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ABSTRACT OF THE DISSERTATION
PHOTO-PRODUCTION OF n MESONS
by
Mahmoud Kamel
Florida International University, 2020
Miami, Florida

Professor Werner Boeglin, Major Professor
In this work we present the GlueX experiment extensive high statistics measurements
of the n meson photo-production differential cross sections at beam energies between 3
GeV and 11.6 GeV. We compared the low energy (2.9 GeV< E, < 5.9 GeV) differential
cross section (do/dSY) results to previous experimental results from the Continuous Electron
Beam Accelerator Facility (CEBAF) Large Acceptance Spectrometer (CLAS) collaboration.
These (do/dY) results are also compared to the theoretical isobar model EtaMAID2018 by
Tiator et. al., and the Regge model by Nys et. al. The differential cross section do/dt is
also presented and compared to the previous experimental results, and to the above models,
in addition to a model by J. M. Laget. The high energy (6.2 GeV< E, < 11.6 GeV) cross
section results (do/dS2, and do/dt) are compared to the isobar model EtaMAID2018. These
results will provide new constraints on 1 photo-production mechanisms and high energy t-

channel processes.
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CHAPTER 1

Introduction

The primary goal of the GlueX experiment is to study the light meson spectrum and search
for exotic and hybrid mesons. Studying the light meson spectrum and confirming the
existence of exotic and hyprid mesons will provide a better understanding of the theory of
the strong force, Quantum Chromo Dynamics (QCD), in the non perturbative regime. The
production of the lightest multiplet of exotic mesons with J©¢ = 17+ (defined in section
1.2) involves the same Regge exchanges that appear in production of ordinary pseudoscalar
mesons like the 7, and the ' [1]. The reaction vp — np leads to one of the simplest
final states in the GlueX experiment to test the Regge theory for s (total energy), and t
(momentum transfer) dependence (an exact definition is presented later in this chapter).
The photo-production of 7/7" mesons has been studied extensively in the resonance region
near the threshold in the last two decades [2-7]. Pseudoscalar mesons like 1 and 1’ have
isospin I = 0, and therefore any final N or N7y’ state can only originate from intermediate
nucleon states with I = 1/2. Thus they act as an isospin filter for nucleon resonance states.
The 1 photo-production near threshold is dominated by the nucleon resonance S11(1535).
Other resonances like the S71(1650) make only minor contributions to the photo-production
cross section near threshold.

The differential cross section for n and 1’ photoproduction was measured up to a center
of mass energy W = /s = 3.16 GeV by the CLAS collaboration [8,9]. For this intermediate
energy range n photoproduction contains s-channel contributions from other resonances as
well as strong t-channel contributions in the forward direction. Several t-channel exchange
mechanisms have been theoretically considered in the 1 mesons photoproduction process
such as a single pole, multiple Regge poles, and Regge cut exchanges [10], as shown in Fig.
1.1. A Regge cut can be understood as a production of n meson via a vector or axial vector
exchange at high energy, followed by a re-scattering through a pomeron or tensor exchange
1.1(c). A more detailed presentation of the Regge terminology will be discussed in section

1.4. Understanding meson photo-production mechanisms at photon energies £, > 4 GeV



(W > 2.9 GeV) is essential for the search for exotic mesons in the GlueX program. The
relationship between the photon beam energy E. and the center of mass energy (W) is
derived in section 1.4, and shown in Fig. 1.2.

t-channel processes to 7 photo-production
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Figure 1.1: Contributions of t-channel processes to n photoproduction from (a) single poles,
(b) Regge poles, and (c) Regge cuts with example of two Reggeions’ rescattering of (p,w)
mseons, and (Pomeron, fo) mesons. Modified from [10]

In my thesis n differential cross sections have been determined and compared to pre-
vious experimental results as well as several theoretical model predictions. One of these
models is the new isobar model EtaMAID2018 [11]. In the new model n photo-production
has contributions from 21 N* nucleon resonance states, and a background that is modeled
using a Regge-cut. EtaMAID2018 model provides differential cross section predictions for
both 7, and n’ photo-production off the proton up to 5 GeV center of mass energy (W). The
7 cross sections will be presented for photon energies 2.9 GeV < E, < 5.9 GeV, that overlap
with the existing data, and new data for a beam energy range of 6.2 GeV to 11.6 GeV. The
combined beam energy range of 2.9 GeV < E, < 11.6 GeV from the GlueX experiment
will permit a comparison between previously measured cross sections and model predictions

over a broad range of center of mass energies (W) between 2.54 GeV, and 4.71 GeV.

1.1 Dissertation Structure

A brief explanation of mesons multiplets, their composition, and nomenclature will be
explained within the framework of the constituent quark model in the next section. The
rest of chapter 1 contains an introduction to scattering and cross section as well as two

body kinematics and Regge formalism. A detailed description of the GlueX experiment
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Figure 1.2: Center of mass energy (W) as a function of the photon beam energy £, .

including its detector is presented in Chapter 2. Data selection for 1 photo-production at
low energy as well as differential cross section determination steps are described in Chapter
3. Differential cross sections from the low energy data set are shown in Chapter 4. Photo-
production differential cross section results of 77 mesons at the nominal GlueX photon energy
are reported in Chapter 5. A summary and conclusions are reported in Chapter 6. A short
summary of i’ analysis will be presented in Appendix A.1. Differential cross sections from

the low energy data are tabulated in Appendix A.2.

1.2 Constituent Quark Model

In the constituent quark model a meson is described as a bound state of a quark and an
antiquark ¢g [12]. Mesons are charcterized by a unique set of quantum numbers Jre,
where J is the total angular momentum, and P, and C are parity and charge conjugation
quantum numbers, respectively [13]. For any fermion anti-fermion system with total spin

S , and relative angular momentum I_;, the allowed JP¢ quantum number contributions are

determined by the following rules:



J=L+8§, P=(—1)E" and C = (-1)E+5.

Photo-production vs 7 probe

(a) (b)

N N N N

Figure 1.3: (a) The incoming quarks from a pion beam have L=0, and S=0. The scattering
process results in a hybrid mesons with non exotic quantum numbers. (b) In photopro-
duction the incoming quarks have L=0 and S=1, and therefore hybrid mesons with exotic
quantum numbers are more probable than pion beam. [14]

Exotic mesons can have JF¢ quantum numbers that do not follow these rules. Exotic
mesons can be multiquark states ¢gqq, states containing only gluons (glueballs) or hybrid
states [12]. Hybrid mesons are qgg states where the gluon (g) explicitly contributes its own
degree of freedom. Hybrid mesons can have regular or exotic quantum numbers. Direct
production of glueballs in photoproduction is supposed to be suppressed [15]. However,
some models suggest that decays of hybrid mesons via a glueball component of lighter
mesons may be enhanced [15].

The first reported evidence of an exotic meson came in 1988 from the GAMS collab-
oration at CERN using 7~ p — n7’n reaction data [13]. In 2010, the E852 colaboration

JPC =177 exotic meson decaying into 'z~ [12,13,16,17]. More

published evidence for a
recently, the COMPASS experiment also observed an exotic signal and reported on the
potentially exotic state 71(1600) [18]. Lattice Quantum Chromodynamics (LQCD) calcula-
tions predict many mesons with exotic quantum numbers such as 077,07, 171 ._.etc [19].
A review of the theoretical and experimental status of hybrid hadrons can be found in [20]

Photo-production is expected to provide clear evidence for the existence of exotic

mesons especially 17 candidates as a result of the spin of the photon is the same as that

of the exotic state. The flux tube model predicts that exotic hybrids are enhanced in



photo-production (Fig. 1.3), while they are supressed in pion production reactions [14,21].

Pseudo-scalar and Vector Mesons
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Figure 1.4: Pseudoscalar mesons with L=0, and S=0, and vector mesons with L=0, and .S
=1. [22]

Following the SU(3) flavor symmetry, the ¢g flavor states are decomposed into octet
and a singlet states. Figure 1.4 shows the lightest meson states (L=0) plotted in terms of
the third component of isospin I3 and the hypercharge Y. The isospin is analogous to the
spin in its SU(2) symmetry, where the isospin doublet is formed of the up (u) and down (d)
quark. Similarly the anti-up (#)and anti-down(d) quarks follow the same SU(2) symmetry
as the quarks. The SU(3) flavor symmetry is an extension of SU(2) by adding the strange

quark (s). I3 and Y are given by
1
[3 = i(nu — nd) (1.1)
where n,(ng) is the total number of up(down) quark in the state
1
Y = g(nu—}—nd—ns) (1.2)

where ng is the total number of s quark in the state.
The 7°, and 7 can be associated with the two I3 =Y = 0 octet states. The 7 can be
considered as the I3 = Y = 0 singlet state [22] as it has the largest mass of the three particles

(0.958 GeV). If the SU(3) flavor symmetry were exact, the two I3 =Y = 0 octet states



would have the exact same mass [22]. Since the mass of the strange quark (ms ~ 0.5GeV)
is much larger than the mass of the up and down quarks (m,/q ~ 0.3GeV), the SU(3)
flavor symmetry is only approximate [22]. Therefore the physical isoscalar mesons (n,7’)
are mixtures of the underlying SU(3) singlet "4;” and octet ”1)g” flavor wave functions,
where 7 is given by

Y = L(uﬁ+dJ+ 55) (1.3)

w

and g is given by
1 _
g = —(ut + dd — 2s5) (1.4)

V6

The physical ’ meson wave function can be written as n’ = 1gsinf + 1, cosf, where 0
is the mixing angle [23]. The wave function of the physical 1, which has a mass of 0.547
GeV, can be written as 1 = ¥gcosf — 1y sinf. n and 1’ could also mix with other states,
in particular with a pseudoscalar glueball [24], which led to speculations that the n’ (and
to a lesser extent the 7) may contain a large fraction of glue [24]. Therefore measuring the
differential cross section of 17 and 7’ is a necessary step for understanding the production

mechanism of both mesons.

1.3 Introduction to Scattering and Cross Section

In quantum mechanics, a beam of particles traveling in the z-direction and incident on
a fixed target (scattering center), can be represented by a plane wave traveling in the z-

direction with an amplitude of 1 as defined in equation 1.5

v = e, (1)

where k = 27/, and A is the de Broglie wavelength, and the time dependence term e~ !
is omitted for simplicity. Any plane wave can be described by a superposition of spherical

incoming and outgoing waves. At a radial distance r from the scattering center the expansion



of the plane wave when kr > 1 is given by 1.6

b= 5 S (1) - R cost), (16)
l

where Pj(cosf) are the Legendre polynomials, (—1)'e™%" is an incoming wave, and " is

an outgoing wave. The scattering center can not change the incoming wave, but it will
change the phase and amplitude of the outgoing wave. Therefore the total wave has the

form:

i —ikr 101 ,tkr
Viotal = ok Z(Ql + D[(-1) e~ — pee*T) Py(cos 0), (1.7)
l

where
e 7 is the amplitude of the [th partial wave ( 0< n; < 1).
e 2¢; is the phase shift of the Ith partial wave.

The scattered wave()seqt) is given by the difference ;o101 — ;.

ezk’r

wscat =

F(0), (1.8)

r

where F'(0) is the scattering amplitude, which is given by

6 _
F() = %Z(m 4 1)("”62%1)3@%9) (1.9)
l

Equation 1.9 is an elastic scattering case since the wave number k is the same before and
after scattering. In the center of mass frame, £ and A represent the wave of the incident
and target particles, and thus will not change in an elastic collision. The outgoing scattered

flux in a solid angle df? in a sphere of radius r is given by
V0V scatViegs T2 dQ = vo| F(0)2dQ, (1.10)

where vy is the relative velocity of the outgoing particles with respect to the scattering
center. The scattered flux is also defined as the product of the incident flux (v;¥scat®ieqr)

and the scattering cross section. Therefore for elastic scattering where v; = vg, one can



write

vodo = vo| F()2dQ (1.11)
Therefore,
do 9
(dig)elastzc = ‘F(9)| (112)

The total elastic cross section can be obtained by integrating over all angles to get

2i6; 1
ne
) ——F

o =4mA? Y (20 +1)|

l

(1.13)

The reaction cross section o, is obtained from the conservation of probability (unitar-
ity):
op = / (|9inl* = [tout|*)r?ds2, (1.14)

where 1), is the first term in equation 1.6, while %,y is the second term in equation 1.7.

Therefore, the reaction cross section can be written as

or =A%y (20 +1)(1 - |m|?) (1.15)
l

The total cross section o, is the sum of the elastic cross section and the reaction cross

section, which takes the form:

Ototal = TN Z(2l + 1)2(1 — n; cos 26;) (1.16)
1

For the polar angle # = 0, P,(1) = 1 for all I, and equation 1.9 gives the following
1
ImF(0) = o Zl:(zl +1)(1 — 7y cos 26;) (1.17)

By comparing the last two equations, the optical theorem is obtained that relates the

imaginary part of the forward elastic scattering amplitude to the total cross section.

k
ImF(O) = Eo-total (118)



Using experimental differential cross section results, one will be able to determine
the do/dt at t = tn, by fitting a straight line to the log of the differential cross section
(Ccll—‘z) vs (-t) over a small range of (-t) from 0.14 to 1.0 GeV?, then extrapolate this line to
t = tiin. The quantity do/dt at t = ty,;, is proportional to the total cross section as shown
before. Differential cross sections of pseudoscalar mesons at high energy, F, > 4 GeV,
show a forawrd peak at low (-t), —t < 2 GeV? and a backward peak at u < 1 GeV? [25].
The forward peak is caused by mesons exchange, while the backward peak is caused by
baryons exchange [25]. Regge theory provides explainations in terms of energy and angluar

dependence as S22 i the forward peak, and S2*(")~2 in the backward peak, where a(t),

and «a(u) are the so-called Regge trajectories [25].

