to correct the neutron missing mass peak to its nominal position.

In Table 3, the general cuts used at the event selection stage are listed. The
first three cuts are applied to insure that the reaction took place in the hydrogen
target. Fig. 54 shows the reconstructed vertex position after the target cut. The
missing mass constraint (around the neutron) effectively eliminates the background

from pions misidentified as kaons.
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Figure 48: Missing mass off of KT K7+
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Figure 49: Missing mass off of K+ K~ n*. The blue shaded region shows the cut for event selection
(20 around the peak), the red side bands are for background study (2-5 o)
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Figure 50: Missing mass squared off of 7t7 7t (by assigning the detected kaons with pion PDG
mass while retaining the measured momentum) vs Missing mass squared off of K+ K ~7t.
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Figure 51: 3 : p for all three charged particles: K+ K7+, while selecting the neutron events.
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Figure 52: Vertex time difference between start counter vertex time and tagger vertex time for
40 na data showing wrong photons causing peaks at 2.004 x M ns, M = £1,+2, ...
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Figure 53: B : p for all three charged particles:K+ K7+, selecting events that fall to the side
bands around the neutron in Fig. 48.

Table 3: Event selection for yp — nK+tK -7t reaction. For the ©F analysis, no [t'(y —
K*TK~n%)| cut or 7T lab angle was imposed, and the data set of 9519 events was analyzed

Selection Criteria Cuts applied | Events Survived
Photon energy E, > 48GeV
Vertex Position (VZ+V)) < dem?
V, within target length
Vertex time |sc_vtime — st_vtime| < 1Ins 57,739
MM*(Kt*K—n%) |  MM(KtK~—7n") —0.9389| <3 x o 11,466
MM*(KTK—n") | [ MM(KTK-7") —0.9389| <2 x o 10,018
M(KTK") > 1.06 GeV/c? 9,519
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Figure 54: The reconstructed vertex position. The edges illustrate the cuts applied for vertex
position.

Background processes for © production

The reaction yp — nKTK 7" is dominated by t-channel meson production
(Fig. 56a)), with considerable background from baryons such as the A(1232) (Fig. 56b)).
To extract any possible ©% signal, the 3-body meson background and the A(1232)/N*
background need to be maximumly reduced. Background from hyperons which decay

to nK* is considered to be small largely due to the energy of this experiment.

Three-body meson background
As stated previously, the reaction yp — nKTK~n" has a dominant 3-body
mesonic background resulting from mesons being produced through t-channel pro-

cess at the meson vertex (Fig. 56a)) and then sequentially decaying to KTK*° or
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Figure 55: Invariant mass spectrum of (KK ~) system showing the ¢(1020) signal.
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Figure 56: Feynman diagrams for the background in ©% photo-production through vp —
nKTK—n" reaction off a proton target. a) a meson Xt being produced at top vertex with se-
quential decay to either K+ K*® or (K*K~)7%, b) a A or N* being produced at the baryon vertex
decaying to nzt.

i,
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(K~K*)r*. The invariant mass spectrum of K~7* has a prominent signal of K*°
(Fig. 57) which peaks at 895.5 MeV/c? (PDG value for K** is 896.1 MeV), while
most of the K** are presumably coming from a meson decay. Possible mesons that

can decay to (KKn)* are listed in Table 4.
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Figure 57: Invariant mass spectrum of K=zt system, with no |t/(y - KTK~n")]| cut

Table 4: Possible Decay Modes for Xt — (K K71), where L is the orbital angular momentum of
the decay

I¢ | gre X Decay Mode | L of decay
T[T | p(1700) | K- (3892)K 1
T [2 7 [ #(1670) | K*(892)K 1
=27 | #(1670) | f(1270)7 2
1T [0 " | 7(1800) | K*(892)K 1
1107 [ m(1800) | K (892)K 1
1= 107 | m(1800) | fo(980)7 0
17 3 | p(1690) | a2(1320)7 3
17 3 | p(1690) | K Q92K 3

To search for the ©F, the biggest challenge is to suppress the meson background
that dominates the data. The scatter plot (Fig. 58, left) of M(K~7n*) vs M(KTK~n™)
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shows that meson production and a (K ~7") effective mass around the K*°(892) region
are correlated. The lower peak around 1.7 GeV/c? should be due to the production of
m3(1670), p3(1690), or p(1700), while the higher peak around 1.9 GeV/c? corresponds
possibly to the 75(1800), or 7(1800) production. This background can be suppressed
by using a kinematic constraint. As shown nn Fig. 59, the mesons that decay to
K*TK~n" are mostly correlated to K going forward in the center-of-mass system.
Also shown in Fig. 60, it is possible to suppress the 3-body mesonic background by

removing K’s which are forward in the center-of-mass (CM) frame .
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Figure 58: Left: Scatter plot of M(K~n%) vs M(KTK~n"), both plots has a cut on [t'| < 0.6
(GeV/c?)2. Right: KTK~nt Mass spectra with K*(892) cut (Red, using |M (K ~7t) — 0.895| <
2% 0.031 GeV/c?) and without (Blue)

Other baryon background
In the reaction yp — 7t K~ K*n, a baryon resonance such as the A(1232) or other

N*’s can be produced in pairs with a meson system decaying into Kt K~ (Fig. 56b).

!The center-of-mass frame is defined as the rest frame of the beam-target system. The z axis is
defined by the photon beam direction.
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Figure 60: Blue: (K*K~7t) invariant mass spectrum, selecting backward going K+ in the CM
system with cos(6%,) < 0.6. Red: (KK ~7") invariant mass spectrum, selecting backward going
K* in the CM system with cos(6}.,) < 0. Both required [¢'| < 0.6 (GeV/c?)? events (see chapter 5
for the definition of t’).
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In such processes, the 7+, a decay product of the baryon resonance, is expected to
have a large possibility to have enough momentum kick to go backward in the CM
system. This is confirmed by Fig. 61, which shows a clear A(1232) peak in the nzx™
invariant mass spectrum when the 7’s going in the backward direction in the CM
system (cos(6%+) < 0) are selected. Other possible baryon resonances ,such as the
N*(1650), are also visible. There is no easy way to clearly eliminate such backgrounds.
However, as will be discussed in the following section, it can be greatly reduced when
a 7t forward in the CM system is required when the possibility of producing ©% as

a decay product of a heavier nucleon is probed.
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Figure 61: Blue: (n7t) invariant mass spectrum, without cuts on 7+ angle. Red: (n7*) invariant
mass spectrum, selecting backward going 7" in the CM system with cos(6%,) < 0.

Probing different ©1 production mechanisms

As previously discussed in Chapter 1, there are a number of ways to produce

the ©F off of a proton target in photon experiments. In particular, the reaction
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of yp — 7t K~ K™'n can contribute to ©F production in two ways, as discussed in

Chapter 1.

