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Abstract

The work that comprises this thesis focuses on the design and performance of the
electromagnetic barrel calorimeter for the GLUEX experiment. The calorimeter is
designed to measure photon four-momenta for energies from a few tens of MeV up
to 4 GeV.

Monte Carlo simulations were done to study the effects of the internal geometry
of the lead/scintillating fibre matrix on the energy resolution and energy sampling
fraction of the calorimeter.

The Monte Carlo work was congruent with a photon beam test at Jefferson Lab
where the energy and time difference resolutions, and the number of photoelectrons
produced, were measured for a prototype module. The results of the beam test are
presented herein.

The attenuation lengths of PHT-044 and BCF-20 scintillating fibres were ex-
tracted from measurements of the optical spectra at multiple positions along the
length of the fibre. The bulk attenuation lengths were then estimated based on the
quantum efficiencies of a conventional photomultiplier tube and a prototype solid-
state silicon photomultiplier.

A prototype acrylic light-guide was designed to meet the requirements of trans-
mitting light from the fibres in the barrel calorimeter to the large area silicon pho-

tomultipliers. Studies of the efficiency and transmission angles are presented.
i



Using the data gathered from stand-alone Monte Carlo, simulations, and mea-
surements of readout detector properties, the results were used as parameters for a
larger detector simulation, HDGEANT, which contains all the other detectors within
GLUEX. Studies of the reconstruction efficiency and resolutions for single photons
are presented.

To conclude the thesis work, a first attempt was made at reconstructing a physics
reaction with a recoil proton and four photons from meson decays using the kinematic
fitter that is part of the GLUEX reconstruction software package. A point was
made to determine the hadronic background which may be included in the signal
reconstruction. The process of producing the signal and background are discussed
with some initial analysis of the results. As the reconstruction software is not a final

version, some deficiencies were found and are discussed.
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Chapter 1

Introduction

In the study of the physics of the universe, it has been shown that there exist four
fundamental forces that act on the constituent matter of the universe. These forces
behave in their own distinct ways but have similarities in their interactions with mat-
ter, aside from gravity, and are well described by the Standard Model of Elementary
Particle Physics [1]. Among these, quantum electrodynamics (QED), which describes
the interaction of light and matter, combined relativity and quantum theory. It was a
great success in the early half of the 20th century in that it described the interaction
of photons and electrons (and other charged particles) with the electric field to better
than one part in a billion. Subsequent success with the unifying of QED at higher
energies with the weak nuclear force, which describes radioactive decays, resulted in
the modern electro-weak theory. As such, QED has become the model for the strong
interaction which describes quarks and gluons, the fundamental constituent particles
of hadrons and mesons, called quantum chromo-dynamics (QCD).

At present, our understanding of strong interactions is described by a non-Abelian
gauge field theory which we call QCD [2-4], though we know little about the physical

states of the theory. Until we can compare the properties of the physical states of
1
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the theory to those seen in experiment, it is difficult to say, as a physics community,
that we fully understand QCD®. Fortunately, we do have a good system for studying
QCD in the non-perturbative regime: the mesons. They offer an ideal mechanism
for studying the strong interactions of quarks and the gluons that bind them.
Current theoretical understanding of hadron physics is generally derived from
phenomenological models, and in particular, the constituent quark model [5,6]. The
constituent quark model describes meson and baryon spectroscopy quite well, by
treating these as objects made of constituent objects, otherwise referred to as valence
quarks. Hadrons constructed with only valence quark configurations are referred to
as “conventional”. This is done as many QCD models predict hadronic states with
explicit gluonic degrees of freedom, usually in addition to the valence quark degrees
of freedom, and are not “conventional”. States that consist of only gluonic fields and
no constituent quarks are called glueballs. States that consist of both constituent
quarks and excited gluonic degrees of freedom are called hybrids. Hybrids are the

focus of the GLUEX experiment.

1.1 GlueX Physics

1.1.1 Quarks and Gluons in the Standard Model

Within the standard model, hadronic states are described by the interactions of spin-
1/2 fermions, called quarks, and spin-1 bosons, called gluons. There are many ways
to group the six quarks that have been discovered so far. They can be separated

individually as “flavours”with the common names up (u), down (d), strange (s),

LQCD is well understood in the dynamical asymptotic region of perturbative QCD. However,
in the non-perturbative region, specific components of the QCD Lagrangian prevent analytical
solutions.
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charmed (c), top (¢) and bottom (b). These can then be grouped into light flavours
(u, d, s)and heavy (c, t, b), in respect to their constituent quark masses. The quarks
carry electrical charge like the electron and are subject to QED but also possess a
colour charge, a property of the strong interaction. This colour charge has three val-
ues commonly denoted 'red’, 'blue’ and 'green’ in analogy to colour in optics. Where
photons? are the field carriers of the electromagnetic interaction, gluons are the field
particles of the strong interaction. Gluons are massless, flavourless, vector bosons
which are defined to carry both a colour and anti-colour charge. Also, colour charge is
not directly observable as only colour singlet® combinations of colour charged objects
have been seen to exist experimentally though this is not a fundamental property of
QCD. Since gluons carry colour charge, they can interact strongly with other gluons.

This self-interaction of the gluons is the driving mechanism for glueballs and hybrids.

1.1.2 Lattice QCD

Lattice quantum chromodymanics (LQCD) is QCD formulated on a regular Eu-
clidean space time grid. The lattice is characterized by the lattice spacing, a, the
distance between neighbouring sites. The major benefit of LQCD is that, since no
new parameters or field variables are introduced in this discretization, LQCD retains
the fundamental characteristics of QCD. The regularization of QCD on the lattice al-
lows for non-perturbative features of the strong interaction to be studied, the original
reason that Wilson introduced LQCD, which went on to show confinement of quarks
in the strong coupling regime. As well, unlike certain phenomenological models, the

only tuneable input parameters in LQCD are the strong coupling constant and the

2Photons are massless neutral vector bosons. Because they are neutrally charged, they do not
interact with other photons.