1.4 Two Body Kinematics and Regge Formalism

Kinematics of 1 + 2 — 3 + 4, where the particle i = 1,...,4 has a mass m;, and four-
momentum P; = (E;, P;) are presented. The Lorentz-invariant Mandelstam variables s, t,

and u are defined as:

s = (P, + P)* (1.19)
t= (P, — P3)? (1.20)
u= (P, — P)? (1.21)

In the center of mass frame of the initial particles (1,2), the four momenta are given by
P, = (Ep,Py1), Po = (Eq,—Py), P3 = (E3,P3), and Py = (E4, —P3), where Py, and P35 are
the 3 momenta for particles 1, and 3 in the center of mass frame. Therefore equation 1.20
can be written as:

t =m?+m3 — 2(E1F3 — |P1]|P3| cos ) (1.22)

where 6 is the angle between the three-momenta of particles 1, and 3. In case of photo-

production of  mesons off the proton target, s, and ¢ are given by

t= m% — 2(EyE;, — |P,||Py| cosb],) (1.23)



s = mg +2E,m, (1.24)

where m,, = 0.938GeV is the proton mass.

At fixed center of mass energy W = /s, one can write
t=acos0], +0b (1.25)

where a = 2|P,||P,|, and b = m% — 2E,E,. The relationship between the Mandelstam

variable t and cos 0, can also be witten as [26],

cosO, 1 N 9 9 2 1 2 2 2
= 271/1/2/\2 (5,0,mp)A2 (s, My, my) +my — 271/1/2(8 —my,)(s +my, —my) (1.26)
where the function A(z,y, z) is given by
Ny, 2) = (x —y — 2)* — dyz (1.27)
For a given W value, one can write
dcos 0, 22

= (1.28)

dt A (S,O,m%))\%(s,m%,mlg)

=

Therefore for any differential cross section value j—g, one can obtain the differential

cross section do/dt as follows:

do do d$)

= = == 1.2

dt dQ) dt (1.29)
do  dcosél,

The differential cross section (‘fl—‘z) is more relevant for n photo-production at £, > 4 GeV,
where the production mechanisms especially in the forward direction is a t-channel process.
As W increases the minimum momentum transfer (¢,,;,) is going to zero, see Fig. 1.5.

The relationship between W and cos 6¢,, is shown in Fig. 1.6 for several momentum transfer

10
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Figure 1.5: The minimum momentum transfer as a function of W.

(t) values. As |t| decreases, the production polar angle 87, decreases, and becomes more
forward as W increases.

The Mandelstam variables are related by the equation 1.31
4
stttu=> m; (1.31)

i=1
Equation 1.31 indicates that a two body amplitude can only be a function of two independent
variables. In this thesis as well as Regge theory one takes the amplitude as a function of s,
and t [A(s,t)].
1.4.1 Regge Formalism

Regge formalism uses continuous complex anglular momentum values(¢), instead of the
non-negative integers values(l) [27]. A partial wave amplitude A;(t) can be expressed a

functions A(¢,t) of complex ¢, such that

AL 1) = Ay(t), 1=0,1,2, .. (1.32)

11
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Figure 1.6: cos 8¢, as a function of W for three values of momentum transfer (t).

Certain assumptions are usually made for the complex amplitudes:

e Any singularity has a dynamic origin.

e Bound states are associated with poles.

e Thresholds are associated with cuts.
Regge found that the singularities of A(¢,¢) in the complex ¢ plane are poles whose lo-
cations vary with t as ¢ = «(t). These poles are called Regge poles, or reggeons (1.1a).
Regge trajectories are the functions «(t). These Regge trajectories are associated with the
exchange of families of particles. If a(t) is a non negative integer, values of t correspond to
the squared mass of a bound state or resonance having that spin [ as shown in Fig. 1.7.

The linear Regge trajectory, in general, can be written as

alt) =ap +a't (1.33)

where the pole in the 1th partial wave takes the form

Bty pt
l—aft) o (mi—1)

Ai(t) = (1.34)

12



Regge trajectories
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Figure 1.7: Particle spins vs their squared masses t. Confirmed four degenerate Regge
trajectories are shown. There is some doubt about the particles in the square bracket. The
straight line is «(t) = 0.5 4 0.9¢ [27].

Equation 1.34 indicates that there is a pole at [ = «(t). The variable () is the residue
function that represent the coupling of the pole to external particles. In a two body in-
teraction, the differential cross section (%’) predicted by Regge theory is proportional to
(%)M(t)”, where Sp is the hadron mass scale (1 GeV?), and «(t) is the leading Regge

trajectory which can be exchanged.

do 5 \2(a’t+ag)—2
— — 1.
e (1.35)
which implies
d
log(d—(z) o Ch(a't +ap — 1] (1.36)
do ,
log(E) o« Cy+ Cra't (1.37)
where C7 = 2log(), and Cy = Ci(ag —1). In the forward peak, one can write the
expression
do _
T o Aoiorare P (1.38)

where A is a proportionality constant.

13



CHAPTER 2

The GlueX Experiment
The GlueX experiment is part of the 12 GeV upgrade project at the Thomas Jefferson
National Accelerator Facility (TJNAF) in Newport News, Virginia. The primary physics
goal of the experiment is to study the light meson spectrum and to search for exotic and
hybrid mesons. The GlueX experiment is designed to collect high statistics and high quality
data on the photoproduction of light mesons [13]. The quantum numbers of produced
mesons will be determined via an amplitude analysis. A successful amplitude analysis
requires high statistics and a hermetic detector that permits the determination of the four-
momenta of all decay products. The GlueX detector has been built in Hall D at Jefferson
Lab and has been optimized for producing data specifically for amplitude analysis.

The GlueX experiment has been commissioned in late 2014 and through early 2015.
The first physics quality beam was delivered in 2016. GlueX has collected 5 PB of physics
data until the end of phase 1 in December of 2018. Currently we are collecting physics data
in phase 2 of the GlueX experiment, which will continue for about five additional years.

In the GlueX experiment the Continuous Electron Beam Accelerator Facility (CE-
BAF) provides a 12 GeV electron beam to the GlueX tagger hall. The electron beam is
used to create tagged, linearly polarized photons via coherent bremsstrahlung in a diamond
radiator. The photon beam subsequently interacts with a 30 cm long liquid hydrogen target
at the center of the Gluex detector. In the next sections, the GlueX experimental setup
will be described in summarized form from the start of the electron beam at CEBAF to the

detectors used to measure the final state decay particles at Hall D.

2.1 CEBAF Electron Beam

Electrons are released from a gallium arsenide photo-cathode by a Laser beam that is pulsed
with a frequency of either 249.5 MHz, or 499 MHz. The photo-electrons are then accelerated
using two linear accelerators (linacs) in a race track configuration as shown in Fig. 2.1.

Each accelerator contains super conducting Niobium radio frequency cavities. Niobium is

14



a superconductor at very low temperature (2 Kelvin). The cavities are immersed in liquid
helium and insulated from the outside temperature in so called cryomodules [28]. The
electrons in the cavities ride the crest of electomagetic waves travelling the length of the
cavities to acheive the desired energy with minimum heat loss. An electron bunch passes
5.5 times through the two linacs and the recirculating arcs before being delivered to the
Hall D tagger with the desired energy. The CEBAF delivered the beam to Hall D at 249.5
MHz during the GlueX experiment. The accelerator precisely measures and controls the
timing of the beam bunches. The timing information is made available to the experiment
to determine the time at which the individual tagged photons interact with the target. For
more details on the accelerator regarding beam production and delivery see ref. [29,30].

CEBATF electron beam track and halls location

Figure 2.1: Schematic diagram for accelerator site, the injector in green, Hall D and tagger
hall are in yellow. Halls A, B, and C in the opposite side.

2.2 Coherent bremsstrahlung

High energy, linearly polarized photons are produced by coherent Bremsstrahlung (CB)
using a diamond radiator. Coherent Bremsstrahlung produces intensity enhancements (co-
herent peaks) in the normal bremsstrahlung spectrum because of the match between the
incident electron momentum transfer and the reciprocal lattice vector calculated from the

Fourier transform of the space crystal lattice [31]. Coherent bremsstrahlungs photons are
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linearly polarized and lead to overall linear polarization in the coherent peak regions. The
CB is well descriped in the framework of Quantum Electro Dynamics (QED). Most of the
emitted photons have very small angles relative to the incident electron beam according to
the relation 6, = m/E, where m and E are the mass and the initial energy of the electrons
respectively [32]. The most energetic photons are emitted at 0°. More details about coher-
ent bremsstrahlung, diamond fabrication, and characterization of the diamond radiator can
be found in [32-34].

Coherent Bermsstrahlung
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Figure 2.2: Uncollimated and collimated coherent bremsstrahlung spectrum, calculated for
diamond radiator 15 pm thick and a 1 pA electron beam of 12 GeV [35].

During the GlueX experiment an electron beam with an energy (E,) of 6 GeV <
E, <11.6 GeV, and intensities of 50 nA < I < 150nA was used. An optimum thickness
for the GlueX diamond radiator was found to be 50 um. Figure. 2.2 shows a calculated
coherent bremsstrahlung spectrum for a 12 GeV electron incident on a 15um radiator,
with a strong intensity enhancement near 9 GeV as well as smaller enhancements at other
energies [35]. The degree of polarization as well as the locations of the coherent photon
peaks depend on the orientation of the crystal with respect to the incident electron beam.
Therefore, the diamond crystal is mounted on a goniometer which can be adjusted to change
the polarization direction of the linearly polarized photons. Four polarization angles have

been used; each set of two angles are perpendicular to each other. The linearly polarized
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Schematic Tagger Diagram
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Figure 2.3: Tagger hall view, not to scale

photons are then tagged and transported through the GlueX beam line to interact with the
target in the center of the GlueX detector. The tagging procedure, flux determination and

polarization measurements are discussed in the next section.

2.3 The GlueX Beam Line and Tagger Hall

The linearly polarized photon beam travels 70 m until it reaches the Hall D beam collimator
in the collimator cave. The collimation of the beam is essential in order to significantly
enhance the photon polarization. The polarization for the coherent bremsstrahlung photons
is maximal for a small photon angles along the beam line while incoherent photons have
a broader angular distribution. Consequently the photon beam is collimated by a 5.0
mm collimator to select photons with angles smaller than 4 prad relative to the beam
line. During part of the experiment, a 20 um thick diamond radiator has been used in
combination with a 3.4 mm collimator. However this configuration was not sustainable for
long period of times, specially at larger beam currents, because of radiation damage to the
diamond.

Photons are tagged by measuring the energy of the electrons after they have interacted
with the diamond. The electron beam passes through a dipole magnet located after the
radiator. The magnetic field makes it possible to measure the final electron energy and thus

determine the energy of the associated bremsstrahlung photon. A schematic diagram of the
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tagger hall is shown in Fig. 2.3 from [36]. Electrons that have not emitted a photon are
swept out of the beam line by the dipole field and are redirected to an electron beam dump
in the tagger hall. Electrons that emitted a bremsstrahlung photon are detected by the
Tagger Hodoscope, TAGH (a highly segmented array of scintillators). From the location of
the detector in the tagger spectrometer focal plane the electron energy and consequently the
photon energy can be determined with a resolution ranging from 8.5 to 30 MeV. The TAGH
scintellators can determine electron energies of 15 % to 97 % of the full electron beam energy
range with a gap that corresponds to the energy range of the primary coherent peak. A high
resolution detector, the Tagger Microscope (TAGM), is used to measure the energy range
in the gap between TAGH and TAGM. In nominal GlueX operating conditions the TAGM
covers a 1 GeV energy range between 8.2 GeV and 9.2 GeV. Given the initial electron
energy from the accelerator E,, and measured final electron energy (by the tagger) Eiqg,
the tagged photon energy is given by E, = E, — Ejug.

The photon flux is measured using a Pair Spectrometer (PS). Its fundamental op-
erating principle relies on the conversion of a photon to an electron positron pair. The
produced electron and positron are swept out of the beam line by a dipole magnet and then
detected by scintillator detectors. The PS is also used to determine the fraction of linearly
polarized photons in the energy region of the coherent peak and for the energy calibration
of the tagger detectors. The degree of polarization of the photon beam is measured by the
Triplet Polarimeter (TPOL), where a polarized photon produces an electron positron pair
when interacting with an atomic electron. The electron positron pair as well as the recoiling
electron are detected. The PS detects ete™ pair in coincidence with hits in the recoil detec-
tor in Hall D. The recoiling electron is detected by the TPOL silicon strip detector (SSD).
The photon beam polarization is determined from the azimuthal angular distribution of the
recoil electron.

The determination of the photon beam intensity is crucial for the determination of
absolute cross sections. For photon beam intensity determination purpose, a known fraction
of the photon beam is converted to eTe™ pairs and counted in the PS as a function of energy.