Producing the ©7 in correlation with K*°

It has been argued that the ©T can be produced off a proton target in a photon
experiment in association with a K** (Fig. 17) [64]. One can check this by selecting
K** events and looking at the nK* invariant mass spectrum as shown in the left
plot of Fig. 62. There is no clear signal at all. The right plot in Fig. 62 is the
nK* invariant mass spectrum for non-K*? events. Of course, as seen in Fig. 58, the
K*Y is presumably associated with 3-body meson production. This background can
be reduced by selecting the K+ backward in the CM frame. The result is show in
Fig. 63. There is no clear signal of possible © production in the region where the

state has been reported [50, 51, 55, 54] when K*0 is required.
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Figure 62: Left: (nK™') invariant mass spectrum, selecting K** events (0.837GeV/c> <
((K=7%)) <0.957GeV/c?). Red: (nK) invariant mass spectrum, selecting non-K*? events.
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Figure 63: Left: (nK7) invariant mass spectrum, selecting backward going K+ in the CM system
with cos(f}..) < 0.6. Right: (nK™) invariant mass spectrum, selecting backward going K™ in the
CM system with cos(6}) < 0. Both selected events around the K*° peak.

Producing ©F through an intermediate resonance

The other possible way to produce the ©T is through an intermediate resonance
as discussed in Chapter 1 and Ref. [70]. As shown in the Feynman diagram (Fig. 25),
it is possible to produce a ©" through the decay of an intermediate resonance such
as the A or an N* into a ©" and a K, with a 77 at the meson vertex. The
signature of such a process would be low momentum transfer between the beam and
the pion, which will presumably travel forward near the beam direction. This process
is investigated by selecting pions forward in the CM system, requiring cos(6*,) > 0.8,
which corresponds to low momentum transferr from the beam to the pion (roughly
[t'(y — 7t)| < 0.3 GeV?/c*). In Fig. 64, a narrow signal in the mass region around
1.55 GeV/c? is evident in both plots which require also a K backward in the CM
system.

While removing events with a kaon forward in the CM system can suppress the
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3-body meson background, the additional background from A and N* produced in
association with the production of mesons decaying to K+ K~ is reduced when a con-
straint on the 71 angle in the CM system is applied. This can be seen in Fig.65.
The signal for A(1232) and other possible N* resonances almost completely disap-
pears once a forward going 7" is required. This should be no surprise since a 7+
coming from a A(1232) or N*’s decays most likely in the backward direction in the

CM system.

N 24: K
O 22F (&)
-~ [ =
> o0f >
[} E )
S 1sf =
— [ S—
O 16f o
N o N

14 =

o %
) E
c % CIC.)
o E
S 10E S
Ll sf Ll

6

aF

2F

G-.|.|.|.|.|.|.|.|.H.H .ijﬂﬁﬂ
1.4 1516 1.7 1.8 1.9 2 212223 24 14151617 1.819 2 21222324

+ 2 2
M(n k )/(GeV/c") M(n k+)/(GeV/C )
Figure 64: Left: (nK™") invariant mass spectrum, selecting backward going K in the CM system
with cos(6%,.) < 0.6. Right: (nK™) invariant mass spectrum, selecting backward going Kt in
the CM system with cos(6%.) < 0. Both have events with forward going n* in the CM system:
cos(0%,) > 0.8
The fact that the angular cuts applied enhanced the O signal suggests the pos-
sible production of an N* or A* that decays to a © and a K. This can be readily
checked by looking at the invariant mass spectrum of the nK ™K~ for the events

near the possible narrow resonance seen in Fig. 64. A mass enhancement around 2.4

GeV/c? in the nK™ K~ invariant mass spectrum (Fig. 66) can be observed when the
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Figure 65: Black: (nnt) invariant mass spectrum, without cuts on 7+ angle or K+ angle. Red:
(nmt) invariant mass spectrum, selecting forward going 7% in the CM system with cos(6*,) > 0.8.
Blue:(n7™) invariant mass spectrum, selecting forward going 7+ in the CM system with cos(6*,) >
0.8 and cos(65.+) <0

possible ©F events(1.52 < M(nK™) < 1.6 GeV/c?) are selected. However, the signal
is small and a definite statement cannot be made. The relation between the possi-
ble ©* signal with a possible heavy nucleon can be checked by cutting around 2.4
GeV/c? and plotting the corresponding nK ™ invariant mass spectrum. The results
as shown in Fig. 67 is suggestive of such a correlation. However, a definite conclusion
is prevented by the limit of statistics.

The peak around 1.55 GeV/c? is robust when the cuts are varied. For example,
after relaxing the 7% CM system angle cut from cosf’, > 0.8 to cosf, > 0.5, or
replacing it with a [t'(y — 7)| < 1GeV/c? cut, the peak remains. Furthermore,
when the method of calculating the nK™ invariant mass is changed from using the
missing mass of the K~7" system to using the constrained neutron four vector with

its mass set to the nominal value of 0.9396 GeV/c? and its three momentum measured
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from the missing momentum, the peak also did not disappear. However, the peak did
become slightly wider (Fig. 69), which could be a result of the shifted neutron mass for
those events that passed the kinematic constraint. In Fig. 48, the fitted missing mass
peak is within 1 MeV to the nominal value of neutron mass in PDG(0.9396 GeV /c?).
However, the peak shifts about 4 MeV /c? higher (Fig. 70) for those events that survive
the angular cuts used to extract the ©7 signal. For this reason, the neutron mass is
not used to constrain the neutron four vector to calculate the invariant mass of the
nK™* system. Instead, the missing mass technique is used, i.e., the invariant mass of
the nK™ system is equal to the missing mass off the K~ 7" system in the reaction of

v — K 7t X.

Side band study

The side band events, shown in Fig. 49 with the missing mass of the Kt K7
system between 2 to 5 o (0 = 19 MeV/c? is obtained from the Gaussian fit), are
selected to study the corresponding n K™ invariant mass distribution. The results are
shown in Fig. 71 and can be compared with Fig. 64. There is no narrow resonance
signal that can be seen in the nK™ invariant mass spectra when same angular cuts
are applied to these neutron side band events. The distribution for these events peak
around 1.8 GeV/c?, which is similar to what was observed in Fig. 64 away from
the possible peak. As shown in the right plot of Fig. 72, the nK™* invariant mass
distribution peak around 1.55 GeV/c? becomes more prominent after the side band
events are subtracted.