3A colour singlet refers to the state where there is no net colour charge and is colourless. (i.e.
red + anti-red = colourless, or red + blue + green = colourless).
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bare masses of the quarks®. Since these quantites can be determined from experiment
and used as inputs to LQCD, any predictions made by LQCD must match experi-
mental data if QCD is the theory of strong interactions. One drawback of LQCD is
that the discretization of the lattice spacing induces a cutoff on the momenta on the
order 1/a, and therefore extrapolations to the continuum must be made to estimate
real values. Computer resources generally limit the lattice spacing and, as such, cal-
culations are generally made with heavy quarks and/or large pion masses. However,
ongoing improvements in computer development will allow for further reductions of
the lattice spacing and pion mass. Good reviews of LQCD and its successes and

problems are found in Refs. [7] and [8].

1.1.3 ¢qq Meson and Baryon Symmetries

Ignoring the three heaviest quarks, the three lightest quarks (u,d,s) will form an
SU(3); symmetry group® [6]. The result of this symmetry is that the dimension-
alities of the combinations of quarks may be determined. In an SU(3); symmetric
description of quarks, a quark is denoted as 3 for (u, d, or s) and an anti-quark as
3 for (@, d or 5). In the case of baryons, a combination of three constituent quarks,

the dimensionalities of the states are given by

3393=10808® 10 (1.1)

where a singlet state (1), two octets (8) and a decuplet (10) should all be observed.

Initially, Gell-Mann and Zweig had independently postulated a model where three

4One of the important features of LQCD is that in addition to testing QCD it can make detailed
predictions of the dependence of quantities on az and the quark masses. These predictions can then
be used to constrain effective theories like chiral perturbation theory, heavy quark effective theory,
and various phenomenological models.

5The f denotes flavour symmetry.
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constituents with an SU(3); symmetry explained the observed spectra of hadrons.
This led to the search for the Q7 (sss) to fill the decuplet and it was a major success
for the quark model when it was found experimentally [9].

In the case of mesons, a quark and anti-quark pair, the dimensionality of states

is given as

3@3=1®8 (1.2)

A quark (q) and anti-quark (g) will form a singlet state (1) or an octet (8). This
combination is collectively referred to as a nonet. A nonet is characterized by the
quantum numbers J¢ which are determined by the rules for adding the quarks’
spins (S,) to their relative orbital angular momenta (L). Thusly, J = L + S where
S = S’:I + 5’:;. The parity, P, for this ¢qg system is given by (—1)L*! and the charge
conjugation (C-Parity), C, which is defineable only for neutral self-conjugate mesons,
where C' = (—1)L5. These rules for spin, angular momentum and parity restrict the
available JF¢ states through quark degrees of freedom only. Allowed conventional

JFC states are in the set {0=F, 0T+, 15 17— 177 ... }. States such as {0~=, 17,

...} cannot be constructed solely from a ¢g pair and are said to be exotic.

1.2 Non-q¢ Mesons

Mesons that consist of more than conventional qq states are predicted by QCD models
[1,10-16]. The non-qg meson states are characterized by their different quark and
gluon configurations; these are classified as glueballs (made primarily of gluons),
multi-quark states and hybrids which have both valence quarks and gluonic degrees

of freedom.
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1.2.1 Glueballs

While glueballs will not be seen in the GLUEX experiment, it is important to discuss
them briefly for the sake of completeness. From the gluon’s self-interaction due to
carrying colour charge, bound quark-less states are formed: the glueballs. The glue-
ball is predicted by many different QCD models: bag models [13,17,18], constituent
glue models [19], flux tube models [20-22], QCD sum rules [23] and lattice gauge the-
ory (LGT). It is expected that lattice calculations will provide the best predictions
for glueball states as these calculations originate from QCD itself.

Since gluons have colour symmetry SU(3). and only colour singlet states have
been observed to exist as free particles, any possible glueball must consist of at least
two valence gluons (in the sense that hadrons consist of valence quarks) such that
the net colour of the state is colourless.

The previously stated models predict the mass of the lightest glueball, a 0*+
state, to lie between 1500 MeV and 1700 MeV [24-27]. The next lightest states, 07+
and 271 have mass estimates between 2000 MeV and 2500 MeV [24,25,28]. These
light glueballs have non-exotic J©¢ quantum numbers and, as such, make it difficult
to separate them from standard ¢g mesons. Glueballs with exotic quantum numbers
are expected to have masses above 3-4 GeV. The glueball spectrum is graphed in
Fig. 1.1.

A proposed method to isolate the glueball is to study glueball decays having
quark-flavour symmetric couplings to final state hadrons. These “flavour-blind”,
decays produce a characteristic flavour-singlet branching fraction to pseudoscalar
pairs which can be experimentally measured [29]. In addition, a measurement of
the electromagnetic coupling to glueball candidates would provide clues about the

nature of the state. Radiative transition rates of a relatively pure glueball would be
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SU(3) Glueball Spectrum
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Figure 1.1: The mass of the glueball states. The scale is set by ro with 1/ry = 410(20)
MeV. Figure from [27]. (original in colour)
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quite different from that of conventional ¢q states, with glueballs having a suppressed
coupling to 7. However, everything is rendered more complicated by the possibility
that any glueball state could be a mixture of underlying states with the same quantum
numbers which significantly affects the properties of the state [30]. This leads to

inherent difficulties and controversy when interpreting various observed states.