The energy of the eTe™ pairs can be reconstructed by measuring their momenta in the PS
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Flux and polarization determination

- ‘ -
. 000 () =
5 eoo0f- — Diamond: PARA =
£ E — Diamond: PERP 3
< s000— — Alumi —
x = uminum B
p=} = -
L 4000 -
c - -]
S £ I
2 3000 =
o = :
2000 — —
1000 — -
T Y Y S IS I Y O S ISR IS S |
:\ T T T T T T T \:
c - 4
§ ost (b) s 3
LI ; * PARA E
% 0.4; & * ‘ ® PERP *:
L ro o4 E
E # |
0oF- ** : 3
04 * # % & i * # ? # =
O:i # * * I i:
E Il Il Il Il B

75 8 85

L L I 17
9 9.5 10 10.5 1 115
Photon Beam Energy (GeV)

Figure 2.4: Photon flux versus energy as determined by PS (a). TPOL polarization de-
termination as a function of energy (b). The polarization planes that are parallel and
perpendicullar to the horizontal are denoted by PARA and PERP [37].

arms after they were deflected by the 1.8 T magnetic field [38]. The integrated number
of photons over the run period is obtained as a function of beam energy for each counter
in TAGM and TAGH. The PS calibration parameter used in the flux measurements is
determined using special calibration runs, where the Total Absorption Counter (TAC) is
used. It is a small calorimeter that can be inserted directly in the photon beam to count
the number of beam photons as a function of energy. The special TAC runs used for
absolute flux determination are performed at much reduced beam intensity to reduce the
accidental tagging coincident rates. Data from both TAC and PS are used for the absolute
flux calibration by counting the number of pairs in the PS with the same energy as seen
by the TAC. The expected uncertainty in flux determination is 2%-5%. The exact value of
the systematic error associated with flux determination is currently being evaluated by the
collaboration. An example of flux and polarization determination as a function of energy is
shown in Fig. 2.4. The measured photon flux spectrum by the PS with the coherent peaks
enhancements is shown in Fig. 2.4(a) as a function of the photon energy for two orientations

of the diamond radiator, and an amorphous one where CB does not occur. The measured
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polarization by TPOL for the two diamond orientations is shown in Fig. 2.4(b), with an
average polarization of 45% in the coherent peak.

For the low energy data set, the Pair Spectrometer magnet was adjusted to measure
the photon flux in the energy range 2.9 GeV < E, < 5.9 GeV while for standard GlueX mea-
surements the Pair Spectrometer determines the photon flux for photon energies between

6.2 and 11.6 GeV.

2.4 The Gluex Detector Components

The GlueX detector is a hermetic solenoid-based detector. It detects the final state neutral
and charged particles in a nearly 47 solid angle. A schematic diagram for the GlueX
detector, and the beam line is shown in Fig. 2.5. A 2-Tesla solenoid magnet is the outer
most layer of the detector surrounding the proton target. The magnetic field is needed for

charge and momentum determination.

Gluex Detector and Beam Line

forward calorimeter
ba‘rrel tin}e-of DIRC
NN start calorimeter -flight

counter

target

photon beam

diamond
wafer

forward drift
chambers

central drift
chamber

electron
electron tagger magnet beam

beam tagger to detector distance
is not to scale

superconducting
magnet

Figure 2.5: Schematic diagram for the Gluex detector and beam line. The distance between
the diamond wafer and the liquid hydrogen target is 70 m in reality.

The Start Counter (SC) is the closest detector to the target. The main purpose of
the SC is to identify the electron beam bucket associated with the detected particles. The

Central Drift Chamber (CDC) is surrounding the SC. It is used for charged particle tracking
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and particle identification. It covers a wide range of angles from 11° to 126° with respect to
the photon beam. The tracks of forward going charged particle with polar angles below 11°
are determined using the Forward Drift Chambers (FDC). The Barrel Calorimeter (BCAL)
encloses the CDC and is used to determine the energies of decay photons. The energy of
forward going photons is measured using the Forward Calorimeter (FCAL). The Time Of
Flight (TOF) detector in front of the FCAL provides timing information for forward going
charged particles. It is complemented by time-of-flight measurements by the BCAL and %
measurements from the CDC. The combined time-of-flight and % information is used for

particle identification (PID).

2.5 Start Counter (SC)

The SC surrounds the target and consists of an array of 30 scintillators arranged around the
target as shown in Fig. 2.6. Each scintillator has three distinguished geometrical sections,
straight, bend, and nose as shown in figure 2.7. Tedlar wrapping, attached to a plastic
collar at the upstream end of the SC assembly is used to make it light-tight. Figure 2.6
shows the SC ready to be inserted into the GlueX detector. It was designed to operate at
tagged photon beam intensities of up to 10® /s in the primary coherent peak where the
photon energy ranges from 8.2 to 9.2 GeV. During the GlueX phase I operation, the photon
intensities were up to 0.5 x 107 /s, while in Phase II operation, the photon intensities
increased to ~ 1 x 107 7/s. At these photon intensities each scintillator measured a particle
rate of about 200 KHz.

The overall time resolution for the start counter is less than 300 ps which is well
below the 350 ps design specification. The time resolution is sufficient to identify individual
electron beam bunches and the coincident photon from which the event is created. The
SC timing signal is independent of the particle type and trajectory because of its location
very close to the target. The overall start counter efficiency is 97.2+0.1 %. The efficiency
can vary depending on which start counter geometrical section was hit ( straight, bend, or
nose geometry). The SC light sensors are magnetic field insensitive Silicon PhotoMultiplier

detectors (SiPM). The electronics provides two signals per scintillator paddle, one for the
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SC mounted the GlueX target

Figure 2.6: SC mounted the GlueX target. The beam travels down the central axis of the
SC from right to left. During run operations the SC inserted in the bore of the central drift
chamber shown at the top left corner.

Flash Analogue to Digital Converter (FADC), and the other is sent to a discriminator and
then to a Time to Digital Converter (TDC). The SC timing signal must be calibrated to
determine time-walk, light propagation time, and light attenuation corrections. For more
details about design, simulation, fabrication, calibration, and performance of the SC see

reference [39].

2.5.1 SC Calibration

The first calibration step is to correct the TDC time for time shifts that result from varia-
tions in the pulse amplitude (time walk). Time walk occurs because of the time difference
when small and large amplitudes pulses cross a fixed threshold. The time information pro-
vided by the FADC is independent of the pulse amplitude and therefore can be used as a
reference. The methods used to correct for the time walk and light attenuation are described
in details at reference [39]. The time interval between a particle crossing the scintillator

and the scintillation light detection at the SiPM is called the propagation time (PT), see
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SC paddle geometry
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Figure 2.7: SC paddle geometry. Straight , bend , and nose sections

Fig. 2.8. It is defined by equation 2.1.
PT =T% — T — T, (2.1)

Where:

o T is the SC time corrected for time walk.

o TI!is the flight time from the vertex to the SC, corrected to the target center.

e T,r is the RF time given at the center of the target. It defines the start time of a

physics trigger event.

The SC propagation time correction has been updated since the SC article [39] has been
published. It now uses a fit of the SC time versus the z coordinate of the intersection of the
charged particle with the SC. Since the purpose of the SC is to determine the start time
of an event, the calibration procedure must not depend on the SC time itself. Therefore,
the RF time (7,¢) in eqation 2.1, is determined by a good track based on timing and
PID information from the TOF detector and does not involve the SC. A track confidence
level (CL) is calculated for the model applied to the fitted data from the drift tracking
chambers (CDC/FDC). It is defined as the integral of the x? probability distributions from
[x?, 00], and represents the goodness of the fit of the tracks. For detailed information about

track reconstruction steps from the tracking detectors, see [37]. The selection of a good
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SC Propagation Time

— Propagation time

Flight time
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Figure 2.8: Sketch to illustrate the SC propagation time

SC Propagation Time

Bend Section

— Nose section

Propagation Time (ns)

Figure 2.9: Propagation time (ns) vs z(cm). The red dotted line denotes the first 10 cm of
the straight section. The length from the red dotted line to the first solid line denotes the
rest of the straight section. The bend section is located between the red solid lines. The
nose section starts right after the second solid red line. The magenta line is at the beginning
of the last nose section interval.
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Gaussian fits for SC propagation time peaks
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Figure 2.10: Gaussian fits for SC propagation time peaks for four selected intervals in the
nose section.

reconstructed track, from tracking detectors, for the SC PT calibration is determined by
the following criteria:
e Track confidence level (CL) > 0.0027.
e Track originated within the target geometry with a radial cut (r < 0.5 cm), where
r= \/m , and (x,y,z) are the coordinates of the track vertex.
e In addition, a z-coordinate cut from 50 cm to 80 cm is applied, making sure the vertex
is located inside the hydrogen target cell.

A plot of a typical SC propagation time as a function of the hit location z, measured
along the SC paddle to the SiPM is shown in Fig. 2.9. The main coincidence peak as well
as other out of time peaks are clearly shown as band structures. The first 10 cm upstream
of the straight section can be ignored because of a lack of statistics compared to the other
parts of the SC. The remaining, approximately 30 cm, of the straight section was divided
into 6 intervals, while the bend section was divided into 3 intervals and the nose section
was segmented into 9 intervals. The propagation time distribution is then obtained for each
of the eighteen SC intervals as well as the central z value for all the thirty sectors of the

SC. The propagation time peak for each of the intervals is fitted with a Gaussian as in Fig.
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SC Propagation Time Fits
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Figure 2.11: Propagation time (ns) vs z(cm). Three linear fitted regions

2.10, and the mean propagation time for each interval is determined. Three linear fits of
the propagation time as a function of z were performed for each paddle, since there are
three different effective light propagation speeds associated with the geometrical shape of
the SC (fi(z) = a; +b;z). These fit parameters are saved in the Calibration Constants Data
Base (CCDB). The inverse of b; is the effective light propagation speed in the scintillator
material. It ranges from 13 cm/ns to 25 cm/ns, in most of the paddles. Figure 2.11 shows
the fits for four different paddles of the SC. For each hit location(z) the propagation time
correction is applied and the corrected time is calculated as in equation 2.2. The boundaries
between the geometrical region were made continuous by allowing the fits to extend for a
distance (§z) into each side and the intersection point between the two lines was used as an
adjusted boundary.

PTCorTected =PT - fz(z) (22)

The corrected propagation time as a function of the hit location z is shown in figure

2.12. The propagation time after correction has a flat distribution near zero as expected.
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SC Propagation Time After Correction
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Figure 2.12: SC propagation time (ns) vs z(cm). The main RF bunch band is aligned at
about 0 ns after correction.

2.5.2 SC Efficiency

The efficiency of the start counter is defined as the ratio of the number of recorded SC hits
to the number of tracks reconstructed from the (CDC/FDC) through the start counter,
i.e., the tracking algorithm indicates a particle that has passed through the SC (projected
tracks to the SC). To calculate efficiency, one needs to use these projected tracks where
no SC timing information has been used at their reconstruction. The track reconstruction
procedure is discussed in details in ref. [40]. The following conditions were used to select
good quality tracks:

1. The track must be reconstructed with at least 14 hits through out the Gluex detector

components.

2. The track must have a CL greater than 2.7 x 1073.

3. It must originate from within the target geometry.

4. The charged particle track is matched either to the BCAL or (FCAL, and TOF)

detectors.
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Figure 2.13: The total number of the SC recorded hit is determined within the two solid
lines. The dashed line in both sides is the end of each side band intervals used for accidental
calculations.

The total number of projected tracks that satisfy these conditions is defined as NN, and
their corresponding RF times as t,. The recorded SC hits are determined as well as the
actual SC corrected hit time ¢. The spectrum of the time difference between the RF time
and the SC time matched for hits is shown in figure 2.13.

Once the sector number of a projected SC hit is identified, one checks if the same
sector or its neighboring paddle had a hit, and the total number of the recorded hits IV, in
the coincidence time peak is identified. The total number of the accidental hits (IV,) can
be calculated using the side band subtraction method on a 10 ns interval on either side of
the main interval. The efficiency ¢; for each scintillator is then given by

N, — N,

N, (2.3)

€ =

The SC efficiency calculated during the Spring 2018 run period for only a single run is
shown in Fig. 2.14. The overall SC efficiency € is calculated using equation 2.4. Figure
2.14 shows the overall SC efficiency ¢ = 97.2+0.1% in (a), and the SC efficiency for each

geometrical sections in (b).

1 30
%
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SC Efficiency
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Figure 2.14: The overall SC efficiency (a). The Straight (brown), bend (violet), and nose
(red) section efficiencies (b).
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Figure 2.15: The SC efficiency as a function z coordinate of the charged particle track
intersection with the SC paddle.
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Efficiency Distributions.
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Figure 2.16: Probability distribution for efficiency calculation for total number of events
N=5, and N=100.
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Figure 2.17: Efficiency error estimation using the Baysian method for 99 % efficiency of
N=1000.
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The efficiency in the nose section is slightly smaller than the straight and bend sections
efficiencies. This is a consequence of very difficult tracking at the far tip of the nose section
where the width of the SC paddle becomes less than 2 mm. The comparison between the SC
efficiency from data and simulation is presented in Fig. 2.15. The simulated Monte Carlo
(MC) sample is generated using one of the first generators to simulate the photoproduction
cross section, named bggen, and was based on Pythia [41]. In general, the simulated
efficiencies are ~1.5% higher than the experimental ones. In the most forward 2-4 cm the
simulation overestimates the experimental ones by 2-4 %. The simulated efficiency is almost
flat as a function of z with an average value of 99.2 %. The SC data efficiency drops by at
least 1% from the adjacent points at the tip of the nose most likely due to the reasons of
difficult tracking in tip of the nose region.

The determination of the efficiency uncertainity is discussed in details in ref. [42].
There are two commonly used approaches to estimate the efficiency uncertainities using
”Poisson”, and ”binomial” errors. Both methods produce absurd results in limiting cases
as discussed in ref. [42]. According to a Bayesian analysis the probability P(e|K, N, T)
of having an efficiency € from a total number of N events, where K events passed the cut

conditions (I) is given by

T'(N +2)
I'(K +1)I'(N — K)

P(e|K,N,I) = f(1— N K (2.5)

Figure 2.16 shows the probability (P(e|K, N,I)) as a function of e for fixed values of the
total number of events N =5, and N=100 using various number of event K, that passed
condition I. In all cases the probability is zero to have an efficiency smaller than zero or
greater than one. There are two necessary conditions, the probability is zero for ¢ = 0
except for K =0. Similarly, the probability is zero for ¢ = 1 except when K = N. For
any other values, the probability peaks at the most probable value of the efficiency. As
the sample number (N) increases the probability peaks at the exact efficiency value with a

narrow distribution around the most probable value.
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Projected Tracks to the SC Recorded Hits
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Figure 2.18: Predicted (NN,) and recorded tracks(V,) to the SC. The accidental tracks (NN,)
and the difference N, — N, are shown in the bottom plots.