The background from pions misidentified as kaons can be further examined by
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Figure 68: The nK™ invariant mass spectrum calculated using the missing mass of
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constraining the Kt to be a 7 using the detected 3-momentum, and calculate the
invariant mass spectrum of the neutron and this pion. The result is shown in Fig. 73.
The invariant mass of neutron and this hypothetical pion peaks around 1.4 GeV,
which should be a pure result of kinematics. The CM angle cut on this particle does

not change the mass spectrum. (Note that 3(1385) decays to X(1189)7, not nwt.)

Combining with the other two data sets

The condictions of Run a, b, and c are close enough that to increase statistics
the data can be safely added together. Here the combined analysis of all three data
sets, covering a photon beam energy range of 3-5.47 GeV, will be presented. Just as
in Run c, the neutron is identified using the missing mass technique in the reaction
vp — 7T K~ K1X. Since the torus magnetic current was reduced to half maximum in

Run ¢, the momentum resolution is in turn degraded. As seen in Table 5 and Fig. 74,
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Figure 73: (nn) invariant mass spectrum for those events that pass the angular cuts:cos(8}.,) < 0
and cos(0*,) > 0.8, the =t four vector is obtained by using the measured K* three momentum and
compute the energy using E? = m2, + Pp,. The blue shaded histogram are for those events under
the possible ©F peak around 1.55 GeV/c?(1.52 < M(nK*) < 1.6GeV/c?.

both Run a and b have a neutron mass resolution around 10 MeV /c? while Run ¢ has
a resolution of about 20 MeV/c?; therefore, an individual neutron selection criteria
was applied for each running period as the events with [mm(KtK~7%) — M,| < 20

are selected. The value of o for the neutron missing mass peak is listed in Table 5.

Table 5: Neutron missing mass in the reaction yp — 7" K- K+tX

| Run period | Neutron mass | Resolution (0) | Mnissing — My |

gba 942.3 MeV 9.6 MeV 2.7 MeV
g6b 942.7 MeV 11.4 MeV 3.1 MeV
gbe 938.9 MeV 19.0 MeV -0.7 MeV

Angular cuts
The same angular cuts in the center of mass system as used in the analysis of
the Run c data set were applied to the other two data sets to extract the signal and
suppress the background. The limits of the angular cuts are varied to see their effect
on the nK* invariant mass distribution . Fig. 75 shows the dependence on the 7% CM
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angular cuts of the n K™ invariant mass distribution for the reaction yp — 7" K~ K™n
for the combined statistics of all three data sets. The signal becomes more significant
when the value of the lower limit of cosf* is increased until the low acceptance in the
most forward region of the CLAS spectrometer limits the statistics.

Also the nK™ invariant mass spectra for the three data sets using different tech-
niques is compared. The missing mass technique proved to be more or less equivalent
to the invariant mass technique. It is important to note again that the neutron peaks
in Run a and Run b are both shifted about 3 MeV/c? to the higher end, while the
same is also true for the Run c events that passed the angular cuts. Ideally, a kine-
matic fitting can improve all the final particles’ four vectors by using energy and
momentum conservation. However, the lack of knowledge of the error matrix of the
detector made it unrealistic to pursue this approach. Therefore the missing mass

technique was used to extract the parameters of the possible S = 1 baryon resonance.

Comparison of data and simulation

The Run c data has a dominant background from meson production that decays
to KT K~m". Therefore, the simulation that is used here was generated using phase
space with a ¢ slope of 3 (GeV/c?)? from the beam to the K™K 7" system to match
the distribution of the data. The experimental setup is different in Run a and b, where
the target was in the center of CLAS. The Monte Carlo events for Run a and Run b
were generated using nK+K*® 3-body phase space and nKtK*7rT 4-body phase
space. The final set of accepted simulated events are a mixture of these events and

then weighted toward the data according to the Kt K 7t effective mass spectrum.
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Figure 76: The left panels are the nK ™ invariant mass spectra calculated with missing
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The same angular cuts on the simulated events are applied as for the data and found
that such cuts do not generate a peak around 1.55 GeV in the nK™ invariant mass
spectrum (Fig. 79), nor does it generate a peak at 2.43 GeV in the nK+ K~ invariant
mass spectrum when selecting the events around the ©F mass.

For more detailed comparison, Fig. 77 shows a comparison between the data and
the simulation of the nK™ invariant mass distributions for the different data sets.
Fig. 78 shows the comparison between the data and the simulation of the nK+ K~
invariant mass distributions for different data sets.

However, the phase space simulation does not describe the background well. Of
course, this is not surprising as we know pure phase space really cannot sufficiently
describe the physics background. The important conclusion that one can draw is
that angular cuts do not generate narrow peaks in the simulation such as what was
observed in the data. Ideally, assuming the background is dominated by meson pro-
duction where a meson decays to K™ K~7", the best way to estimate the background
is to perform a partial wave analysis on the KT K 7" system. This will give a much
better description for the background than the naive phase space simulation. The cor-
responding study is included in the following chapter where the partial wave analysis

technique is described in detail.

Discussion of the possible production mechanism for ©* off a proton target

As demonstrated before, selecting K*° events does not enable us to see any signal
around the ©F region such has been previously reported. The data does seem to

suggest the possible production of ©% as a decay product of a heavy nucleon around
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Figure 77: The left panels is the nK™ invariant mass spectra calculated with the
missing mass technique. The right panels are the simulated events of corresponding
data sets. The simulation was normalized toward the total event number outside the
©7 peak. Angle cuts applied for all the plots are cosf, > 0.8 and cosfy+ < 0.6.
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Figure 79: The left plot is the nK™ invariant mass spectrum calculated with missing
mass technique. The right plot is nK* K~ invariant mass spectrum calculated with
missing mass technique. The black solid lines are data from all three data sets and
the red dashed lines are simulation. The simulation was normalized toward the total
event number outside the © peak and the N*/A* peak. Angle cuts applied for all
the plots are cosf’, > 0.8 and cosfj, < 0.6.