1.2.2 Hybrids

The simple description of the hybrid meson is a quark anti-quark pair with an ad-
ditional gluonic degree of freedom. Compared to glueballs, hybrids have a few ad-
ditional features that makes their detection much easier. Not only do they cover
complete flavour nonets, the lightest hybrid multiplet J¢ = {2+~ 1=+ 07— 07~}

JPC quantum numbers forbidden in

contains at least one hybrid meson with exotic
conventional ¢q states, the 1=, This gives a much larger field to explore experimen-
tally than glueballs.

Hybrids can be sought in an over-population of states compared to those predicted
by the quark model. However, this depends on a good model to predict the population
of conventional quark states and a good understanding of hadron spectroscopy in a
specific mass region. Currently, the phenomenological models have not been tested
well enough against experiment to reliably exclude a given state as “conventional”,
due to the lack of experimental data on hybrid mesons. Further complicating this
search is the expected mixing between hybrid and conventional states. A second

approach is to search for hybrid mesons that do not have the same J¢

quantum
numbers as conventional ¢g mesons. A discovery of exotic hybrid mesons would be
key evidence for hadron spectroscopy beyond the simple quark model.

Insight into the physics of hybrids can be gleaned from the heavy-quark results of
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lattice QCD [31]. In lattice calculations, the quark and anti-quark are spatially fixed
colour sources with the energy level of the glue determined by the quark separation.
Potentials are determined by the gluon energy level and can be calculated from
lattice QCD. The ground state potential corresponds to the glue being symmetric
along the quark anti-quark axis. The lowest lying gluonic excitation corresponds to
one unit of angular momentum along the quark-antiquark axis. Thus, conventional
mesons are based on the lowest lying potential when there is no excitation of the glue,
and hybrid states emerge from the the excited potentials. The combinations of the
excited flux tubes (JF¢ = 17~ and 177) with the quark and antiquark spins produce
a set of eight degenerate hybrid states with J7¢ = {17=, 0=+, 17=F, 27}, and {177,
0*—, 177, 277}, respectively. Among these, the JF¢ = {1 0%~ 2+~} states are
exotic. The degeneracy is expected to be broken by differences in excitation energies
of JF¢ = 17~ (magnetic) and 1~-F (pseudo-electric) gluonic excitations, spin-orbit
terms as well as by mixing between conventional and non-exotic hybrid mesons.
While it may be reasonable to extend this picture to the light quark masses, it must
be taken into account that these lattice calculations work well only for heavy quarks
and decidedly less so for the light quark sector where relativistic effects are more
predominant. The bag model [13,14, 18,32, 33| also predicts hybrid mesons but
only predicts four degenerate states, {27+, 17+, 177 and 0~ "}. This is due to the
inherent differences between the two models.

Exotic hybrid mesons have been experimentally elusive. One reason why this
may be is that there appears to be a selection rule for hybrid mesons: that gluonic
excitations cannot transfer angular momentum to the final states as relative angular
momentum and must instead appear as internal angular momentum of the ¢g pair

[34-36]. However, this rule does not appear to be absolute, with the flux tube,
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constituent glue and bag models allowing certain cases® where it is broken. Another
possible explanation is that hybrids may not couple strongly to simple final states.
For example, the hybrid p meson (p) decays predominantly through b;w and fim
modes. Its decay into two pseudoscalars, p — @« or p — 71, provides a unique

signature for the 1~ state.

1.2.3 Masses and Widths

The flux tube model predicts [22,37] that many hybrids (or their final state mesons)
have too broad a resonance to be observed, with only a few hybrids narrow enough
to be easly observed. The ay, fo, fé hybrids are too broad themselves while the w;
and (;;1 will most likely be too difficult to find due to the width of their final state
decays. From flux tube model predictions, the hybrids that should be easiest to find

are:

pr — [bams
— [fimls
as — [as7|p
fo — [by7]p
fo — [K*(1430).K]p
— [KKilp
One of the earliest predictions for hybrids comes from the flux-tube model in

which all eight hybrid nonets are degenerate with a mass of about 1.9 GeV/c?. Lattice

QCD calculations, however, regularly show that the exotic 1~ nonet is the lightest.

6The rule can be broken by wave function and relativistic effects in the flux tube and constituent
quark models while the bag model allows for an excited quark to lose its angular momentum to
orbital angular momentum.
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Table 1.1 lists predictions made previous to 2004, though lattice calculations are
ongoing. The results fall in the range of 1.8 to 2.1 GeV/c? with an average similar
to that of the flux-tube model. A more thorough discussion of hybrid masses is
available in Ref. [38] and includes an extensive table of predicted hybrid mass widths.

Predictions of photoproduction rates of hybrids by Close and Dudek are found in

Ref. [39].
Author 1= Mass (GeV/c?)
Collab. Year  Ref. uii/dd s§
UKQCD (1997)  [40] 1.87 = 0.20 2.0+02
MILC (1997)  [41] 1.97 £0.09 = 0.30 2.170 £ 0.080 £ 0.30
MILC (1999)  [42] | 2.11+0.10 = (sys)
SESAM (1998)  [43] 1.9+ 0.20
Mei& Luo  (2003)  [44] | 2.013 = 0.026 = 0.071
Bernard et al.  (2004)  [45] 1.792 £ 0.139 2.100 £ 0.120

Table 1.1: Lattice results for the light-quark 1~" hybrid meson masses. This table
is taken from Ref. [38].

The predictions for masses the mass of other exotic quantum numered states
are few and far between. Using lattice QDC, Bernard [41] calculates the splitting
between the 07~ and the 17T state to be about 0.2 GeV /c* with large errors. They
later calculate this with a clover action [42] and find a splitting of 0.270+0.2 GeV /c?.
The SESAM collaboration [43] has also calculated masses for three exotic hybrids

JPC states on the lattice, the results of which are shown in Table 1.2.