Since the total number of hits at each SC paddle is mathematically going to infinity,
the probability and consequently the error becomes very small around an exact efficiency
value. The error calculation in the efficiency given by eqn.(2.4) is determined by error
propagation when dividing the two histograms of the numerator and denominator. Since N
is very large, and K is not zero nor equals N, the error in the efficiency using simple error
propagation method is an overestimate. Consider an example of 990 events passed the
condition I from a total number of 1000 event. The efficiency and its error calculated using
the error propagation method is 0.9940.04, while the error from the probability distribution
within 68% cumulative probability is less than 0.003, see Fig. 2.17. A typical projected

and recorded SC tracks count are shown in Fig. 2.18.

2.5.3 SC Time Resolution

The SC time resolution is discussed in the performance section of ref. [39]. It is calculated for
all the 30 scintillators and for each of the geometrical sections. The time resolution is mostly

uniform among all the SC paddles with values well below the 350 ns design specification.
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Figure 2.19: The SC Time resolution during Spring 2018 run period as a function of the
run number.These runs started with 41NNN, where NNN is the x-axis number.

These values are enough to identify the individual electron beam bunches delivered by the
CEBAF within 94% accuracy for 500 MHz operation [39]. Figure 2.19 shows a time series
of the average start counter time resolution during the Spring 2018 run period. The period
started at run number 41NNN. The run numbers shown in Fig. 2.19 started at 41100
and ended at 41450. The two digits 41 were omitted from the plot. The average SC time

resolution was 307 ps after several years of operation with no signs of deterioration.

2.6 Central Drift Chamber

The CDC surrounds the SC, and it is one of the charged particles tracking detectors in
the Gluex experiment. It is a straw tube drift chamber covering polar angles between 6°
and 168°. The CDC consists of 28 layers of closely-packed straw tubes. Twelve of these
layers have an axial arrangement while the rest of the layers have stereo angles of +6° with
respect to the axial straws, see Fig. 2.20, in order to provide z-position information along
the beam line. Each of these tubes are 0.775 cm in radius and 150 cm long. A 20um
diameter wire runs down the center of each tube and is held at high voltage (typically 2100
V during normal operation) with respect to the tube surface. The volume of the tube is

filled with a gas mixture of 50 % argon and 50 % carbon dioxide at atmospheric pressure.
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CDC stereo straw tubes
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Figure 2.20: CDC stereo straw tubes. Partially completed layer of stereo straw tubes,
during CDC construction, surrounding a layer of straw tubes at the opposite angle.

A passage of a charged particle through the straw will ionize the gas and the free electrons
drift toward the wire. The initial ionization charge is multiplied by the high electric field
near the wires and electron avalanche is measured by the readout electronics. The ionization
charge is proportional to the energy lost by the particle. CDC pulse information from the
anode wires are read out using 72-channel 125 MHz flash ADCs. More details about the
electronics can be found at references [37], [43], and [44].

The CDC also measures the energy deposition along the length of the track in the
straws. The amount of energy deposited per unit length depends on the momentum and the
particle type. At low momentum, this information can be used to distinguish between pro-
tons and mesons up to roughly 1 GeV. For more details about calibration and performance

of the CDC see reference [45].

2.7 Forward Drift Chamber

The FDC is a cathode strip chamber covering polar angles between 1° and 20°, and is
located down stream of the CDC inside the magnetic field. The forward region of the

detector has a very large particle density and therefore multi-track separation capability is

34



FDC package outlook

Figure 2.21: FDC cell view. Artistic view of one detector cell from left to right: upstream
cathode, spacer ring, wire plane, downstream cathode, ground plane (black disk) glued to
the back of the downstream cathode, end window (gray) only at the end of the package.

required in the forward tracking system. The FDC consists of 24 disk-shaped planar drift
chambers of radius 0.5m grouped in 4 packages. Six chambers are grouped together to form
one of the four FDC packages. Figure 2.21, reproduced from ref. [35], shows an artistic
view of one chamber of the FDC. Each chamber contains a wire plane with two cathode
planes, each of which, is located on either side of the wire plane. The copper strips on the
cathodes are arranged at an angle of 30° relative to each other and at angles of 75°, and
105 © relative to the wires [37]. The read out of FDC detector contains the charge induced
on the strips and the timing information from the wires. There are a total of 2304 wires
and 10368 strips. The information from the strips and the wires is used to reconstruct the
location of the track along the wire, as well as its location transverse to the wire (using the

drift time) [35].

2.8 Barrel Calorimeter

The BCAL is the outermost detector inside the solenoidal magnetic field of the Gluex de-

tector. Together with the FCAL it forms the Gluex calorimetry system. Both calorimeters
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Figure 2.22: Sketch of the Barrel Calorimeter and readout. (a) A three-dimensional BCAL
view; (b) top-half cutaway (partial side view) of a BCAL module showing its polar angle
coverage and location with respect to the GlueX target; (c) end view of the BCAL depicting
all 48 azimuthal modules and (d) wedge-shaped end view of a single module.

measure energies of photons resulting from the decays of 7%°s, 7's, and other radiative decay
processes. The BCAL detector determines the energy and information of electromagnetic
showers produced, as well as the corresponding timing information. It can also provide tim-
ing information for charged particles, allowing for additional time-of-flight data for particle
identification. The BCAL is a lead scintillating fiber callorimeter. It consists of 48 optically
isolated modules each with a trapezoidal cross section, forming a 390 cm-long cylindrical
shell with inner and outer radii of 65 cm and 90 cm, respectively. The scintillating fibers
run parallel to the cylindrical axis of the detector. Schematics showing the geometry of
the BCAL and readout segmentation are shown in Fig. 2.22 from ref. [46]. The detected
photon showers have an energy range between 0.05 GeV and several GeV. They cover a
polar angle range between 11° and 126°, for all the azimuthal angles. More details about

the construction, and performance of the BCAL can be found in reference [46].
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Figure 2.23: TOF wall on its support frame.

2.9 Time of Flight

The time of flight (TOF) detector, Fig. 2.23, is a large wall of scintillator bars located about
5.5m downstream of the target. The scintillator bars are arranged in two planes where they
are oriented horizontally in the first plane and vertically in the second one. The detector
measures the flight time of charged particles leaving the target from the event vertex. It
covers a polar angle range between 0.6° and 13° [37]. By combining the path length of
the particle found using the tracking information with the timing information from the
TOF, the particles velocities can be determined. One can then compare the expected flight
time for a given mass hypothesis against the observed time-of-flight to reject misidentified

particle hypotheses. Thus TOF detector provides important PID information.

2.10 Forward Calorimeter

The forward calorimeter (FCAL) consists of 2800 lead-glass blocks, each 4 x 4 x 45cm? |
stacked behind the Time-of-Flight detector in a circular pattern. In lead glass, electromag-

netic showers produce Cherenkov radiation that is detected by photo-multipliers attached
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Figure 2.24: The energy resolution o.,/E, for single photons in the a) BCAL and b)FCAL
calculated from 1 mass distribution with the assumption that only the energy resolution
contribute to its width. Black solid circles are data, and red open squares are simulation.

to the back of each block. The showers typically spread over multiple blocks in the FCAL.
The detected number of cherenkov photons is proportional to the energy deposited in the
blocks, and therefore can be used to determine the total energy of the shower. By combining
information from the individual detector blocks, the shower energy, position, and arrival
time can be determined. Typical photon energies measured by the FCAL range from 0.1
GeV to several GeV, and the polar angle coverage for the FCAL is bewteen 1° and 11°.
The single photon energy resolution o, /E., as a function of photon energy is shown in Fig.

2.11(from [37]) for the two calirometers.
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CHAPTER 3

Event Selection for n Photo-production for 2.9 GeV < E, < 5.9 GeV
In Fall 2018, the GlueX collaboration collected data for photon energies ranging from 2.9
to 5.9 GeV during a short dedicated running period. The beam energy has been chosen to
create a kinematic overlap with the CLAS 7 photo-production experiments. The published
CLAS results [8,9], allow for a comparison with the new GlueX results in the same kinematic
region. The Fall 2018 low energy dataset consists of 48 runs collected in Run Period 2018-08
between November 8 and November 12, 2018. For this data set the dipole magnet of the
Pair Spectrometer was adjusted as described previously for photon flux measurements at
the lower photon beam energies. The 7 is identified by its decay into two photons. The
reaction and decay products can be written as v+ p — 1+ p, and n — . The branching
ratio for this n decay according to the particle data group [47] is 39.41 £ 0.20% . All the
final state particles were detected for this reaction.

In the first section of Chapter 3, the n event selection will be discussed. The data
Monte Carlo (MC) comparison will be presented in section 3.2 with a brief explanation
of the simulation framework. The differential cross section determination is described in

section 3.3.

3.1 Event Selection of n Mesons

The data were reconstructed using the standard Hall D reconstruction software, which
produces Reconstructed Events STorage (REST) files denoted by version 2018-08_ver02.
These REST files include information about all possible yp reactions. The standard analysis
software frame work [48] allows one to subsequently select a specific reaction of interest.
The v+ p — n+ p, and n — 7y reactions have been extracted from the REST files using
the Hall D analysis version 2018-08_ver05 and stored in ROOT trees [49]. The ROOT trees
contain 4-vectors of all particle combinations of the reaction of interest. These combinations
have to satisfy a set of minimal requirements such as convergence of the kinematic fitting

procedure, requiring energy and momentum conservation, and a common production event
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Figure 3.1: Proton identification timing cut in the BCAL

vertex. During kinematic fitting, the original measurements of the final state four vectors are
adjusted within the detector resolution subject to constraints such as energy and momentum
conservation and common vertex requirements and additional constraints. During the initial
selection of the reactions, common predefined cuts for any GlueX analysis such as particle
identification time difference cuts were applied as well. The common cuts are generally very
wide, and are applied for all possible reactions. An example of a typical common cut is the
BCAL AT cut for proton identification shown in Fig. 3.1, where AT refers to the time
difference between the measured and calculated time for a proton candidate. A true proton
will have a timing distribution centered around AT = 0 within the time resolution.

The produced trees were further analyzed using the DSelector class [50], derived from
the more general ROOT TSelector class. In the DSelector analysis step, several custom cuts
were applied that are specific to the reaction under study. For the current analysis two main
cuts have been applied at the beginning of the DSelector code. The first is a beam energy
cut between 2.9 and 5.9 GeV. The second is a broad missing mass M3, = (p; — py)? cut,

where |M]%/[| < 0.1 GeV?, and p; —p ¢ is the difference between the initial and final state total
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Figure 3.2: Time difference between tagged beam photons and RF time. The peak in

between the red lines indicate the in-time beam photons. Outside these red lines show the
out-of-time beam photons that will be used for accidental subtraction.

four momentum vectors. This difference is equivalent to the expression given by equation

3.1.
b target il
Di = Pf = Ppnoton + Pproton — (Pproton + Pri T Pyz) (3.1)
where pf;i%%na PZZ,?S;, p;?ﬁ%ln and Dryy (o) BT€ the 4-momenta of the tagged beam photon, target

proton at rest, measured final state proton, and measured final-state photons, respectively.
The time of the primary interaction is determined by a match between a SC hit and the
proton track which identifies the RF bunch of the electron beam. Figure 3.2 shows the time
difference 6t = tpeam — trr between the tagged-beam photon and the machine RF signal,
where the region between the solid red lines indicates the signal region, consisting of a single
RF bunch. Figure 3.2 also shows the out-of-time accidental tagged photons, which can be
estimated with the following method.

The accidentally tagged photon contribution to the main peak distribution is esti-
mated by selecting a sample of accidentally tagged combos with 6.012 < |6t| < 18.036 ns.

The accidental contribution has been subtracted by scaling the accidental sample with a
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Figure 3.3: x? distributions scaling from kinematic fitting of data event (blue) and simula-
tion events (red). A nominal cut is applied at x? = 30.

factor of 1/6 to account for the number of bunches that were integrated over. Therefore
each histogram was filled with a weight of -1/6 for events that are outside of the coincidence
window (red lines) in Fig. 3.2. The events within the beam photons timing window have a
weight = 1.