2.43 GeV/c?. All three data sets covering different photon energy ranges, have the
same mass enhancement in both the n K™ invariant mass spectrum at 1.55 GeV /c? as
well as a mass enhancement in the nK+ K~ invariant mass spectrum at 2.4 GeV/c?.
Whether the ©7 is produced with a K*° or not can be further investigated by checking
the correlation of the signal with the K*0. As demonstrated in Fig. 81, the © signal
is clearly associated with the non-K*° events, while the nK* invariant mass spectrum
looks very much like the background, which peaks around 1.8 GeV/c?. This is what
one would expect if the ©* is not produced in association with the K*°. The small
excess of events around 1.55 GeV/c? in the top plot of Fig. 81 should be due to the
non-K*? events that fall under the K*° peak. One may wonder why the ©% is not

observed in association with a K*°, for which the cross section has been calculated [64].
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One possible explanation is offered by Reference [67]. As discussed in Chapter 1, the
t-channel production of the ©F such as the process shown the Fig. 17, would be
forbidden if the ©* has isospin 2. The isotensor ©, on the other hand, can be
a decay product of a heavy nucleon. For those events that fall near 1.55 GeV in
the nK™ invariant mass spectrum, the |¢'| distribution (Fig. 82) has an exponential
shape, with ¢ = t — t,,,;,, and ¢ being the momentum transferred from the photon
to the forward #+. The hole at the very low end is a result of the small opening
of the CLAS detector along the beam line. The small slope of the |¢/| distribution
may indicate some other exchange particles than the pion, which might explain the
absence of such an N* or A* resonance in the pr elastic scattering experiments.
Although the excess of events in the nK* K~ invariant mass spectra in all three
data sets seems to be suggestive of a heavy nucleon state which decays into a ©* and
a K, the lack of statistics makes it difficult to make further conclusions on the exact

nature of the production mechanism of the ©%.

Extracting the parameters of the ©F

The final nK™ effective mass distribution (Fig. 83) for the combined three data
sets was fitted by the sum of a Gaussian function and a background function obtained
from the simulation as discussed previously. The fit parameters are: Ng+ = 41 + 10,
M = 15554+ 1 MeV/c?, and T' = 26 + 7 MeV/c? (FWHM), where the errors are
statistical. The systematic mass scale uncertainty is estimated to be +10 MeV /c?.
This uncertainty is larger than our previously reported uncertainty [51] because of the

different energy range and running conditions, and is mainly due to the momentum
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Figure 80: The K 7 invariant mass spectrum for those events shown in Fig. 83.
Angle cuts applied for all the plots are cosf?, > 0.8 and cosf}. < 0.6.

calibration of the CLAS detector and the photon beam energy calibration. The
statistical significance for the fit in Fig. 83 over a 40 MeV /c? mass window is calculated
as Np/v/Np, where Np is the number of counts in the background fit under the peak
and Np is the number of counts in the peak. The significance is estimated to be
7.8 &+ 1.0 0. The uncertainty of 1.0 o is due to the different background functions
that have been tried. When a simple polynomial background is used, the statistical
significance is higher. Here the background function obtained from the simulation
as discussed above is used. The peak position is sensitive to the choice of binning
and the kinematic cuts used to extract the signal, which gives an uncertainty around
7 MeV?. In conclusion, the possible ©F mass is 155547410 MeV /c? with a statistical

significance of 7.8 £ 1.0 o.
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CHAPTER V

PARTIAL WAVE ANALYSIS FORMALISM

In the case of a low statistics signal, it is always a worry that some particular back-
ground combination may cause artificial peaks. In the reaction yp — 7" K~ K*(n),
the dominant background is the production of mesons which sequentially decay to
K*OK* or (KTK~)7t, as well as the production of A’s or N*’s which decay to nw* in
association with mesons decaying to K+ K~. As discussed in the previous chapter, the
kinematic cuts that were applied significantly suppressed these backgrounds, particu-
larly the latter. However, one cannot rule out the possibility of some unusual angular
combination of meson waves which could generate the ©" peak that was observed.
In this chapter, the procedure of partial wave analysis (PWA) to accurately describe
the meson background in the ©F production from the reaction of yp — 7 K~ K*(n)

will be described.

The formalism of PWA

Partial Wave Analysis is a technique used in hadron spectroscopy to extract in-
formation about the spin-parity and decay properties of those resonances that decay
to the observed final state particles. It is also a powerful tool to give an almost
model-independent, description of meson backgrounds existing in the production of
the ©F. The PWA method used in this thesis is developed from the BNL Partial

Wave Analysis Programs by Cummings and Weygand [90, 91]. It is based on the
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isobar model ! for describing the production and decay of resonances [92]. The idea
of PWA is to parameterize the intensity distribution in terms of variables that have
physical meaning when interpreted as properties of intermediate states in a particular
hadronic reaction. The formalism here is based on the work by Chung [93] and Chung

and Trueman [94].

The intensity distribution decomposition

The differential cross section for the reaction shown in Fig. 84 can be written as:

do
dtdWdr

oc [M|*pg (22)
where t = (p; —p3)? is the usual Mandelstam variable. p; and ps; denote the momenta
of the photon and X, W is the mass of X, p is the momentum of the isobar in the

X rest frame (XRF), and ¢ is the momentum of one of the decay products (i.e., the

analyzer) of the isobar in its helicity frame (IRF).

T={Q, U, w} (23)

denotes the kinematic variables that configure the final state. = (6, ¢) are the
polar and azimuthal angles of the isobar in the X rest frame (XRF), 2, = (65, ¢p)
are the angles for one of the isobar decay products in the isobar rest frame (IRF),
and w is the mass of the isobar. In this analysis, the Gottfried-Jackson (GJ) frame,
which is the rest frame of the resonance X* that decays to K™K~ 7™, is chosen as
the reference framewith the z axis along the beam direction and the y axis normal to

the production plane.

!The isobar model regards the n-body final state as the result of a series of sequential decays
(usually two body) through intermediate states know as the isobars.
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The invariant amplitude M is a matrix element of the transition operator, Tﬁ,

which transforms the initial state |i) into the final state |f),

M = (f[T}ili) (24)
The isobar model assumes that ’fﬁ is a product of a production operator T, and a
decay operator T.ni so that the transition amplitude maybe be written as:

M = 3 f [Tl m) (m| T i) (25)

m
where |m) represents a set of basis states with properties obeying the conservation
laws in strong interaction . Therefore, the intensity distribution is a sum of amplitudes

squared appropriately to account for interference:

I(r) =>_{l Xﬂ:%ﬂ(ﬂf} (26)

can now be written as

I(r) =>4l 2,3: VasAap(7) "} (27)

The subscripts a and 3 are the parameters that describe the partial wave decom-
position. « specifies properties of the intermediate states that do not interfere, such
as the spin states of the incoming or outgoing particles with 3 represents properties
that do interfere, such as the spin states of broad resonances produced as intermediate
states in a sequential decay.

The amplitudes can be written either in the helicity basis or the reflectivity ba-
sis [94]. In this analysis, the latter was chosen. In the reflectivity basis, the sum
over amplitudes splits into non-interfering sets of fully interfering amplitudes, or
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a = {¢, k}, as parity conservation in the production precess is imposed in a canonical
way. Both the production and decay amplitudes depend on ¢, while the decay ampli-
tude does not depend on k, which denotes the spin configuration of the amplitudes.