Jr¢ Mass

1= 1.94+02GeV/c?
2t 2.0+0.11GeV/c
0t~ 23+0.6GeV/c?

Table 1.2: Estimates of the masses of exotic quantum number hybrids. This table is
taken from Ref. [38].
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1.3 Hybrid Production

In the search for hybrid mesons, the production mechanism is as important as the final
state detection. Similar to glueball searches, gluon rich environments like J/W decays
or pp annihilation are good places to look. Hadronic production via pion or kaon
beams have been attempted, with some preliminary (if ambiguous) results [46-51].
Photoproduction is also an important mechanism, as hybrids could be produced at
tremendous rates via off-shell p, w or ¢ via vector meson dominance interacting with
an off-shell exchanged 7 [52]. However, it should be noted that an experiment with
a spin-0 beam (in the entry channel of the reaction), such as a pion beam, cannot
produce an exotic signal directly (only through second order processes), though an
experiment like GLUEX with a photon beam (spin-1) can. A hadronic beam would
require a spin-flip of one of the quarks. In any case, a high statistics experiment is

JPC’

needed that can produce many of the possible exotic states.

1.3.1 Peripheral Production

Peripheral reactions are characterized by a large impact parameter (the distance of
closest approach to the nucleus) and the square of the exchanged four-momentum, ¢,
between the beam and the resonant state, X such that t = (ppeam—p X)Q. A diagram of
the hadronic peripheral production process is shown in Fig. 1.2. Peripheral reactions,
where a pseudoscalar meson (7,7, K) or vector meson (M) (p,w, ¢) is incident on a
nucleon (B), will generally produce a resonance in the meson (M*) or baryon (B*)
through the exchange of a meson with some small fraction of events producing a

resonance in both the meson and baryon:
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MB — M*B
MB — MDB*

MB — M*B*.

The non-resonant background is small. The cross sections for different exchanged
particles in Fig. 1.2, as well as interferences between particular channels, show a
strong dependence on t [53]. Therefore, analysis is typically done for different ranges
of —t to try to understand the exchange mechanism?”. Reactions in GLUEX will

generally have a small —¢, less than 1 (GeV/c)?, where one pion exchange typically

dominates.

AS
(06\)0
oec‘a\‘ v
Beam Particle X
' ©
K
SQ
.9
0L
1 X S
:LIJ o
Target Nucleon Recoil Nucleon

Figure 1.2: Schematic diagram of a hadronic peripheral production process. The
exchange particle is an off-mass-shell particle, such as a 7 or a;.

"The value of ¢ is negative in the relativistic limit since mass can be neglected. Therefore,
t= *2pbeam ‘Px-



CHAPTER 1. INTRODUCTION 14

1.3.2 Hadronic Production

The majority of data on light meson spectroscopy are from experiments with multi-
GeV pion or kaon beams incident on nucleon or nuclear targets. The beam particle
is excited in the interaction and exchanges momentum and quantum numbers with
the recoiling nucleon. Most of the products of the interaction are mesons at forward
angles with a ground- or exited-state baryon recoiling at at large angle. The E852
experiment [46], VES at IHEP /Serpukhov [47,48] and NENKEI at KEK [49, 50] all
used a 7~ beam. LASS [51] had a K~ beam. An example reaction would have an
excited meson state X, where its quantum numbers have been determined by the
exchange, which subsequently decays into two or more stable mesons. In the case of
E852, this would look something like 77p — X " p — p’n~p — 7~ 7T 7 p. Positively
charged pion or kaon beams would also produce peripheral hadronic reactions. While
hadronic beams have provided important data due to their high cross sections and
availability, the hybrid spectrum has yet to be unambiguously identified, possibily

due to the supression of hybrids in these channels.

1.3.3 Photoproduction

Peripheral photoproduction, however, appears to be a better production mechanism.
Lattice QCD and phenomenological models argue that the hadronic properties of the
photon will enhance the probability of producing hybrid mesons [54,55]. However,
there is a significant lack of data regarding the photo-production of data [56] in the
mass regions where hybrids are expected to be produced. Almost all of what is known
comes from bubble chamber measurements at SLAC [57-62]. These experiments were
among the first exploratory studies of the photoproduction of meson and baryon

resonances at these energies, and although they suffer from low-statistics, they have



CHAPTER 1. INTRODUCTION 15

good acceptance, except for events with multiple neutrals. The absence of any new
photoproduction data is due to the lack of quality, high intensity photons beams and
a suitable experimental apparatus since then.

For about 70% of the total photoproduction cross section, from E, =7 — 12 GeV,
there is very little information, and for multi-neutral states almost none exists [57].
Due to the usage of hydrogen-filled bubble chambers, the SLAC experiments in the
late 1960’s and early 1970’s were unable to measure photons from decays of n and
7V mesons, though a zero-constraint kinematic fit was applied to identify the missing
mass from a single 7° or neutron [63]. Nearly 85% of the total cross-section (124ub
at E, = 9.3 GeV) is in the three, five or seven-prong® samples and of this sample,
more than 60% have multi-neutrals (n, 7° or neutron). Refs. [63,64] summarize the
the available photoproduction data relevant to GLUEX. Extrapolating from what
is known from the final states that have been identified and studied, the bulk of
the unknown processes are expected to involve final states with combinations of 7°
and n mesons. The discovery potential is likely to be highest in these multi-prong
states. Table 1.3 summarizes the photoproduction cross sections for various charged
particle topologies, with and without neutrals, at E., = 9.3 GeV [57]. Predictions of

photoproduction rates of hybrids by Close and Dudek are found in Ref. [39].