The 7 photo-production reaction was also simulated in a Monte-Carlo (MC) calcula-
tion. The theoretical n/n’ cross section used in the event generation used a Regge based

model by JM.Laget [51,52]. Since this model is based on t-channel exchange processes and

Kinematic Fitting confidence level.
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Figure 3.4: Kinematic fitting confidence level for data (left), and simulation (right) after x>
cut has been applied.
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Figure 3.5: The production vertex z coordinate. The center of the target is located at z
= 65 cm (dashed dotted blue). The selected events (between red lines) have their vertices
within the target and are avoiding the target wall (magenta lines).

consequently most of the events were created in the forward direction, one also needs to cre-
ate events using phase space based generator called genr8. This is essential to determine the
acceptance for the photo-produced 7n’s in the backward angles (6, > 90°). In both cases,
the detector response was simulated using the GEANT4 framework [53], which simulates
the passage of particles through matter. More details about the GlueX reaction simulation
and data comparison are discussed in section 3.2. The kinematic fit x? distributions for the
measured and simulated data are normalized by each total area and are shown in Fig. 3.3,
where a nominal x? =30 cut has been applied. For x? > 25, the simulated data have zero
counts, while the measured data have at least an order of magnitude less counts than its
peak. The fall off in the data is slower than in the simulation because of the relatively more
background in the data more than in the simulation. Another measure for the goodness
of the kinematic fitting process is the confidence level where it shows a flat distribution in
both data and simulation as in Fig. 3.4.
The vp — pn event candidates were selected using the following cuts:
o AT =tigger — trp: —2.004 < |At] < 2.004 ns. (Figure 3.2)
e Vertex cut: R <1, and 51.0 < z < 79.0. (Figure 3.5)
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Figure 3.7: The 2v invariant mass spectrum for events passing all the selection cuts.

e Missing Mass: [M3,| < 0.03 GeVZ. (Figure. 3.6)
e Recoil proton momentum > 0.350 GeV.(Figure. 3.10)

The vertex cut was applied to ensure that all the final state particles originated within
the target itself and not from the walls. Figure 3.5 shows the production vertex z coordinate
(along the photon beam) and the selected limits. Figure 3.6 show the missing mass squared
|Mjr|? distribution after its cut has been applied. A clear 7 signal is obtained with a
background increasing with increasing 2+ invariant mass, as shown in Fig.3.7. This quite

clean 7 signal will be used to extract the n yield and to determine differential cross sections.
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3.2 Data Monte-Carlo comparisons

During this analysis an event generator [52], called genEtaRegge, based on Regge modeled
cross sections, is used to generate either 1 or 1 events. These events are created by selecting
a beam energy range where the cross section is calculated according to the model by J.M.
Laget [51]. The interaction between the photon beam and the proton target is described
via the exchange of several particles (Regge trajectories). At beam energies away from
the resonance region, 1 photoproduction on a proton target is a t-channel process with
vector mesons exchange. The coupling constant (V,,) of the vector meson photon vertices
has contibutions from p, w, and the non negligible branching ratio of ¢. At the low energy
Gluex data set, 7 mesons are also produced in a backward angles 6 > 90°. Therefore another
generator is needed to calculate the acceptance for none t-channel production mechanisms
(u-channel Regge trajectories). A simple phase space event generator [54], genr8, is used.
In genr8 the differential cross section do/dt is proportional to et where b is a parameter
determined by the user, and [¢| is the momentum transfer squared. A sample of 10M events
was generated with b = —0.1, to have enough events in the backward angles to calculate
the acceptance.

The response of the GlueX detector to the generated events (from genEtaRegge +
genr8) has been simulated using GEANT4. The simulation uses the same geometry defini-
tions and magnetic field that are used in the reconstruction of the measured events. The
experiment geometry includes the photon beam line starting at the radiator and ending at
the Hall D photon beam dump. Background events collected during the experiment using a
random trigger are combined with MC signal events during the event smearing step. In the
event smearing step corrections to simulated detector hits are applied to account for ineffi-
ciencies and the finite resolution of the GlueX detector. All detectors have been calibrated
and their calibration constants and inefficiency information have been stored in the Cali-
bration Constants Data Base (CCDB). The Run Conditions Data Base (RCDB) contains
the experimental conditions during each run such as polarization direction, beam current,

energy,...etc. Both CCDB and RCDB provide the needed information for the smearing step.
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After the event smearing step the simulated event data should be a realistic representation
of a real reaction event. The smeared MC events are then reconstructed using the same
software used for data reconstruction and the results are stored in simulation REST files.
The same analysis steps are then performed for the reaction of interest producing ROOT
trees with simulated data ready for the final, DSELECTOR based, physics analysis.

To determine cross sections, a reasonable agreement between real data and simulated
data is required. Figure 3.8 show the comparison between data and simulation of i polar
angle in the lab frame, from genEtaRegge, for 12 center of mass energy (W) bins ranging
from 2.52 GeV to 3.35 GeV. The central values of W for these bins are listed in table
3.2. There is a very good agreement between data and simulation, for W < 3GeV, up to
0 = 25° (6 being the angle between the 1 and the beam), where most of the events were
occurring. The agreement starts to degrade for W > 3GeV, and the number of recorded and
generated events have also decreased by at least an order of magnitude. For large angles,
the genEtaRegge MC sample has scarce statistics compared to data, hence the genra8 phase
space generator is used to get the events needed for acceptance calculations. Figure 3.8,
shows also that 7 production is peaked at forward angles and is further increasing with
increasing center of mass energy.

The agreement between data and MC were also checked for individual final state
particles. The normalized polar angle (momentum) distributions of each particle in the
lab frame are compared between data and MC. Figure 3.9 presents the final state proton
polar angle distribution for data and simulation for all center of mass energy bins. This
distribution peaks at a polar angle of ~ 70° in both data and simulation. The higher
the center of mass energy, the steeper the increase in the measured recoil proton polar
angle, which corresponds to the 1 peaking at increasingly forward angles. There is a very
good agreement between data and simulation for W < 2.81 for mostly all angles. The
comparison between data and simulation for the photo-produced n momentum is shown
in Fig. 3.11. In general there is a good agreement between data and simulation of the
n momentum distribution for momentum (pmar — 2GeV < py < PmaaGeV), where ppg.

is the maximum 7 momentum for this W bin. There are two peaks in the n momentum
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Figure 3.8: 7 polar angular distribution comparison between data (blue) and simulation
(red) in the lab frame for all center of mass energy bins, W = 2.542GeV (top left) up to
W= 3.277 GeV (bottom right).
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Figure 3.9: Recoil proton angular distribution comparison between data (blue) and simu-
lation (red) in the lab frame for W= 2.542 GeV (top left) up to W= 3.277 GeV (bottom

right).
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Figure 3.10: Recoil proton momentum distribution comparison between data (blue) and

simulation (red) in the lab frame for W= 2.542 GeV (top left) up to W= 3.277 GeV
(bottom right).
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distribution. The first peak is at a low momentum range with a nearly constant strength
for all energy bins, probably indicating a u-channel production mechanism. The second
peak is at the high momentum end and is at least an order of magnitude higher than the
u-channel peak. The high momentum peak corresponds to the forward angles, indicating

the t-channel production mechanisms.

3.3 Differential Cross Section Determination

The differential cross section is extracted from the data using the following expression (eqn.

3.2).

do  Y(W,cos(0dm)) 11 1 (3.2)
dQ — ACC(W, cos(08m)) Ny piopger A2 BR ‘

where:

o Y(W,cos(0¢n)) is the yield as a function of center of mass energy (W) and the pro-
duction polar angle of 7 in the center of mass frame cos(f¢n ).

o ACC(W,cos(6¢n)) is the acceptance in each W and cos(0¢y,) bins

e N, is the number of incident photons in each W bin.

o dQ) = 2w A cos(6dm)

e BR is the branching fraction of the selected decay channel. In the case of n — ~v,
BR = 39.41 + 0.002%.

® piurget 1S the aerial target density, which is given by

o _ PrLTNy
ptarget - A
T

where:

e pr is the target density

e Ly is the target Length

e N4 is Avogadro’s number

e Arp is the target atomic weight
The experimental cross section is determined as a function of the center of mass energy (W)
and as a function of cos(6¢y,), where 0@y, is the polar angle of the produced 7 in the 7-p

center of mass frame. The 7’ differential cross section has been determined in the same way.
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Figure 3.12: v invariant mass distribution fit to extract the yield for several bins at the
center of mass energy W = 3.053 GeV.

The constants used in equation 3.3 are shown in table 3.1. The center of mass energies
are shown in table 3.2 as well as the corresponding beam energy values. The width of each
bin (A cos(0¢n)) is recorded in table 3.3. The yield Y (W, cos(6¢n)) has been obtained by
fitting a Voight function with a linear background to the vy invariant mass spectrum for
each center of mass energy (W) and for each cos(0¢y,) and integrating the fitted function
over a 100 MeV range, see Fig. 3.12. The fitted yield has been compared to the histogram
sum over the same range, and deviation was less than 1%. The yield is also calculated
from the histogram sum with background subtraction from two side bands of equal width
of 50 MeV in both sides of the peak, with no significant deviation from the previous two
methods. The incident photon (N,,) distribution as a function of W is shown in figure 3.13.
In general the photon flux increases as W increases.

The acceptance has been calculated using the MC simulation described in section 3.2.
The acceptance for each bin is given by the ratio between the reconstructed MC signal to
the generated MC signal. The resulting acceptance for the twelve center of mass energy

bins, calculated from the genEtaRegge MC sample, are shown in Fig. 3.14, and 3.15. This
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variable value
Ar 1.00794 g/mole
pT 0.07092 g/cm?
Lt 28.0 cm
N4 6.022x 1023

Table 3.1: The value of constants used in equation 3.2.

W center value (GeV') | E center value (GeV)
2.542 2.98
2.580 3.08
2.620 3.19
2.660 3.30
2.700 3.42
2.750 3.56
2.810 3.74
2.875 3.94
2.955 4.19
3.053 4.50
3.155 4.84
3.277 5.26

Table 3.2: The central values of each of the center of mass energy bins and the corresponding
beam energy.

thesis concentrates on the t-channel processes and therefore the relatively large acceptance
errors of the backward angles are not concerning. The general pattern for the acceptance
as a function of cos @y, is nearly similar for all bins with W < 2.875 GeV. Starting at
the backward angles, the acceptance increases to reach a steady maximum of ~ 65 % at
about cos f¢, > 0.1 then decreases gradually starting from cos 0g, > 0.92 up to the most
forward point, where the acceptance decreases by about 10% from the maximum. The
value of cos ¢y, at the most forward point changes with the energy from about 0.94 up to
0.975, because more forward bins start to populate with increasing W in agreement with
the kinematics of the reaction. For W > 2.955 GeV, the backward angles have much less

statistics than the forward angles.
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Figure 3.13: Photon flux at each of the center of mass energy bin

Point number | Bin Start | Bin Width
1 -1.00 0.19
2 -0.81 0.20
3 -0.61 0.30
4 -0.31 0.30
5 -0.01 0.20
6 0.19 0.20
7 0.39 0.10
8 0.49 0.10
9 0.59 0.10
10 0.69 0.10
11 0.79 0.04
12 0.83 0.04
13 0.87 0.04
14 0.91 0.02
15 0.93 0.02
16 0.95 0.01
17 0.96 0.01
18 0.97 0.01

Table 3.3: The beginning of the cos(#) bin and its width.
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Figure 3.14: Acceptance as a function of cos(6¢y,) from W= 2.542 up to 2.750 GeV.
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Figure 3.15: Acceptance as a function of cos(6¢y,) from W= 2.810 up to 3.277 GeV.
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CHAPTER 4

Differential Cross Sections For n-Photo-production At Low Beam Energies
2.9 GeV < E,<5.9 GeV
In this chapter the results of the differential cross sections do/dS2, and do/dt are presented

as well as a systematic error study.

4.1 Differential Cross Section (do/df?) Results

The differential cross section for 17 photoproduction has been determined for twelve center of
mass energy bins ranging from 2.542 GeV to 3.277 GeV. The cross section results from this
work are compared to published CLAS results [8,9], EtaMAID2018 theoretical calculations
[11], and a Regge model by the Joint Physics Analysis Center (JPAC) [55,56]. In the
EtaMAID2018 model, 7 photoproduction contains contributions of 21 N* resonance states
in addition to a Regge-cut model background [10,11]. In the Regge model the n differential
cross section is computed with Regge amplitudes and the t-dependence is determined using
finite energy sum rules [55,56].

Fig. 4.1 shows the differential cross sections (do/dQ2) as a function of (cosfy,) in
comparison with the published data [8,9], EtaMAID2018 theoretical predictions [11], and
the model by V. Mathieu [55], in both linear and log scale plots to capture the comparison
details over the full range of —1.0 < cosf¢, < 1.0. The GlueX data are covering a larger
02 angle range than the CLAS data in both forward and backward directions. Overall the
GlueX results are systematically larger than the previously published CLAS data by about
50%, and are also larger than the EtaMAID2018 calculations. Calculations by V.M. based
on the Regge model predictions agree with the GlueX experimental results for small polar
angles where cos 8, > 0.80. The new data roughly follow the shape of the EtaMAID2018
model specially for cos 0, < 0.80 as shown in Figs 4.1, and 4.2. The experimental results
from both GlueX and CLAS2020 are in a good agreement for backward angles range of

—0.8 < cos 82, < —0.3.
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Cross Section Results For w=2542 MeV up to 2620 MeV.
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Figure 4.1: Differential cross section results in both linear (left), and log scale (right) for
W = 2542, 2580, and 2620 MeV.
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Cross Section Results for w =2660 MeV up to 2750 MeV.
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In general, the EtaMAID2018 model predictions for the differential cross sections are
much smaller than the GlueX data especially for small angles. The agreement between the
EtaMAID2018 and this work results improves with increasing center of mass energy W and
for large angles, where cos 8, < 0.3. Therefore on average the EtaMAID2018 model agrees
better with the data for large angles, especially for large W, while the Regge model agrees
better at very small angles. Fig. 4.2 shows do/d) results for W = 2660 MeV up to 2750
MeV. As W increases above 2700 MeV, the Regge model is overestimating the differential
cross section while the EtaMAID2018 model is underestimating it for cos 7, > 0.9 . The
differences between the new data and the EtaMAID2018 will be presented in more details
in the next section discussing the do/dt results.

Figs. 4.3 shows the differential cross section results for center of mass energies
2.8 < W < 3.0GeV, and Fig. and 4.4 for 3.0 < W < 3.35GeV. The overlap between the
CLAS2020 data and the current work extends up to 3155 MeV. There is a good agreement
between the new GlueX data and the new CLAS data. These data cover an energy region
above the production threshold (W=1.485 GeV) by more than 1.5 GeV and extend beyond
the resonance region. The threshold and the resonance region have been extensively studied
during the last two decades [2-7]. At W =2875 GeV, the cross section does not vary very
much over a large range of angles (-0.7 < cosf¢, < 0.2). The rise of the cross section
at the backward angle is the results of u-channel production mechanisms. For center of
mass energies of W > 3.155 GeV, the production mechanism seems to be increasingly
dominated by the t-channel processes in the forward direction (cos ¢, > 0.7). At very small
angles (cos ¢y, > 0.9), and W > 3.155 GeV, the experimental differential cross section are
increasingly over predicted by the Regge model and under predicted by the EtaMAID2018.
At W >2.9 GeV where the corresponding beam energy is greater than 4.7 GeV, the GlueX

differential cross sections data are the most precise data currently available.