The intensity distribution then becomes

I(r) =3 Al Xﬂ: VisAs (M} (28)

The decay amplitudes A5(7) can be calculated for each event. It can be factored into
two functions, separating the dependence on the isobar mass w and momentum from

that of the angles,

AG(r) = By (Qes, ) QL (w) (29)

The functions E7}* form a complete orthonormal set spanning the space of the

four angles Qg and €:

A

where m = /2m + 1, (L0sA|J\) are Clebsch-Gordan coefficients and Dj,d5, are
the usual D(d) functions (for example, see Rose [96]), with L, s, J being the orbital
angular momentum between the isobar and the bachelor particle, spin of the isobar
and total spin of the resonance, respectively. A is the helicity of the isobar and is
summed over —s to s.

The mass and momentum dependence is given by:

Qs (w) = Fr(p) Fs(q) Ay (w) (31)
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where the functions F' are the Blatt-Weisskopf centrifugal-barrier factors as given by

Von Hippel and Quigg [97],

Fy(p) =1

Fi(p) = \/z

R =\ e @)

where z = (p/p,)? and p, = 0.1973 GeV/c? corresponds to a radius of 1 fm.

The mass dependence for the isobar is contained in A, (w) which has the standard

Breit-Wigner form for the isobar v,

Ay(w) = (33)

with

wo ¢ FZ(q)
[ e
w qo Ff(CIo)

I (w) =

(34)

where wy and I'g are the mass and width of the isobar and ¢y = ¢(wy) so that I', = I’y
and A, (wg) = 1. Note that the w dependence of the width is assumed to be given by
the two-body phase-space factor ¢/w with the decay amplitude given by Fi(q). More
detailed information on the decay amplitude calculation can be found in reference [93].

The production amplitude Vi, is unknown. By varying the value of Vi, the
predicted intensity distribution above is matched as closely as possible by the observed
intensity as a function of all kinematic variables. This is done through an extended

maximum likelihood fit, which will be described in the following subsection.
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m3

Figure 84: Diagram representing the amplitude 1o5(7). The intermediate state X is produced by
the exchange of a Reggion R, between the photon beam and the nucleon target.

The Extended Maximum Likelihood Fit

The likelihood function is defined as a product of probabilities:

_ (7:)
]H[” ()] (35)

"
]

where I(7;) is the intensity distribution as seen in Eq. 27, “ye™" is the Poisson prob-
ability of observing n events. The integral function [ I(7)n(7)dr contains the accep-
tance, n(7), and is referred to as the accepted normalization integral.

The function which is actually maximized in the likelihood fit is

ln£ Z[ln Z Vk‘ﬂ k/B/Ae TIL) IBI TZ]—TL[ Z Vkﬂ k,@’ ,Bﬂ’] (36)
% k.e,8,6' ke,8,8'

The first sum is over data events, where the term being summed over is simply the
intensity I(7;) for each event. The second term contains the accepted normaliza-
tion integrals g where the superscript x means accepted. This integral is readily
evaluated numerically by a Monte-Carlo (MC) method.
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1 M

Vi = iR ZA§(Tz')A§7 (73) (37)

The sum is performed over a simulated Monte-Carlo data set of M, events.

Monte Carlo Simulation

The Monte Carlo (MC) events were generated using a phase space generator
(ppgen). The raw Monte Carlo events were put through a GEANT-based detec-
tor simulation of CLAS called GSIM. To match the MC distributions with the data,
as well as to reduce computing time, the MC events were generated with an exponen-
tial ¢+ dependence of the K™K 7t system. The slope used was b = 3.0 (GeV/c?) 2
to match the data. Events were generated in 20 MeV/c? K* K7 mass bins with
400,00 events per bin. The fits were performed in 80 MeV/c? K™K~ 7" mass bins

due to the low statistics.

Partial Wave parameterization

a = {JPM¢Lisobar} is used to denote the partial waves describing the decay of

a resonance into KK 7t final state, with

J: total spin of resonance R

P: parity of R

e M: spin projection along the beam axis

e: reflectivity of R

107



e isobar: isobar used to describe the sequential decay of R

e L: orbital angular momentum between the isobar and the bachelor particle (K

or 7).

As discussed in Appendix A, the KT K 7" system is not an eigenstate of G-parity
or C-parity. Therefore, the partial wave analysis of the 3-body meson system will only
determine its spin and parity, the isospin being 1 because the system is charged.

The total spin, J, can be determined following the angular momentum addition

rules, knowing the spin of the isobar and bachelor particles,

j: *I—;sobar + *I—;Jachelor + I—: (38)

The parity, P, can be determined by

P = ljisobar : Pbachelo'r : (_)L (39)

The data shows a strong K*° resonance (Fig. 57) correlated with the meson produc-
tion. Experimentally it has been established that the m5(1670) decays to fo(1275)7
as well as KK*; therefore the K*0(892), the f,(1275), and the K*°(1430) are in-
cluded as isobars. Both positive and negative reflectivities are allowed. Note that the
production amplitudes can be different for different reflectivities.

Ideally, an infinite number of partial waves should be included in order to perform
a complete analysis. However, due to the limited statistics, combined with educated
assumptions, the value of orbital angular momentum, L, is limited to the lowest
allowed values. The centrifugal barrier raised by high L, and the limited phase space
would suppress higher L’s. The value of J is also limited to less than 4, since one
does not expect to see mesons with high spin in the 1 — 2 GeV/c? region [98].
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The PWA results

Additional cuts for PWA
In addition to the cuts used for the event selection listed in Table 3, two PWA-only
related cuts are applied as listed in Table 6. The first is the ¢’ cut on the momentum
transferred to the K™ K~n" system. The second cut attempts to reduce the A(1232)
background.

The four momentum transfer, |t'|, is defined as [99]

' =t — tmin (40)

where

= (P#Lrget - P#zcoil)z (41)

and t,,;, is the value of t when the scattering angle is 0. In the reaction of vyp — Rp,

R — KtK~7t, tyn is given by:

tmin = WIQ{ - QEWER + 2p'pr (42)

where W is the KT K 7" mass. In the peripheral meson production, the #-dependence

generally has the form [99]:

d ,
d_;’, = A"l (43)

Fig. 85 shows the ¢'(y — (K"K~ x")) distribution with the shaded region showing

the events selected for the PWA.
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Chi2 / ndf =19.94 /15

400

Constant = 6.017 *= 0.02768

Slope =-1.364 + 0.05654

t'(y— KK 1)/(GeV/c?)?

Figure 85: The distribution of ¢/ (y — K+K~nt). The red shaded region are the selected events
for partial wave analysis with ¢’ < 0.6 (GeV/c?)2. This plot requires §2¢° < 30°.

A A(1232) or N* can be produced through a t-channel process at the baryon
vertex as illustrated in Fig. 56 b. A(1232)’s are found to be correlated with 7*’s
that have large polar angles in the laboratory frame. By eliminating those pions, the
baryon background from the A(1232) can be reduced (Fig. 86).