1.3.4 Exotic Hybrids from Photoproduction

The hadronic properties of the photon are given by the vector dominance model [65].
The photon coupling to hadrons is that of a superposition of vector meson states. In
this case, Fig. 1.2 still applies, but the incoming beam particle is now a spin triplet

ground state, rather than the spin singlet state of the hadronic peripheral production

8 A prong refers to the number of charged tracks in each reaction.
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Topology o (ub) % of o with neutrals
1-prong 85+1.1 100

3-prong 64.1 £ 1.5 76 £+ 3
5-prong 34.2+0.9 86 + 4
7-prong 6.8+0.3 86 + 6
9-prong 0.61 £0.08 87+ 21

With visible strange decay 9.8+£04 -

Total 124.0 £ 2.5 82+4

Table 1.3: Topological photoproduction cross sections for yp interactions at 9.3 GeV
from Ref. [57]. Also shown are the percent of the cross section with neutral particles
for each topology.
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case. As a consequence, the preferred excitations are likely to be much different,
producing the 07~ , 17" and 2%~ exotic meson states in the lowest excited state
of the flux tube (JF¢ = 1t~ and 177). The suppression of these exotic hybrids in
m-induced reactions is not surprising considering that a spin-flip of one of the quarks
is required. Phenomenological studies quantitatively support this picture predicting
that the photoproduction crossections for exotic mesons are comparable to those for

copiously produced mesons such as the a(1320) [55,66].

1.3.5 The nr’ system

The reaction vp — nm¥p is of particular interest for exotic hybrid searches since the
nm¥ system has well-defined charge conjugation quantum value (C = +) and if the
n and 7° resonate in a P-wave then the resonance has an exotic J©¢ = 17+, The
branching fractions for decays to vy for the n and 7° are 39% and 99%, respectively.
The detection of the photons from these decays are of great importance for the
GLUEX experiment in searching for an exotic hybrid signal. For this reason, the
calorimeters are emphasised in this work with studies of the BCAL dominating the
majority of it. This decay channel is also the focus of physics reconstruction work

presented in later chapters.

1.4 Partial Wave (Amplitude) Analysis

The extraction of quantum numbers for the physics of interest from data gathered
by the GLUEX detector, will be accomplished using a method known as Partial
Wave Analysis (PWA), which is sometimes more accurately referred to as Amplitude
Analysis. PWA is a technique used in hadron spectroscopy to extract information

about the spin-parity and decay properties of resonances produced in hadronic inter-
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actions. For this type of analysis to be successful, a detector with good acceptance
in phase-space is required, along with adaquate four-momentum resolution and good
statistics such that the data can be binned in terms of mass and four-momentum
transfer-squared, t.

PWA involves the parameterization of the intensity distribution in terms of vari-
ables that have physical meaning when interpreted as properties of intermediate
states in a particular reaction. Any complete set of functions can be used, as long
as they cover the appropriate phase-space, but some are much more complicated
than others. For instance, a moment® analysis requires a complicated mapping from
moments to physical states to understand the results in all but the simplest of cases.
However, an expansion in terms of intermediate resonances and their decays is sim-
pler where conservations laws limit the number of terms in the expansion and the
results can be interpreted directly.

In any reference frame, where the z-axis is in the production plane, the most
general angular distribution of the intensity of a resonant X system can be written,
according to parity conservation, as a sum of the real parts of the spherical har-
monic moments, £(Y;™). In a moments analysis [67], the angular distribution of the

produced events can then be written as

I(r) = Z Z 4"Y,"(0cs. ¢cr) (1.3)

where ¢]" are the normalized moments, [ is the angular momentum quantum number,
m is the magnetic quantum number; ¢;" contains the angular momentum quantum
number j and R(Y;") is just written as Y;™. The variable 7 defines the phase space

necessary to determine a configuration of the final state being investigated. Generally

9the influence that produces a change in a physical quantity
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7 includes, the momentum transfer squared ¢, the invariant masses, and the polar

and azimuthal angles in the Gottfried-Jackson frame!°.
The simpler expansion, based on work by of Chung [68] and Chung and True-

man [69] in terms of intermediate resonances, results in slightly different expression

for the intensity distribution [70]:

2

(1.4)

I(r) = )

(e

> g (1)

B

where one of the terms is squared to account for interference. Again, 7 represents the
phase-space. The subscripts a and ( are the parameters that describe the partial
wave decomposition being used, where « specifies the properties of the different
intermediate states that do not interfere, such as the spin states of the incoming or
outgoing particles in the detector. The subscript 3, on the other hand, represents
the properties whose differing values do interfere, such as the spin states of broad
resonances produced as intermediate states in a sequential decay.

In a peripheral production experiment, the amplitudes in the expansion can be
drawn as shown in Fig. 1.3. Following this diagram, the amplitude “¢4(7) is factored
into two parts: V, the amplitude to produce the state X, and A, the amplitude for
the state X to decay into the final state observed.

These amplitudes are written in the reflectivity basis [69], which takes into ac-
count parity conservation in the production process by writing the amplitudes in
terms of eigenstates of reflection through the production plane, where the reflectivity
of the amplitude is denoted as e. Waves of differing ¢ do not interfere. The spin

configuration of the amplitudes is labeled k. Amplitudes with different relative spin

0The Gottfried-Jackson frame is the CM-frame of the X resonance rotated so that its z-axis is
parallel to the incident photon beam direction.
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configurations for the incoming and outgoing baryon will not interfere either. It
can be seen from this that Amplitude Analysis is the more accurate name for this
particular technique that GLUEX will use.

In the reflectivity basis, the sum over amplitudes splits into four non-interfering
sets of fully interfering amplitudes [69], or &« = {e, k}. While both the production
and decay amplitudes depend on ¢, the decay amplitude does not depend on k, since
the decay amplitude for a particular state X cannot depend on the nucleon spin during
the production process. Similarly, the production amplitude has no dependence on
7, the configuration (phase-space) that the final state X decays into.