4.2 Differential Cross Section (do/dt) Results

The differential cross section (do/df2), presented in the previous section, can be expressed

as a function of the momentum transfer (-t) using the transformation shown in section

60



Cross Section Results for w = 2810 MeV up to 2955 MeV.
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Figure 4.3: Same as Fig. 4.1, but W= 2810, 2875, and 2955 MeV.
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Cross Section Results for w = 3053 MeV up to 3277 MeV.

1.00

0.5 W = 3053 MeV
_ EtaMAID2018
5 —— Regge Model
§0-20 @ GlueX
= @ CLAS 2020
o
$0.15
n
@
°
0 0.10
K]
€
[
@ 0.05
&
a
O-QOLOO -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
cos(©7,)
0.25 W = 3155 MeV
N EtaMAID2018
5 —— Regge Model
-§_0~20 @ GlueX
s @ CLAS 2020
o
$0.15
n
@
o
0 0.10
K]
e
@
g 0.05
a
9  ma mes.a.naa
O'QQ.LOO -0.75 -0.50 -0.25 0.00 0.25
cos(07,)
0.25 W = 3277 MeV
. EtaMAID2018
5 —— Regge Model
:5_0-20 @ GlueX
c
o
$0.15
"
@
o
© 0.10
K]
€
o
?GEJ 0.05
a
- a -
OhquO -0.75 -0.50 -0.25 0.00 0.25
cos(0g,

Figure 4.4: Same as in Fig.

.~
2
L

.ﬂ
2
L

1073

Differential Cross section (ub/str)

10~

W = 3053 MeV
EtaMAID2018
—— Regge Model
@ GlueX
@ CLAS 2020

++H

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos(©7,)
W = 3155 MeV
10-1 EtaMAID2018
<
z —— Regge Model
=l @ GlueX
510 @ CLAS 2020
g &
w
w
81073 ¢
5 S ¥
z By
c
glo_“ ,_Tq
£
fa)
-5
10—1400 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos(07,)
W = 3277 MeV
10-1 EtaMAID2018
<
z —— Regge Model
=l @ GlueX
5107
PR
&
8 10-3
010~ )—f—q
5]
z +
g 1074
£
a
10

-5
-1.00 -0.75 -0.50 -0.25 0.00

0.25 0.50 0.75

cos(0g,

4.1, but for W= 3.053 up to 3.277 GeV.
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1.4. Differential cross sections do/dt are of great interest at beam energies E, > 4 GeV in
order to test Regge based models. The maximum available center of mass energy for the
low energy data is 3.36 GeV. For the high energy data that will be discussed in the next
chapter, the minimum available center of mass energy at £, = 6.2 GeV is 3.54 GeV.

The differential cross section of photo-produced n mesons at low energy as a function
of (-t) is presented in Fig. 4.5, and 4.6. A theoretical model prediction [51,52] by J.M.
Laget is added for comparison with the data. For —t < 0.5GeV?, The Laget model is
overestimating the cross section by about 20%. The GlueX data provides differential cross
sections for high (-t) values up to 8.5 GeV? at W = 3.277 GeV as well as for very small (-t)
less than 0.2 GeV2. For 0.5 < —t < 2.5GeV?, the GlueX measurements are in the middle
between the Laget model and the EtaMAID2018 calculation. It is important to note that
our data have not been used for parameter optimization in either model calculations. An
improved agreement with the models can be expected when the GlueX data are taken into
consideration. The Laget Model,on which the genEtaRegge generator is based on, has
the same shape as the data (0.9 < —t < 2.5). For W bins greater than 2810 MeV, the
n production peaks in the forward direction at very small values of (-t), typically at (-t
< 0.4GeV?). At the highest energy bin (W =3.277 GeV), the GlueX data agree with the
FEtaMAID2018 model in the peak region, while agree better with the Regge model at lower
energies as shown in Fig. 4.6.

Figs 4.7, and 4.8 show the ratio between the experimental results from CLAS2020
(C), GlueX (G) and the EtaMAID2018 (M) model. The ratio of do/dt for each of the data
sets are plotted with respect to the EtaMAID2018. The weighted average is then calculated
for each data set. For W < 2750MeV, the GlueX data is on average higher than the
EtaMAID2018 by about 50%. The CLAS2020 results are also higher than EtaMAID2020
in some cases by about 60%. The weighted average of G/M is almost the same as C'/M
at W=2620 MeV, and 2750 MeV. As stated before, EtaMAID2018 agrees well within 15%
of the GlueX data for W bins greater than 2955 MeV, and specifically in t-range of 0.2 <
—t < 2.0GeV2.
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Differential Cross Section as a function of -t, 2.52 < W < 2.78GeV.
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Figure 4.5: Differential cross section of n mesons in a linear scale as a function of -t. W =
2.542 GeV up to W= 2.750 GeV.
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Differential Cross Section as a function of -t, 2.78 < W < 3.36GeV.
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Figure 4.6: Same as 4.5 but for W = 2.810 GeV up to W= 3.277 GeV.
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Weighted Average Differential Cross Section Ratios, W=

2542 MeV up to

W=2750 MeV.
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Weighted Average Differential Cross Section Ratios, W=
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log(do/dt) Vs. -t, 2.54 < W < 2.78GeV
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Figure 4.9: Differential cross section of 1 mesons in a log-scale as a function of -t.

2.542 GeV up to W= 2.750 GeV.
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Figure 4.10: Same as Fig. 4.9, but for W = 2.810 GeV up to W= 3.277 GeV.
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Figure 4.11: Differential cross section of 7 mesons for -t< 1.2GeV? at W = 2.542 GeV up
to W= 2.750 GeV. The red line is the linear fit in the range of 0.14 < —t < 1GeV?
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In order to see the details for large (-t) > 2.5GeV?2, the log(do /dt) results are presented
in Figs 4.9, and 4.10. The GlueX data have a wider cross section coverage (-t > 4GeV?) than
CLAS. There is a minimum in do/dt at around —t «~ 3GeV?2, after which the production
mechanism is dominated by baryon exchange (u-channel processes). The location of these
(-t) minima increase with increasing W. The corresponding u-value of these minima can
be calculated using the equations in section 1.4. These minima are located at u ~ 1GeV?2.
There are two different slopes in agreement with the Regge trajectories in the forward
(low -t, high u) and backward direction (high -t, low u). The EtaMAID model cross
section predictions agree with the data for W > 3.053GeV? in a relatively wide t-range of
0.3 < —t < 2.0. There were no previous data available for large (-t) with high statistics,
and high energies.

Figs 4.11, and 4.12 show do/dt over a small range of —t < 1.2GeV?2. The red line
is a linear fit for the points in a small t-range (0.14 < —t < 1GeV?). The extrapolation of
this line to t=0 gives the value of Cy of equation 1.36. Although t=0 is nonphysical, the
tmin derived in chapter 1 for the used center of mass energies is very small and is very close
to zero. The value of do/dt at t=t,;, is proportional to the total cross section oyq;. These

results will be discussed further in chapter 5, with similar results from the high energy data.
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Figure 4.12: Same as Fig. 4.11, but for W = 2.810 GeV up to W= 3.277 GeV.
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4.3 Systematic Studies

In this section the sensitivity of the experimental differential cross sections (do/dY) will be
studied. A simulated Monte-Carlo data set was generated using the phase space genera-
tor(genr8), combined with the genEtaRegge sample in order to have more statistics in the
backward direction, then the acceptance and hence, the cross sections were calculated. In
order to quantify the cross section variation as a function of the variation of an analysis
parameter, the ratio Ny, is formed as:

0; — On

N, =
i Ao,

(4.1)

Where o; refers to the differential cross section with a certain variation of an analysis
parameter, and o, (Aoy,) is the nominal differential cross section (and its uncertainty). Figs
4.13, and 4.14 show N,, when the acceptance is calculated using simulated data from the
combined genr8 and genEtaRegge Monte-Carlo samples. The difference in the cross section
is less than half of the nominal error bars for most of the points.

Ny, has also been determined for each nominal cut that has been applied during the
event selection. The kinematic fitting y? cut was varied between 20 and 40, while the
missing mass squared cut was changed between 0.02 GeV? and 0.04 GeVZ2. The vertex
z-cut is also changed to be 52.0 < z < 78.0 cm, where the target length would be L = 26
cm. Another wider cut, where 50.0 < z < 80.0 cm, with full target length of 30 cm is used.
The recoil proton momentum cut has been varied between 300 MeV and 400 MeV.

The mean values of N,, in most of the energy bins are smaller than 0.5. This indicates
that the systematic error due to an individual cut variation is less than half of the error
calculated in section 4.1. The standard deviations (o) for N,, have been calculated for each
cut at each center of mass energy bin. The standard deviations due to the cut variation
upper and lower limits are written on each bin, see as an example Figs 4.15, and 4.16 .
The differential cross section variations due to the y? cut is in general the largest variation

compared to all the other ones. N,, for the M2, (z-vertex cut) cut is shown in Figs. 4.17,
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Normalized Differential Cross Section with genr8 events added.
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Figure 4.13: Normalized differential cross section difference using genr8 events in addition
to genEtaRegge.
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Normalized Differential Cross Section with genr8 events added.
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Figure 4.14: Normalized differential cross section difference using genr8 events in addition
to genEtaRegge for W = 2810 MeV up to 3277 MeV.
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and 4.18 (Figs. 4.19, and 4.20). The N, for the proton momentum cuts are shown in Fig.
4.21, and 4.22. Clearly this cut affects only the data for cos g, > 0.92.

In order to calculate a conservative systematic error for a cut variation that has upper
(u), and lower (1) cut limits, the mean of N,, and its standard deviation (o(u),o(1)) is calcu-
lated for upper and lower cut limits, respectively. A conservative systematic error for each
energy bin as a result of a parameter variation (i), is then given by oy, = maz(o(u),o(l)).

An overall conservative systematic error estimate (syse,,) is then calculated for each W bin

SYSerr = Zagysz. (4.2)

Where i runs over all analysis parameters. This conservative systematic error is then cal-

as follows:

culated for each (cosfy,) in that center of mass energy W, and tabulated in appendix

A.
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Normalized Differential Cross Section for x? Cuts.
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Figure 4.15: Normalized differential cross section difference for x? cuts. Magenta points are
the cut of x% < 20, while the green points are x2? < 40.
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Figure 4.16: Same as 4.15, but W = 2.810 GeV up to W = 3.277 GeV.
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Normalized Differential Cross Section for Missing Mass Squared Cuts.
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Figure 4.17: Normalized differential cross section differences for missing mass squared cuts.
|M2,| < 0.020GeV? in magenta, and |M3,| < 0.040GeV? in green.
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Normalized Differential Cross Section for Missing Mass Squared Cuts.
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Figure 4.18: Same as 4.17, but W = 2.810 GeV up to W = 3.277 GeV.

80



Normalized Differential Cross

Section for z-vertex Cuts.
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Figure 4.19: Normalized differential cross section differences for z-vertex cuts for 52 < z <
78cm in magenta, and for 50 < z < 80 c¢m in green.
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Figure 4.20: Same as 4.19, but W = 2.810 GeV up to W = 3.277 GeV.
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Normalized Differential Cross Section for Proton momentum Cuts.
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Figure 4.21: Normalized differential cross section differences for z-vertex cuts for proton
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momentum < 400 MeV in green and for proton momentum < 300MeV in magenta.
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Figure 4.22: Same as 4.19, but W = 2.810 GeV up to W = 3.277 GeV.
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CHAPTER 5

Differential Cross Sections For n-Photo-production at High Beam Energies
6.2 GeV < FE, < 11.6 GeV
n-Photo-production cross sections have also been determined at higher photon energies
between 6.2 GeV and 11.6 GeV corresponding to center of mass energies 3.54 GeV < W <
4.8 GeV. These cross sections have been determined from the Gluex Spring 2017 data set.
The beam energy range has been divided into 12 bins of nearly equal width of about 450
MeV. The center of each beam energy bin and the corresponding central value of the center
of mass energy bins are shown in table 5.1. The photon flux has been measured by the pair
spectrometer as discussed in chapter 2. Fig. 5.1 shows the photon flux distribution as a
function of the central W values. The coherent peak includes three W bins, W = 3.93, 4.04,
and 4.14 GeV.

The event selection for the 2017 high energy data set is the same as for the the low
energy data and was discussed in details in the previous chapter. The missing mass squared

cut of |M2 | < 0.03GeV? is shown in Fig. 5.2. The final  mass distribution is shown

185INg
in Fig. 5.3. This data set contains considerably more events than the low energy data set
as we recorded a total of 472,873 n events in this data set compared to 58,488 in the low

energy data set.

5.1 Data and Monte-Carlo (MC) Comparisons

The Data and Monte-Carlo comparison has been performed in a similar way as for the low
energy data, see section 3.2. A sample of 10 M 7 events in a beam energy range between
6.2 and 11.6 GeV have been generated using the genEtaRegge generator, and the response
of the GlueX detector has again been simulated using GEANT4. The comparisons between
data and MC for the 7 momentum and polar angle distributions are shown in Figs. 5.4, and
5.5, respectively. There is a good agreement between data and MC especially at the high
momentum end of each bin (Fig. 5.5). The low momentum peaks in the data correspond

to the u-channel 1 photo-production. The model does not include the u-channel production
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W center value (GeV) | E center value (GeV)
3.60 6.5
3.71 6.9
3.82 7.3
3.93 7.8
4.04 8.2
4.14 8.7
4.24 9.1
4.34 9.6
4.44 10.0
4.53 10.5
4.62 10.9
4.71 11.3

Table 5.1: The central values of each center of mass energy bins and the corresponding
beam energy for the high energy data.