Table 6: Event selection for the PWA of the KT K7t meson system in the reaction of yp —
nK+K 7" in addition to the cuts illustrated in Table 3

Selection Criteria Cuts applied | Events Survived

7 Lab angle Oras(mh) < 30° 6,277

Momentum transferred | t'(y — KTK—7") < 0.6(GeV/c?)? 3,136
Wave set

As discussed previously, in principle, an infinite set of partial waves are needed to

form a complete basis. However, the statistics is low with only 3K events. A fairly
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Figure 86: The effect of cutting out pions with large laboratory angles: nw™ invariant mass spectra
with and without 6r,45(7") > 30° cut Blue: without angle cut Red: Orq5(7t) > 30°

large set of partial waves was used at the beginning and the smaller waves that had
low intensity and large error bars were dropped. Waves that distort the agreement
between the data and the fit predicted distributions are also dropped. The goal is to
obtain a minimal set of partial waves that can describe the data.

An isotropic background wave was generated as well by assigning a real constant to
each event as the background amplitude, assuming that it does not interfere with the
foreground meson waves. Table 7 lists the foreground partial waves used in the final
fit. The choice of waves are based on both the knowledge of established resonances

from previous experiments and theoretical predictions. A total of 22 waves are used

in the final fit.
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Table 7: Foreground Partial Waves used in the final PWA fit. The wave is identified by JXM¢L

and Isobars
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Checking the PWA fit quality

The quality of the fits are checked by comparing the various distributions of the
data with the prediction of the fits. As shown in Eq. 27, the production amplitudes,
Vi, are determined by the fits. Eq. 27 is then used as a weighting function to give
each accepted MC event a weight, and the events are propriately normalized. These
weighted events are then used as a set of events, which may be used to describe the
data, to plot various angular and invariant mass distributions called “fit predicted
distributions”. The agreement between the fit predicted distributions and the real
data distributions should tell us the goodness of the fit.

Fig. 87 shows the comparison of angular distributions of K and 7% in the G-
J frame, and Fig. 88 shows comparisons of various invariant mass spectra. The
comparison of the angular distributions of the K and the 7" in the center-of-mass
frame is shown in Fig. 89. The shape of the ¢ angle distribution in the G-J frame
for the K™ and the 7 were generated by the CLAS acceptance. As we can see,
most plots shows excellent agreement between the data and the prediction. The
biggest discrepancy comes in the n7t invariant mass spectrum (Fig. 88, bottom left).
This is an indication that there is still some baryon background from A production in
association with the K+ K~ system, and only an isotropic non-interfering background
wave was used for the fit. Overall, the quality of the fit is good and the set of weighted

accepted MC events describe the data very well.

113



sl 250F =
[ A L A f,.. * |
[ ‘ r & I L
200k $+$+ X $% A 200[- . + I $$$+
: 4 4'LRe] : | .
1503_ ‘.¢. ] * é i 150:_ é A ¢ .
i Yy b1 i f' A
100:— -‘$‘A‘ ? 100 él A*
: .¢X 4 i I
aof 3 | ae O ‘
M Okafé | | | | | | | |
01 08060402 0 02040608 1 1 08060402 0 02040608 1
Cos(8%?) Cos(6%)

0—1 -0.8 -06 -04 -02 -0 02 04 06 08 1 0—1 -08 -06 -04 -02 -0 02 04 06 08 1

Cos((plff) Cos((pf[f)

Figure 87: PWA prediction of the G-J angle for K+ and 7t compared with data. Red triangle
marker is the real data, while blue circles are the prediction of the PWA results. The error bars are
only statistical. Top panels are K™ G-J angles, and bottom panels are 7+ G-J angles.
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Intensity distributions

The partial wave intensities are shown in Fig. 90. The bottom left plot shows
the sum of all foreground waves. Two peaks are clearly seen around 1720 MeV /c?
and 1880 MeV/c?, respectively. A peak is clearly seen around 1640 MeV/c? in
the J¥ = 2~ intensities in both KTK*® and f,(1270)7" waves. This is probably
the production of the m5(1670) which is known to decay to both the K K* and the
f2(1270)7. However, the J¥ = 2= K+ K*0 intensity also shows enhancement around
1880 MeV/c?. Evidence of a higher mass 2~ state has been reported by several
experiments [95, 100, 101, 102, 103]. It is important to note that, experimentally,
the m(1670) couples most strongly to fo(1275)7 (~ 56%), with weaker couplings
to K*K(~ 4.2%). Since the f>(1275) has a branching ratio of about 5% decay-
ing into KK, the two channels of m,(1670) decaying into K* K~ 7+ via K*K** and
f2(1275)7 should be comparable (& 3 : 2). This is consistent with what was seen in
the 1700 MeV/c? region in the 2~ intensities. On the other hand, the other possible
2~ state, the m,(1800), is predicted to have a farily large branching ratio decaying
into KTK 7t via K*K(~ 13% as opposed to only 1% via f5(1275)7 decaying into
K*K~—7" [108]. Table 8 lists the partial widths of the 1D excitation and hybrid
m,(1800) states using the 3P, model [104, 105, 106, 107]. If the 2~ intensity enhance-
ment around 1880 MeV/c? is identified with the m,(1800) state, it is most likely a
radial excitation of the m2(1670), even though the mass is relatiely low, instead of a
hybrid meson.

The other strong foreground wave is the J” = 17 wave around 1700 MeV /c?. This

could be identified with the 1717 %a;(1640) which still needs confirmation. Reference
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Table 8: Partial widths of 1D and hybrid m3(1800) states from Reference [108].
prm | wp | prT | by | forr | fim | for | K*K | total
To1p)(1800) | 162 | 69 0 0 1 5 86 49 372

oy (1800) | 8 0 ) 15 1 0 a0 1 30

[100] did not see any resonant activity in the partial wave analysis of K™K 7" system
produced by a pion beam, although some enhancement was seen around 1700 MeV /c?
in the 17 wave intensity. However, it is important to note that they only used 1T P
and S wave in their analysis. The VES collaboration reported a possible 177 state
at the same mass region in the 7~ 7~ 7" partial wave analysis [109]. In the same
experiment this thesis is based on, a possible 17+ was also observed around the same
mass region [110]. For M = 0 partial waves, only one reflectvity exists.

The spin projection along the beam axis, M, is limited by M < 3, assuming that
in peripheral meson photo-production the helicity change at the baryon vertex does
not lead to M > 2 for the meson resonances.