The intensity distribution now becomes

2

(1.5)

I(r) = )

e,k

> Vi As (7)
5

where Ay (7) and Vi are the decay and production amplitudes, respectively, which
are described by parameters such as J”¢, ¢, orbital angular momentum, [, the spin
of the isobar resonance, s, and its mass. The decay amplitudes can be calculated but
the production amplitudes must be determined from a fit to data. This is done by
examining an extended maximum likelihood of the fit, while varying the parameters
in the production amplitude.

The maximum likelihood requires that the acceptance of the detector be under-
stood for each of the phase-space parameters in the production amplitude. This
requires a good Monte Carlo detector simulation, which accurately predicts the ac-
ceptance for these phase-space parameters. During the fitting process, the finite
acceptance of the detector is taken into account on a term by term basis. (i.e.,

each term contains a pair of decay amplitudes with a unique shape in 7, and the



CHAPTER 1. INTRODUCTION 22

acceptance for each term is determined separately.)

1.4.1 Unbinned Likelihood Fitting

Ref. [71] describes the likelihood fitting process as follows. In an experiment, Ny
events will be detected where each event is described by a vector f?. In Monte
Carlo, N,, events are generated over the appropriate phase-space, to determine the
acceptance of the detector, where each event is described by the vector z7". The
Monte Carlo events are passed though the detector simulation to determine the
acceptance for each event, 7;, resulting in N, accepted events. n; = 1 for an accepted
event and 7; = 0 otherwise. With the Monte Carlo and experimental data events,
an amplitude hypothesis I(d, ;) can be tested for the likelihood with which [ fits
the data. @ will be the parameters varied in the fit to maximize the likelihood.

The standard likelihood function is given as in Eq. 1.6 where p is a probability

function:
L = Hi\;dlﬂfg)' (1-6)

p can be built from the physics hypothesis I, by normalizing I over all phase space:

) = 1(d, Zi)n;
[ 1(@, m)n(r)dr

p(a,x

(1.7)

The normalization integral can be computed via Monte Carlo techniques. The total

phase space is defined as:

Qtot = / dT, (18)
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such that the normalization integral can be computed as:

N
Qtot

/ I@ () = TS 1@ (1.9)

Using the fact that n is 1 for accepted events, and zero otherwise, Eq. 1.9 can be

rewritten as a sum over the accepted Monte Carlo events as:

m

/ (G, 7)n(r)dr = ?V“’t Z (a7, (1.10)

Assuming that the acceptance of each event datum is also 1, then the standard

likelihood function in Eq. 1.6 is:

L = T L
TR X @)

(1.11)

Then, one can take the negative of the natural logarithm of Eq. 1.11:

—In(L) = Nyln [?v: i[(&,:&?)] =) In[I(a, )] . (1.12)

Maximizing the likelihood of the fit then involves minimizing Eq. 1.12 with respect
to . The first part of the sum (inside the logarithm) is known as the normalization
integral, and can often be precomputed before any fitting. It should be noted that
the standard likelihood function will result in the correct shape for the distribution,
but it is not necessarily constrained to preserve the normalization.

In the case where N, events are measured, and the expected number of events

< n > can be determined as a function of the fit parameters, @, a generalized
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likelihood function can be determined from Eq. 1.6 as follows:

Ny ~ _’d
L= (ZnTee) g HET) (1.13)
Ny [ 1(@,r)n(r)dr

This equation describes the probability of observing N, events when < n > are

expected and that the observed events are described by the distribution function,
I(a, %).

The generalized likelihood is derived similarly to Eq. 1.12 [71] and is given as:

Cm(L) — Nd[ln(Nd)—l]—i—%ln(Zde)

0 Ng Ny
D CENED BN S) (1.14)
i 7

The full derivation can be found in Ref. [71]. The first line contains only numerical
constants that depend solely on the number of data events, N,;. The first term in
the second line is the normalization integral, which can be precomputed, while the
last term requires the larger fraction of computational resources. Unlike the standard
likelihood function, the generalized likelihood function will guarantee that the Monte

Carlo will normalize to the number of data events.

1.4.2 Fitting

The actual process of fitting involves incorporating a set of waves, or the hypothesis,
which are fit to the data in bins of momentum transfer and invariant mass. The
production amplitudes are allowed to vary in an iterative algorithm, where each wave

JPC

is characterized by the isobar parameters such as , €, 1, s, its mass and the polar

and azimuthal angles in the Gottfried-Jackson frame. This is straight-forward for
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simple waves (few waves with low spins) with good statistics and tools exist at Indiana
University and CMU to do this and are in use for other experiments. However, there
are many difficulties associated with PWA. For example, it has been seen in E852
analyses [72] that by not choosing the appropriate set of waves to describe the data
set, it is possible for some amount of amplitude to be associated with an incorrect
wave giving rise to possible false signals. This has led to ambiguous claims of exotic
signals. Including all possible waves in the set would be nearly impossible due to
the extremely large amount of computational time needed; so the problem remains
to choose the best possible wave set. However, with a correct wave set, a successful
fit to the data will give the proper amplitudes such that waves with exotic quantum
numbers should have amplitudes greater than zero if they exist and can be seen in
the data. It should also prove stable against the addition of some higher waves, if
the added waves do not contribute in strength.

One of the issues that makes unbinned likelihood fits difficult to use is the fact
that the log-likelihood itself is not a goodness-of-fit estimator. Various goodness-of-
fit estimators have been proposed but there is no clear solution to this problem. One
such method is to first note that ratios of likelihoods, or differences in log-likelihoods
can be used as improvement measures for fits to the same data set. This leads to the
idea of defining a likelihood measure based solely on the data set being used, and
then compare the results of a fit to that of the data likelihood. Work is ongoing to

determine the best method of determining a goodness-of-fit.