Photon Flux from 2017 data set.
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Figure 5.1: Photon flux in 2017 data set
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Missing mass squared for vp — np using 2017 data set.
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Figure 5.2: |M2 | distribution with cut (red line)
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Mass distribution of 7 mesons.

40000

35000

30000

25000

20000

15000

10000

5000

0.65 0.7
2y mass (GeV)

Figure 5.3: v mass distribution after applying all the event selection cuts. The red lines
denote the mass interval over which the fit has been performed to extract the yield
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mechanism. Fig.5.4 confirms the small n photo-production polar angle distribution in the
center of mass system. As W increases the production polar angle decreases, and the

t-channel forward peak magnitude increases.

5.2 Raw Yield Extraction and Acceptance Calculations

The yield is extracted for each cos @, in an identical way to the low energy data set, see
chapter 3. The extracted yield for all cos ¢, in each of the center of mass energy bins is
shown in Figs. 5.6, and5.7. The yield at backward angles is much smaller than at forward
angles. Therefore the inset figure is used to zoom in for cos 6, > 0.6. The horizontal error
bars are the standard deviation of cos 6, in each bin. The yields are highest in W regions
corresponding to the coherent peak because of the increased flux. At W =4.71, the photon
flux drops by an order of magnitude as shown in Fig. 5.1 and therefore the yield drops
dramatically in this last energy bin.

The acceptance for the high energy data set is calculated in the same way discussed in
section 3.3. The acceptance increases from a minimum of approximately 15 % at cos 8, «
—0.5 up to a maximum of approximately 50% at cos g, « 0.5, (see Figs 5.8, and 5.9).
In the forward directions, the acceptance pattern has a second peak at very small angles,
where the acceptance becomes 50 %. For W > 4.14GeV, the large angles have much less
statistics than the forward small angles. In this work we concentrate in the t-channel 5
photo-production, where most of the cross section is produced, thus we do not have large

MC samples for the backward directions.
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Raw yield of 1 in 2017 data set.
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Figure 5.6: Raw n 2017 yield for 6 center of mass energy bins 3.60, 3.71, 3.82, 3.93, 4.04,
and 4.14 GeV. The inset shows zoom in yield for cos 0¢, >0.6 values.
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Raw yield of n in 2017 data set.
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Acceptance for High Energy Data.
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Figure 5.8: GlueX detector acceptance for 6 center of mass energy bins 3.60, 3.71, 3.82,
3.93, 4.04, and 4.14 GeV.
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Acceptance for High Energy Data.
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Figure 5.9: Same as 5.8, but for W = 3.60, 3.71, 3.82, 3.93, 4.04, and 4.14 GeV.
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5.3 Differential Cross Section Results (do/d2) for the High Energy Data

The differential cross sections shown in figures 5.10, and 5.11 represent the most extensive
high statistic available data set up to date for n photo-production differential cross sections
in the center of mass energies between 3.60 GeV and 4.71 GeV. Differential cross sections
have been determined for the full range of cos f¢,, and are compared to the EtaMAID2018
and Regge model calculations. The angular distributions follow the general shape of the
EtaMAID2018 model over a big range of cos 0@y, and energy bins. For W > 4140, Fig.5.11,
some angles do not have enough statistics and only an upper limit of the cross section can
be provided. The forward cross section peak is larger, by at least an order of magnitude,
than the backward peak at W = 3.6 GeV. This difference becomes bigger for the higher
energy bins.

The forward peak in the cross sections at each energy bin is shown in Fig. 5.12, and
5.13. The Regge model is overestimating the cross section for small angles by at least 50%
for W < 4.04 GeV. This overestimation increases with increasing W to reach a range of 2
to 3 times the experimental cross sections, Fig. 5.13. For 3.6GeV < W < 4.14GeV, the
EtaMaid2018 model is in good agreement within 20 % of the GlueX experimental results
for all polar angles with cos ¢, > 0.8, see Fig. 5.14 where the ratio of the GlueX (G)
to the EtaMAID2018(M) is calculated. Starting at W = 4.24 GeV, and up to W = 4.71
GeV, the model is overestimating the cross section for small angles where cos ¢, > 0.9.
The agreement between EtaMAID2018 and the data decrease to about 70% for W > 4.24
GeV. No agreement in the forward peak is found for W > 4.53, where EtaMAID2018 over

predicts the experimental data by more than 50 %, see Fig. 5.15.
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Differential Cross Section Results.
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Figure 5.10: Differential cross section (j—g) for 6 center of mass energy bins 3.60, 3.71, 3.82,
3.93, 4.04, and 4.14 GeV. Gluex data(blue), EtaMAID2018, and Regge theoretical models
are in grey and green lines, respectively.
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Differential Cross Section Results.
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Figure 5.11: Same as 5.10 but for center of mass energy bins 4.24, 4.34, 4.44, 4.53, 4.62,

and 4.71 GeV.
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Differential Cross Section Results.
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Figure 5.12: Differential cross section (fi%) for cosf,, > 0.6 in a linear scale for 6 center
of mass energy bins 3.60, 3.71, 3.82, 3.93, 4.04, and 4.14 GeV. Gluex data(blue), Eta-
MAID2018, and Regge theoretical models are in grey and green lines, respectively.
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Differential Cross Section Results.
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Weighted average differential cross section ratio .
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Figure 5.14: Weighted average differential cross section ratios between GlueX data and
EtaMAID2018 model at cos 8¢, > 0.8 for 6 center of mass energy bins 3.60, 3.71, 3.82, 3.93,
4.04, and 4.14 GeV.
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Weighted average differential cross section ratio.
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Figure 5.15: Same as Fig. 5.14.
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5.4 Differential cross sections (do/dt) for High Energy Data

As for the low energy data differential cross sections do/dt have also been determined. The
high energy 1 photo-production cross section as a function of -t are shown in figures 5.16,
and 5.17. The GlueX data show the typical increase of the cross section at very large |¢|
(low u) up to 20 GeV2. The new GlueX data at large t will provide new information to
improve the understanding of the production mechanism of 7 mesons.

At small |t| < 2GeV?2, the data follow roughly the shape of the EtaMAID2018 model.
Figs. 5.18,and 5.19 show a linear fit for log(do /dt) over a -t range of 0.14 < —t < 1.0GeV2,
In general, the fitted line is parallel to the predicted EtaMAID2018 cross sections up to W
= 4.53 GeV, and within 20 % of their values. At W > 4.62GeV, the two lines are not

parallel, and the there is no agreement between the data and the models.
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Differential Cross Section Results.
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Figure 5.16: Differential cross section (%‘Z)for 6 center of mass energy bins 3.60, 3.71, 3.82,

3.93, 4.04, and 4.14 GeV as a function of (-t). Gluex data(blue), EtaMAID2018 and Regge

theoretical models are in grey and green lines, respectively.
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Differential Cross Section Results.
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Figure 5.17: Same as Fig. 5.16 but for 6 center of mass energy bins 4.24, 4.34, 4.44, 4.53,

4.62, and 4.71 GeV.
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Differential Cross Section Results.
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Figure 5.18: Differential cross section (%‘Z)for 6 center of mass energy bins 3.60, 3.71, 3.82,
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Differential Cross Section Results.
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Figure 5.19: Same as Fig. 5.18 but for 6 center of mass energy bins 4.24, 4.34, 4.44, 4.53,

4.62, and 4.71 GeV.
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Figure 5.20: Absolute value of the slopes and intercepts extracted from each energy bin vs
W.

5.5 Combined do/dt discussion for 2.54 < W < 4.8 GeV

This section summarizes the results based on the discussion in section 1.4. Figs. 5.18, and
5.19 as well as the similar fits for the low energy data show a linear fit of log(do /dt) vs (-t)
in a very small values of 0.14 < —t < 1GeV?2. The slope and intercept extracted from all
the 24 energy bins are shown in Fig. 5.20.

The absolute value of the slope could be fit with two constants, one is for the low energy
data (2.01%+ 0.05), and the other one is for W > 4 GeV (3.01+0.07). This may indicate
different exchanged Regge particle. The extrapolation of these linear fits to t = t,,,;,, where
tmin 18 very close to zero as shown in chapter 1, are proportional to the total n photo-
production cross section. Fig. 5.21 shows these extrapolated values in blue as well as the

integrated (IC) total cross section calculated from the equation:

2 10

I1C =
DA df)

(5.1)

where DA is the detector acceptance (97% for the low energy data, while it is 98% for the
high energy data). Dividing the extraploated data by log(s), results in a total cross section
o, that is in agreement with the theoretical predictions from Byung-Geel Yu [57] at the
low energy end (W < 3.5 GeV). The IC is also in a good agreement with the Yu predictions

for W < 2.8 GeV. The ratios of the extrapolated do/dt at t = t,,;,, and oy with respect to
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Figure 5.21: Combined total cross section in a linear (left), and log (right) scales from the
low and high energy data sets Vs center of mass energy W.

the IC are shown in Fig. 5.22. The latter ratio is fitted with the constant green line. This
fit show an agreement between the two experimentally calculated total cross sections (IC
and o) within 24 + 3 %.

The ratios of the experimental cross sections to the EtaMAID2018 total cross sections
are shown in Fig. 5.23. There is a good agreement within 10% between GlueX (o) and
EtaMAID2018 total cross section for 3.5 < W < 4.6GeV. The ratio between these two
total cross sections is 88 & 3 % (the green line).

Comparing equation 1.37 to the straight line equation, one can calculate the value of
o = ‘s%’el. The values of o/ for all 2.54 < W < 2.8 GeV are shown in Fig. 5.24. These

values have a constant fit of 0.5040.01.
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Total Cross Section Ratios
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Figure 5.22: The ratios of the extrapolated cross section (blue) and oy (green) with respect
to the IC. The yellow points are the log(s) values.
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Figure 5.23: The ratios of the extrapolated cross section (blue), o, (green), and IC (magenta)
with respect to the EtaMAID2018 total cross section.
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o/ values of equation 1.37
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Figure 5.24: The values of o for all energy bins. The blue line is a linear fit of 0.50+0.01
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CHAPTER 6

Summary and Conclusion
The GlueX experiment is studying the light meson spectrum and searching for exotic and
hybrid mesons. The GlueX start counter detector propagation time calibration procedure
has been updated. In general, the effective speed of light measured from this calibration
ranges from 13 cm/ns to 25 cm/ns. The start counter efficiency has been calculated for each
geometrical section, and for each scintillator paddle. The overall start counter efficiency has
been determined to be 97.2 + 0.1 %. The start counter time resolution is well below the
350 ns, which allows for identifying individual electron beam bunches, sent by CEBAF at a
frequency of 249.5 MHz, and the coincidence photon from which an event has been created.
The start counter time resolution has been stable through a total run period of over 5 years
with no clear sign of deterioration.

In this work, the reaction vp — np was used to test the Regge theory for s, and
t- dependence. The n was identified by the decay n — ~7, which has a branching ratio
of 39.414+0.20%. The photo-production differential cross sections (do/df2) have been de-
termined for a beam energy ranging from 2.9 up to 11.6 GeV. These results have been
presented in 24 center of mass energy (W =2.542 GeV up to W = 4.71 GeV) bins as a
function of the cosine of the n production polar angle in the n — p center of mass frame.
The new measurements are the most extensive high statistics data set covering a big range
of W. Two data sets have been used to determine the 7 differential cross sections:

e The nominal GlueX high energy data with a beam energy range of 6.2 GeV < E, <
11.6 GeV have been collected in Spring 2017.
e The low energy data set of 2.9 GeV < E, < 5.9 GeV have been collected in Fall 2018.

Differential cross sections (do/dY) of n photo-production off the proton, from the
low energy data set, have been compared with the overlapping CLAS data and the recent
theoretical EtaMAID2018 model as well as the Regge cross section predictions by JPAC.
The GlueX data are covering a larger 67, angle range than the CLAS data in both forward

and backward directions. In general the new GlueX results are systematically higher than
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the CLAS measurements from 2009 like recent 2020 CLAS results. The GlueX results
agree for —0.8 < cos 0, < —0.3. The GlueX cross sections roughly follow the shape of the
EtaMAID2018 model. They agree with the Regge model calculations within 10% for forward
going n’s with small angles O, < 20°, while the EtaMAID2018 model underestimates these
cross sections.

A detailed comparison between the experimental results and the theoretical Eta-
MAID2018 model has been performed for all W bins through this study. A good agreement
has been found for small angles between the Gluex measurements and the Regge model. As
W increases, a good agreement between the new data and the EtaMaid2018 model is not
expected due to the dominance of t-channel processes of n’s photo-production, while the
model is an isobar model with a Regge background. At high energies,  photo-production
is mainly a t-channel process. The new high energy data can be used to constraint the
production mechanisms within the theoretical model predictions, and a better agreement
between data and theoretical model is expected in the future.

The ‘é—‘t’ data have been fitted with an exponential for a small range of 0.14 < —t < 1
GeV?. The extracted slope factor for the energy data W < 3.2 GeV have a fitted value of
2.01+0.05. This fitted value increased to 3.01+0.07 for the high energy data W > 4.0 GeV.
This indicates that there are two different exchanged particles at low and high energies.
The integrated cross sections calculated from (do/dS)) were compared to the extrapolated
(do/dt at t=tn)/log(s), which is denoted oy. The two are in agreement within 20%.
Both experimental cross sections were also compared to the EtaMAID2018, and Byung-
Geel Yu 2020 total cross sections. The experimental cross sections agree with the Byung-
Geel Yu 2020 within 15% at the low energy, while agree within same percentage with the
FEtaMAID2018 at the high energy data.