The J¥ = 0K+ K*" intensity distribution does not have a lot of strength. Ref-
erence [109] also did not observe the decay of 7(1800) into K+ K*°. It is interesting
to point out that the possible hybrid state 7(1800) was predicted to have a lower
branching ratio decaying into K+ K*? than the ¢g 7(1800). The 0~ K+ K*°(1430), on
the other hand, shows some complicated behavior around 1960 MeV/c?. It is not
clear whether this is a fluctuation or evidence of a resonance. A J¥¢ = 0~ state was
identified with the 7(1800) decaying into K~ K*(1430) by the VES collaboration in
the reaction 7~A — KTK~7~ A [111], but the mass was lower (at 1790 MeV /c?)

There is no clear evidence of the production of p(1700) in the J¥ + 1~ wave.

117



However, the J¥ = 17K+ K* intensity shows enhancement around 1900 MeV /c2.
A vector partner of the m(1800) is expected at 1900 MeV/c? [108]. However, no
candidates of such a state are present. Reference [108] predicts a 5% branching ratio
of the decay of JF¢ = 17— p(1900) into KK*. Due to the low statistics, it is not

possible to make any definite statement on the nature of the J* = 1~ partial wave.

Using PWA results for background estimate

Once a set of meson partial waves that describes the data is obtained, it can
be used to check whether kinematic cuts used for the ©* analysis can produce a
peak in the nK™ invariant mass spectrum, as seen in the previous chapter. Note
that the additional cuts needed for the PWA on t/(y - KK 7%) < 0.6 (GeV/c?)?
and -4 < 30° leaves us only one third of the total events that are used for the
O7 search. The same kinematic cuts, such as those cuts used for the K* and 7+
center-of-mass angles are applied in the nK+ and nK* K~ invariant mass spectra.
As shown in Fig. 91, those cuts should not generate a sharp peak in either spectrum.
Furthermore, by varying the Kt angle cut or replacing the 7 angle cut with a cut
on momentum transferred from the beam to the 7% (Fig. 92), it is clear that the
predicted nK ™ invariant mass distribution agrees with the data very well except in

the region where the possible ©* signal is observed.
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CHAPTER VI

CONCLUSION AND DISCUSSION

In summary, the reaction yp — 77 K~ K*n has been analyzed to search for the
OT particle. The tagged photon beam has an energy range of 3.0-5.47 GeV. A narrow
S = +1 baryon signal was observed with a mass of 1555 & 7(stat)+10(sys) MeV /c?
and a narrow width consistent with the CLAS resolution (FWHM=26 MeV /c?). The
statistical significance of the peak is 7.8 & 1.0 o. The state is consistent with the
©1 predicted by a chiral soliton model [42] for a 5-quark baryon state. Its mass and
width is consistent within experimental resolution with a previous observation of the
©T by the CLAS collaboration [51].

In addition, a partial wave analysis on the three body (K™K~ 7") meson back-
ground has also been performed. The result shows that meson reflection is un-
likely to contribute significantly to the ©* signal that was observed. The m5(1670)
was observed decaying into K*K 7%t in both the K*K** and f,(1275)7% modes.
There is an indication of a higher mass J© = 2~ state decaying into KTK** at
1880 MeV/c?. There is also an enhancement in the J” = 17 intensity distribution
around 1700 MeV/c?, which agrees with previous experiments and the analysis of
three-m neutral channel in this experiment. However, due to the low statistics, it is
not possible to further determine the resonant nature of these partial waves via phase
motion.

The data seems to suggest the possible production of ©* through an intermediate
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heavy nucleon. Such a mechanism has recently received corroborative evidence from
the NA49 analysis of ©T — pK2 in p — p collisions [113]. If confirmed, this could
have significant implication for the isospin of the pentaquark state ©% or its excited
partner.

Our analysis seems to confirm the existence of the S = +1 baryon state consistent
with the theoretical predictions as well as the other experimental results. However,
most of these results, including this thesis, suffer from limited statistics. Although
the probability of statistical fluctuations creating a signal is low, it cannot be totally
ruled out. The BES Collaboration also did not observe the ©7 in the reactions
U(25) - ©60 — KipK—n + KinK*p and J/¥U — OO — KIpK n + KinK*p,
which seems to suggest that if the ©T does exist, there is much to learn about the

dynamics of the production mechanisms.

Table 9: Existing evidence for S = 41 exotic baryons

Experiment reaction mass width Statistical
(MeV/c?) (MeV/c?) | significance
Spring8 yn— KTK™n 1540+ 10 <25 4.6 o
CLAS yn— KtTK™n 1542+ 2+ 5 21 5.2+0.6 o
DIANA Kt Xe— 0TX¢ 1539+ 2 <9 4.4 o
CLAS yp — KtTK~ntn | 1555+ 7+ 10 <26 78t 100
SAPHIR vp — KTK%n 1540+ 4+ 2 <25 48 o
HERMES vd = pK~Kn 152842.6+£2.1 | 19£5+2 4-6 o
SVD pA — pK’X 1526+ 3+ 3 <24 5.6 0
COSY P — ST pKY 1530+ 5 <18+4 160

Furthermore, although there have been multiple reports on the observation of a

possible S = 41 baryon state, the masses are nevertheless scattered in a range of
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30 MeV/c?. This is quite significant considering the predicted narrow width (see
Table 9). Are we seeing the same state? One possible scenario is that there are
actually two S = +1 baryon states, with the low mass state being the ground state
of the ©F (J = 1/2) and the high mass state being the J = 3/2 ©* excited partuner.
Dudek and Close argue for this scenario [114]. The second scenario is the possibility
of a cluster of pentaquark states with isospin I = 0,1,2 lying close to each other
(1.55+0.15 GeV/c?) as QCD sum rules calculations by S. Zhu suggest [115], although
there is an apparent lack of evidence for a ©** [112, 108].

As Close recently pointed out at Hadron2003 [116], the eventual establishment of
the S = 41 exotic baryon state could lead to a fundamental change to the constituent
quark model. However, the jury is still out, and future large statistics experiment

will most likely cast the final vote [61].
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APPENDIX A

THE ANALYSIS OF K*K 7t SYSTEM

Background
S.U.Chung has given a complete description of the analysis of non-strange X° and
X+ which decay into the final state KK [117]. Based on his note, I came up with
the following note dealing with an X+ that would decay into a (K K)* final state
for experiment F01_017 at JLab, also the CLLAS collaboration.

Consider the production of a non-strange meson state X in the reaction
p— Xtn (44)
which then decays into
Xt = (KKn)* (45)

In the following note, we examine the complete list of all possible decay modes and
work out I, C' and G-parities for each distinct final state.
It is important to review the properties of K’s and 7n’s under charge conjugation

and G parity. For 7’s, we have

T -7 T -7
C 70 = 470 ,G 70 = — 70
T —nt T —7t
For K’s, we have
K+ + K~ K+ —K°
C = .G =
K° —K° K° —K-
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and

K° -K° K° +K*
K~ +KT K~ +K°
We assume that the state X+ produced in the reactoin yp — X*n is in an eigenstate

of IGJPC  which should be shared by the final state K K if they are conserved in

the decay.