1.4.3 Computing Resources

Because the last term in Eqgs. 1.12 and 1.14 is the CPU expensive part of the like-

lihood fitting procedure, there is an effort in the collaboration [73] to reduce the
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resources needed to calculate this term. An amplitude analysis of 1 x 107 events, a
small data set by GLUEX standards, would require nearly 10,000 CPU hours. Using
parallel computing with graphical processor units (GPUs), this computing time can
be reduced, due to the hundreds of cores on each GPU, and the associated software
used to handle this parallel processing. The reduction of computing time is observed
to be nearly a factor of 100 so far, without any serious optimization. Future hardware
and software developments could reduce the computing time further. As well, the
monetary cost for the GPUs is much less than the equivalent number of CPUs.

In conclusion, the intrinsic nature of Partial Wave (Amplitude) Analysis not
only requires a detector with good acceptance in phase-space, good four-momentum
resolution and adaquate particle identification, but also requires a good knowledge of
that acceptance through Monte Carlo detector simulations. The design of the GLUEX
experiment is expected to meet these needs. With these, it should be possible for

GLUEX to extract exotic hybrid waves from the data.
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The GlueX/Hall-D Project

Based on the predictions of hybrid mesons and glueballs in lattice QCD and in various
phenomenological models with guidance from previous experiments, the GLUEX /Hall-
D collaboration was formed to design a photon beam and detector to map the exotic
hybrid spectrum [74]. Currently the experiment is in the detector construction phase
having been approved for Critical Decision 3 (CD3)!. The experimental goals of the
collaboration are to reach meson masses up to about 3 GeV/c? and collect sufficient
statistics on the production of mesons with the ability to examine a wide variety of
final state decays. Final analysis of the data to determine the J”¢quantum numbers
to find exotic hybrids will be done through PWA. For PWA to be successful, the
detector must be hermetic? with good rate capabilities and be able to kinematically
identify exclusive reactions. A vanguard attempt to reconstruct reactions from sim-
ulated Monte Carlo data based on the full GLUEX detector will be described later

in this thesis.

1CD3 is a U.S. Department of Energy (DOE) milestone indicating that funds are available for
construction.
2Sensitive and efficient over the required phase space.
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2.1 CEBAYF at Jefferson Lab and the 12 GeV Up-
grade

The Continuous Electron Beam Accelerator Facility (CEBAF) was originally de-
signed and constructed to accelerate an electron beam to 4 GeV by recirculating the
electrons five times through two superconducting linear accelerators (linacs), each
pass providing a 400 MeV energy boost. The maximum design current is 200 pA cw,
corresponding to a beam loading current of 1 mA [75]. From the commissioning of
the accelerator, CEBAF has consistently met or exceeded its design parameters such
that with improvements to the helium processing of the cavities and power supplies,
the energy of the accelerator improved to about 6 GeV before the current shutdown
phase for further upgrades. Once upgrades are complete, the electron beam will have
an energy of 12 GeV prior to entering the Hall-D facility and producing the photon
beam for the hybrid meson search. A diagram of the accelerator layout is shown in
Fig. 2.1.

Along with the creation of a new experimental hall at Jefferson Lab, Hall-D, the
upgrade of the accelerator includes the boosting the energy of the beam by adding
five new cryomodules to the existing 20 in each of the linacs of CEBAF. The space
for the additional modules is already available, with space for further upgrades in the
future. A tenth added arc will allow for 11 full passes of the electrons before delivery

to Hall-D. Further upgrades to the accelerator are described in reference [76].

2.1.1 Hall-D

Hall-D is currently being built on the north-east corner of the accelerator site. Due

to the lower radiation levels produced by the photon beam, the experimental hall is
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5 New

Cryomodules

Figure 2.1: The proposed configuration for the 12 GeV upgrade of CEBAF at Jeffer-
son Lab showing the additional new Hall D for the GlueX experiment. Details are
given in the text.
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built above ground, as shown in Fig. 2.1. The building in which the photon beam is
tagged will exist separately from the building that will contain the detector elements.
A drawing of the final building layout appears in Fig. 2.2. A horizontal schematic of

the photon beam line is shown in Fig. 2.3 with the major components labelled.

Figure 2.2: A drawing of the Hall-D complex. The linac buildings are visible in the
background.

. . primary collimator and sweeping magnet
fine steering magnets secondary collimator and shielding

crystal radiator mount photon beam dumg

\

tagging spectrometer

photon beam pipe
[/ééu% s=—=
\ GLUEX spectrometer
tagger building \>

electron beam dump experimental hall

Figure 2.3: Schematic plan view of the photon beam line, shown in the horizontal
plane as viewed from above. The objects in this figure are not drawn to scale.
(from [77])
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2.2 The Photon Beam

To produce and detect hybrid mesons in the mass region of interest, 1.5 — 3 GeV/c?,
with sufficient resolution, the beam energy must allow the experiment to sample
enough phase space to map out the spectral shape of the exotic hybrids up to 3
GeV/c?. The beam energy must also be high enough to provide a large enough boost
to the centre of mass in the lab frame. Both are accomplished with the proposed
photon beam energy of 9 GeV. The photon beam must also be linearly polarized
to satisfy the analysis requirements discussed later. This is related to the fact that
states of linear polarization, in contrast to states of circular polarization, are eigen-
states of parity. The linear polarization of the photon beam can also be used as an
exotics filter, as the angular distributions of some states have terms that depend on

polarization [78,79].