In the appendix A, a first look at the photo-production of 1’ has been presented with
its radiative decay branch (rT7~+), with a branching ratio of 29 %. This branch was
chosen since it has the lowest number of detected final state particles. The background in
this channel was very challenging. Therefore understanding the yield outcomes has been

compared to the highest branching ratio decay (77 n), with 42 %. The n decay has also
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been identified with the decay into v with a branching ratio of 39.4 %. The ratio of the
7’ yield has been determined from the two decay channels and compared to the expected

value of 1.72 from the PDG. They are in agreement within 12 %.
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Appendix
In this appendix, a summary of 1’ photo-production analysis will be presented as well as
differential cross section tables for n photo-production with systematic error calculations

for the GlueX low energy data set.

Photo-production of 1’ Mesons

Photo-production of 7’ mesons is an important process since it is one of the decay products
of the potential exotic candidate 71(1600). 7' mesons are pseudoscaler particles like n
mesons. According to flavor symmetry SU(3), both particles would have similar masses if
the strange quark had the same mass as the up and down quarks. However the strange
quark is considerably heavier, resulting in an 7’ mass of 0.958 GeV.

There are two main 7’ decay channels. The first one is ’ — 77~ with a branching
ratio 42.6 +0.70%, and the n is identified via the decay n — 7 as in chapter 3. The second
common decay mode of the 1 is ' — 77~ with a branching ratio of 28.9 & 0.5 %. We
analyzed this decay mode first. This channel is very challenging due to a large background
under the invariant 7’ mass peak and a large peak in the invariant mass spectrum near the
p mass due to a superposition of a 1% branching ratio of the p decaying to 777+, and the
decay w — 7 Tm~ 7 with a missing undetected photon from one of the 70’ decay. Because
of this challenging background, n’ decay to 777 has been analyzed as well. This allows
one to evaluate and study the single photon and double photons detection efficiency. The
yield ratio of the two 1’ decay branches have been determined and found in agreement with
the PDG value within 10 %.

The invariant mass histogram of the 77~ channel is shown in Fig. 1. The signal
to background ratio is about 1:4. One way to improve the signal to background ratio in this
channel is to apply a linear cut as indicated in the two dimensional Dalitz plot of M2, (7~ )
vs M, (7). Fig. 2 shows the comparison of dalitz plot in data and simulation. In data
we found a large number of low energy photons due to hadronic split off in the calorimeter

near the bottom left corner of the figure. The MC simulation using the standard GlueX
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7T r v invariant mass.
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Figure 1: w7~ invariant mass before applying Dalitz cut.

inclusive n/n’ generator as in chapter 3, does not show this structure. By applying this cut
in the simulation, results in a signal loss of only 3%. The Dalitz plot after the cut are shown
in Fig. 3 for data and simulation. The signal to background ratio after the cut is now
almost 1:1 as shown in Fig. 4. Also a clear n peak decaying to 777+ with 4% branching
ratio is obtained.

We also analyzed the 7771 decay channel, where the 7 is identified via the two
decay photons. An integrated cross section for ' photo-production has been calculated for
10 beam energy bins at an energy range from 3 GeV to 6 GeV. In each bin the 1’ yield
is calculated from the radiative decay by fitting a Gaussian signal and either quadratic or
linear background. The 7’ yield for the charged decay, where a very clean signal is obtained,
is extracted by fitting a Gaussian and an exponential background. The yield comparison
from the two channels is shown in Fig. 5.

The relative branching ratio R of the 7’ decay to 77~ and to 7777 is calculated

in equation 1, which is taking into consideration that the n is identified by v~ decay, which
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Dalitz Plot Before Cut.
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Figure 2: Invariant mass squared of 7~ vsw T for data (top) and simulation (bottom).
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Dalitz plots after cut.
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7T r v invariant mass.
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Figure 4: 77~ invariant mass after applying Dalitz cut.

has a branching ratio of 39.41 % itself. This ratio R has been determined experimentally
from the ratio of the flux normalized yields of both channels. The PDG calculated R and
the experimental one from the Fig. 5 of (1.51 £ 0.08) are in agreement within 12%.

BR,Z/_M—Jrﬂ—f’Y

R =
BRyyntnn X BRyry

= 1.7240.05 (1)
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Energy dependence
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Figure 5: (Top) ntn ™~ yield with linear (quadratic) background in red (magenta). The

yield of 7t7~n is in blue. (bottom) Experimental branching ratio fit(yellow box) and
comparison to the PDG value with its error (blue solid and dashed lines)
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Low Energy n Cross section tables

cos(#) | CRX (nb/str) | statistical error | syserr
-0.893 11.37 2.05 2.42
-0.712 5.63 1.59 1.88
-0.459 2.48 0.82 0.97
-0.137 7.06 0.90 1.06
0.087 17.10 1.42 1.68
0.301 15.77 1.41 1.66
0.439 24.24 2.40 2.83
0.543 39.09 3.09 3.65
0.643 67.81 3.91 4.61
0.741 94.13 4.76 5.62
0.809 146.84 9.53 11.25
0.850 167.88 10.11 11.93
0.892 187.68 11.19 13.20
0.920 218.50 18.13 21.39
0.939 194.40 17.99 21.23

Table 1: n differential cross section for center of mass energy = 2542 MeV
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cos(f) | CRX (nb/str) | statistical error | syserr
-0.903 13.49 1.56 1.73
-0.717 7.54 1.10 1.22
-0.452 1.97 0.57 0.63
-0.134 7.14 0.60 0.67
0.090 11.12 0.82 0.91
0.298 12.94 0.90 1.00
0.445 24.65 1.65 1.83
0.545 39.35 2.07 2.30
0.644 99.88 2.63 2.92
0.742 89.33 3.25 3.61
0.810 142.20 6.49 7.20
0.850 154.12 6.84 7.59
0.890 180.66 7.64 8.48
0.919 173.75 11.25 12.49
0.940 212.54 13.30 14.76
0.955 4.07 2.87 3.19

Table 2: n differential cross section for center of mass energy = 2580 MeV

cos(f) | CRX (nb/str) | statistical error | syserr
-0.889 12.19 1.81 2.35
-0.724 4.22 0.99 1.29
-0.465 2.87 0.62 0.81
-0.143 5.27 0.61 0.79
0.080 8.37 0.83 1.08
0.300 11.11 0.93 1.21
0.445 19.43 1.69 2.20
0.541 33.37 2.20 2.86
0.644 51.75 2.71 3.52
0.743 83.41 3.58 4.65
0.811 126.79 6.99 9.09
0.850 157.27 7.87 10.23
0.890 168.20 8.55 11.12
0.920 180.36 12.86 16.72
0.940 203.78 14.24 18.51
0.955 28.46 10.54 13.70
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cos(f) | CRX (nb/str) | statistical error | syserr
-0.887 10.30 1.52 1.73
-0.726 3.43 0.84 0.96
-0.462 2.61 0.52 0.59
-0.151 4.66 0.50 0.57
0.090 6.80 0.65 0.74
0.294 6.86 0.71 0.81
0.440 17.44 1.43 1.63
0.545 27.41 1.76 2.01
0.646 44.89 2.30 2.62
0.744 78.15 3.07 3.50
0.810 124.95 6.17 7.03
0.851 140.65 6.75 7.69
0.891 156.40 7.19 8.20
0.920 181.80 11.63 13.26
0.940 182.83 12.44 14.18
0.955 73.56 11.96 13.63

Table 4: n differential cross section for center of mass energy = 2660 MeV

cos(f) | CRX (nb/str) | statistical error | syserr
-0.894 9.18 1.45 1.54
-0.728 3.30 0.85 0.90
-0.450 1.26 0.50 0.53
-0.154 3.52 0.43 0.46
0.091 5.56 0.59 0.63
0.298 5.81 0.63 0.67
0.444 14.57 1.34 1.42
0.544 21.64 1.65 1.75
0.644 38.91 2.22 2.35
0.746 67.52 2.93 3.11
0.811 107.29 5.87 6.22
0.851 138.95 6.66 7.06
0.891 164.84 7.65 8.11
0.920 180.35 11.85 12.56
0.940 177.84 12.17 12.90
0.955 115.24 14.79 15.68
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cos(f) | CRX (nb/str) | statistical error | syserr
-0.894 8.51 1.59 1.86
-0.718 4.30 0.80 0.94
-0.451 1.74 0.38 0.44
-0.162 2.61 0.34 0.40
0.091 3.32 0.43 0.50
0.297 3.70 0.47 0.55
0.443 12.18 1.02 1.19
0.543 16.74 1.28 1.50
0.645 30.40 1.66 1.94
0.744 60.43 2.35 2.75
0.811 95.47 4.71 5.51
0.851 120.91 0.41 6.33
0.891 158.90 6.33 7.41
0.920 165.85 9.45 11.06
0.940 172.06 10.11 11.83
0.955 148.41 14.25 16.67

Table 6: n differential cross section for center of mass energy = 2750 MeV

cos(f) | CRX (nb/str) | statistical error | syserr
-0.902 17.10 8.47 11.27
-0.726 2.46 0.69 0.92
-0.445 0.21 0.31 0.41
-0.171 1.57 0.30 0.40
0.095 2.30 0.37 0.49
0.307 3.40 0.45 0.60
0.438 7.78 0.85 1.13
0.542 15.11 1.20 1.60
0.645 27.06 1.58 2.10
0.745 53.82 2.29 3.05
0.811 84.83 4.51 6.00
0.851 114.27 5.29 7.04
0.890 140.53 6.03 8.02
0.920 155.85 9.28 12.34
0.940 160.93 10.19 13.55
0.955 180.17 15.58 20.72

Table 7: n differential cross section for center of mass energy = 2810 MeV
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cos(f) | CRX (nb/str) | statistical error | syserr
-0.902 8.27 2.66 2.69
-0.716 1.45 0.53 0.54
-0.448 1.16 0.29 0.29
-0.156 1.27 0.25 0.25
0.092 1.28 0.26 0.26
0.306 2.44 0.33 0.33
0.442 5.17 0.67 0.68
0.545 9.17 0.88 0.89
0.645 21.01 1.26 1.27
0.744 48.30 1.92 1.94
0.810 70.47 3.76 3.80
0.851 104.14 4.54 4.59
0.891 126.89 5.20 5.25
0.920 144.98 7.97 8.05
0.940 177.12 9.15 9.24
0.955 169.17 13.36 13.49
0.965 33.52 7.45 7.52

Table 8: n differential cross section for center of mass energy = 2875 MeV

cos(f) | CRX (nb/str) | statistical error | syserr
-0.900 6.16 1.40 1.34
-0.713 21.18 55.84 53.61
-0.459 0.89 0.24 0.23
-0.161 0.60 0.17 0.16
0.082 0.75 0.22 0.21
0.316 2.09 0.29 0.28
0.442 3.67 0.56 0.54
0.542 7.22 0.80 0.77
0.648 18.32 1.22 1.17
0.745 36.59 1.77 1.70
0.811 62.08 3.48 3.34
0.850 84.38 4.21 4.04
0.891 110.93 4.88 4.68
0.920 128.44 7.78 7.47
0.940 146.98 8.62 8.28
0.955 153.23 13.71 13.16
0.965 83.69 10.66 10.23

Table 9: n differential cross section for center of mass energy = 2955 MeV
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cos(f) | CRX (nb/str) | statistical error | syserr
-0.903 5.42 1.05 1.03
-0.717 1.27 0.40 0.39
-0.487 0.80 0.22 0.22
-0.179 0.24 0.10 0.10
0.101 0.47 0.13 0.13
0.292 0.88 0.18 0.18
0.452 0.98 0.33 0.32
0.549 4.93 0.55 0.54
0.646 12.76 0.87 0.85
0.746 29.11 1.31 1.28
0.810 51.84 2.77 2.71
0.851 78.20 3.45 3.38
0.890 104.08 3.96 3.88
0.920 130.19 6.39 6.26
0.940 138.39 7.11 6.97
0.955 172.49 11.15 10.93

Table 10: 7 differential cross section for center of mass energy = 3053 MeV

cos(#) | CRX (nb/str) | statistical error | syserr
-0.892 5.40 1.58 1.53
-0.713 1.48 0.53 0.51
-0.478 0.84 0.29 0.28
-0.199 0.07 0.08 0.08
0.101 0.11 0.07 0.07
0.326 0.35 0.13 0.13
0.446 1.02 0.25 0.24
0.550 2.83 0.44 0.43
0.646 10.19 0.77 0.75
0.746 22.96 1.16 1.13
0.812 42.40 2.50 2.42
0.851 63.52 3.05 2.96
0.891 94.68 3.78 3.67
0.920 125.47 6.29 6.10
0.940 130.64 6.66 6.46
0.955 134.87 10.45 10.14
0.965 157.90 11.85 11.49
0.975 7.78 3.54 3.43

Table 11: 7 differential cross section for center of mass energy = 3155 MeV
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cos(#) | CRX (nb/str) | statistical error | syserr
-0.896 3.89 1.11 1.01
-0.726 0.88 0.33 0.30
-0.476 0.32 0.13 0.12
-0.175 0.03 0.05 0.05
0.125 0.06 0.05 0.05
0.303 0.15 0.06 0.05
0.441 0.38 0.17 0.15
0.548 1.75 0.29 0.26
0.647 5.83 0.50 0.46
0.747 16.09 0.84 0.76
0.811 31.39 1.89 1.72
0.851 52.89 2.36 2.15
0.891 69.93 2.83 2.58
0.920 107.78 4.96 4.51
0.940 122.25 5.57 5.07
0.955 140.99 8.88 8.08
0.965 155.30 9.67 8.80
0.975 45.04 6.43 5.85

Table 12: 5 differential cross section for center of mass energy = 3277 MeV
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