X+ decays via K*°

A K*® decays into a K7 system. For K*%’s with S (strangeness) = 1, expanding

them in isospin space, we have

K* = \/§7T+KO - \/iﬂ'OK—i—
3 3
0 I 4.0 2 o

1 2
K = \/j’iTOK_ - \/;r_KO
3 3
%0 2 _|_ _ 1 071.-0

Using the properties of K’s and n’s in the previous section, we can easily derive:

For S=-1, we have

K*—i— —K* K*—i— K*O
C = y G— =
K*O +K*0 K*O K*—
and
K*O +K*0 K’*O +K*+
C = ; G— =
K*— _K*+ K*— _K*O
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We can easily construct an G-Parity eigenstate of (KK*)* as follows:

Ag) = \/%(K*OKU + gK*t K
= RN — oK R A KO 4 ol KR

(49)

It’s easy to demonstrate that

GA(g) = gA(g) (50)

where g = 41 is the G-parity eigenvalue of the (K K*)* state.

At this point, it is important to note that K*°K ™ is not a G-parity eigenstate. To
determine the 19 JF¢ quantum numbers for X+ which decays to K* K 7, it is not
enough to just look at the K**K* channel. This is different from a neutral Kt K7+
system, which can be constructed as a C-parity and G-parity eigenstate depending
on the orbital momentum between the two K’s being even or odd. For details, see

Reference [117].

Complete Decay Amplitudes for X+

To determine the complete decay amplitude for the state X, we shall include
the decay via isobars such as a’s and f’s. Here a’s refer to a(980),a2(1320), and
other I¢ = 1~ objects, and f’s include f;(980),f>(1270), and other I¢ = 0% states.
Assuming I = 1 and noting G(71) = —1 for the state X+ which decays to KT K7,
the complete amplitude for G = +1 can be written as:
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AT =t AT(K*) + dT A(a) (51)

where A stands for amplitude, + stands for positive G-parity of the X state, and
the particle inside the parenthesis refers to the intermediate decay isobar.
For G = —1, this can be written as

A" =c A (K*) +d A(f) (52)

We will first work out A*, and A~ will be similar.

1
Aa) = \/;[WOCL+ — 77 a’] (53)
and a’s have the expansion
1 _ _
a = §[K+K_ + KK+ K°K* + K" K]
- |- — 770

a” = E[K K+ K K’

1 _ _
at = \[5 [KTKY + KK ™) (54)

One then easily finds

Ala) = %[WO(K+KO)G + O (KOKHY,]

1 T + (170 £70 + (770 10 K
_2—\/5[77 (K K )a+7T (KK)a+7T (KK)G+7T (K K )a]

It’s easy to verify that GA(a) = +A(a) for a decay of X~ — 7+ a.
Similarly, f’s has the expansion
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fo= %[KJrK‘ — K'K° - K°K® + K- K] (57)

Again, using the properties of K under the G-parity operation described in the first
section of this appendix, we can demonstrate that Gf = +f.

Now we have the amplitude for X~ — 7t + f:

A(f) = St (KK ) = m (KOK)y = (ROK%) g+ (KK, (58)

and GA(f) = —A(f).
We can now derive the complete decay amplitude for all decay modes of X+ —

(KKm)*. For the final state KK ~7*, we have

AKTK 7% = \/gc+[(7r+K_)*K+]+ +c [(rT KT KT~
1
22

H T (KK )+ (KK (59)

—( YA (KTK ™)y + 7t (K~ KT),]

In Table A some of the possible decay modes for X+ — (K Km)* are listed.
It is essential to point out that the final state (77K )*K™ is not an eigenstate
of G-parity. However, the components from X decay via a’s and f’s which pos-

sess different G-parity eigenvalues will enable one to determine the G-parity of the

(7t K~ K™) system.
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Table 10: Predicted Decay Modes for X+ — (K Km)*
¢ | Jre Xt Decay Mode | L of decay

1t 17 | p(1700) | K*0(892)K 1

1= | 1+ | a1 (1700) | K*0(892)K 1
1= | 27+ | n(1670) | K*0(892)K 1
1= |27 | =(1670) f2(1270)7 2
1= [0 | #(1800) | K*0(892)K 1
1= | 0= | 7(1800) f0(980)7 0
1= | 0=+ | w(1800) | K*0(1430)K 0
1= | 27F | mp(1800) | K*0(892)K 0
1+ [ 37— | p(1690) az(1320)7 2
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APPENDIX B

THE REFLECTIVITY BASIS

It is a common practice to use the spin density matrix p in studying resonance
production with the rest frames of the resonance chosen by Gottfried-Jackson (GJ)
convention. In the reaction of yp — Rn, the reflection operator II, is related to parity

by a rotation through 7 about the y axis:

I, = Pe "™ (60)

Knowing that the helicity states satisfy Eq. 63, which is independent of the chosen

reference frame so long as p'is in the z — z plane, it is easy to obtain H; = (—)¥,

I0y[p; a, X) = n(=)""*[5, a, =) (61)

where a is J", and J(n) is the spin (parity) of the state. For the state R in its rest

frame (GJ), the eigenstates of II, are given by

e, a,m) = [Jlam) + en(—)"""|a — m)]6(m) (62)

with 6(m) defined as

% m >0
0(m) = 4 3 m=0
0 m<0
It is easy to verify that
IL,le, a, m) = (=) |e, a, m) (63)



2 = (—)*’ requires that € = (—)*/ and orthogonality of the eigenstate defined by

Eq. 62 requires that ee* =1, so

+1 for bosons
44 for fermions
Notice that for bosons there is only one reflectivity eigenstate for m = 0, with the
eigenvalue of reflectivity being e = n(—)’.
The spin density matrix, denoted by €p, is diagonal in reflectivity if parity is
conserved [94]. Specifically, in the language of partial wave analysis, the production

amplitude can be written as

evakm = (6am,p_,'1/\n|T‘]|p_:,)\7,p}',/\p) (64)

where k denotes A, », as the helicities. Using Eq.63 and noting that T is reflection

invariant in strong interactions, i.e., TV = I, 'T711,, we can obtain

Vo = €Myt (—) 772ty L (65)

which can easily be reduced by using ee* =1 to

Vik = —e( =V, (66)

The spin density matrix ¢p now can be written as

It is important to remember that states of different reflectivities do not interfere with
each other.
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