2.2.1 Coherent Bremsstrahlung Photon Beam

To produce the needed linear polarization, coherent bremsstrahlung radiation is pro-
duced by scattering the 12 GeV electron beam off a thin diamond crystal radiator
oriented in a particular way. For certain orientations of the crystal with respect to
the electron beam, the atoms of the crystal can be made to recoil together from the
radiating electron, leading to an enhanced emission at particular photon energies
and yielding linearly polarized photons. The “coherent” in coherent bremsstralung
does not indicate that the photons are in a coherent state, such as light from a laser.
Rather, it refers to the coherent effect of the multiple atoms in a crystal lattice ab-
sorbing the momentum from a high energy electron when it radiates a bremsstrahlung
photon. The uncertainty principle dictates that the position of each atom on the lat-

tice undergoes fluctations about its mean position such that the discrete positions of
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the lattice positions are somewhat smeared. The final photon spectrum then appears
to be the sum of two parts: a discrete sum over the lattice positions and an integral
over the continuum of momentum transfer values due to the smearing of the lattice
positions. The latter is the incoherent part of the spectrum and appears as ordinary
bremsstrahlung radiation proportional to the inverse momentum transfer and is in-
variant with respect to the crystal orientation. A typical coherent bremsstrahlung
spectrum is shown in Fig. 2.4. The coherent peaks, due to the discrete crystal lattice,
change in position and intensity depending on the crystal orientation.

Because of the relationship between angle and photon energy, a large portion of
the incoherent spectrum can be removed by collimating the bremsstrahlung photon
beam. A 3.4 mm hole, 76 m from the radiator, will not only collimate out much
of the incoherent part of the beam, but will also increase the degree of linear po-
larization to about 40%. With the duty factor of the CEBAF electron beam being
close to one, the resulting photon beam will be an excellent probe for hybrid mesons.
The distribution of the energy within the collimated beam is centred around a sin-
gle narrow peak which has a width at full-width half maximum (FWHM) of less
than 10% of the peak energy. As well, the photons within this peak have a large
degree of linear polarization. The power spectrum of the collimated beam is shown
in Fig. 2.5. Note that the coherent peaks appear as enhancements on top of the
incoherent bremsstrahlung continuum. The precise energy of each photon within the
peak will be measured via a “tagging” spectrometer which measures the momentum
of the recoil electron and thus directly determines (tags) the energy of the radiated

photon.



CHAPTER 2. THE GLUEX/HALL-D PROJECT 33

x 10°

4000

3500

3000

beam flux (/GeV/s)

2500

2000

1500

1000

500

4 5 6 7 8 9 10 11 12
E, (GeV)

o
C;\I—i\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

Figure 2.4: Typical coherent and incoherent bremsstrahlung spectrum from a discrete
crystal lattice. The distinction between incoherent (thick line) and coherent (thin
line) components in the figure is artificial; it is shown to distinguish the invariant
part of the spectrum from the part that shifts as the crystal is rotated. The vertical
scale in the figure gives the photon rate for a diamond crystal radiator 20 microns
thick and a 1 pA electron beam of 12 GeV energy [80].
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Figure 2.5: Photon power spectrum, after collimation, from an oriented diamond
radiator 10~* radiation lengths thick. The y axis is dP/dE with power P expressed
in GeV/s and E in GeV . The electron beam current is 1 uA. Note that the coher-
ent peaks appear as enhancements on top of the incoherent bremsstrahlung contin-

uum [80].
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2.2.2 Tagging Spectrometer

The tagging spectrometer is an Elbek-type® spectrometer and is shown schematically
in Fig. 2.6. The 12 GeV electrons pass through the radiator target where a small
fraction undergo a bremsstrahlung interaction. The electrons then pass through a
focusing quadrupole before entering the dipole magnet. The majority of electrons do
not interact and are bent a small angle toward the beam dump. Any recoil electrons
from the bremsstrahlung interaction are bent towards a set of 190 fixed scintillation
counters spanning the electron momentum range from 3.0 to 11.7 GeV, and a mov-
able “microscope”of 500 scintillating fibres optimized for normal operation spanning
the energy range from 8.3 to 9.1 GeV. The fixed array allows measurements over the
entire operating range of energies, but with modest energy resolution of 0.25% and
reduced rate capabilities. The microscope is needed in order to run the source in
coherent mode at the highest polarization and intensities, and whenever energy res-
olution better than 0.25% is required. With the microscope, the source is capable of
producing collimated photon intensities in excess of 2 x 10® photons/GeV /s. Further
information about the radiator crystal, tagger, electron and photon beams is found
in the GlueX Design report [80] and The Technical Design of the Hall-D Polarized
Photon Beam [77].

3The exit face of an Elbek-type spectrometer is parallel to the entrance face of the analyzer.
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Figure 2.6: A planar view of the tagging spectrometer from above, showing the path
of the primary beam and the trajectory of post-bremsstrahlung electrons of various
recoil momenta. Taken from Ref. [77].
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The GlueX Detector

3.1 Overview

In order to achieve the primary physics goal of the GLUEX [81] experiment, that
of mapping the spectrum of gluonic excitations of light mesons, it is required that
photons and charged particles are measured with sufficient acceptance and resolu-
tion in order to be able to identify exclusive reactions, a requirement imposed by
PWA, needed to determine the J”¢ quantum numbers of the produced mesons. The
photons of particular interest are those resulting from 7 — vy and n — v decays.
Photoproduction data at 9 GeV are sparse and are mainly from bubble chamber
experiments, in which the reconstruction of final states with multiple neutral par-
ticles is impossible. These all-neutral final states are expected to make up 60% of
the photoproduction cross section, underscoring both the need and discovery poten-
tial for neutral particle reconstruction. GLUEX will run in Hall-D, currently under
construction at Jefferson Lab as part of the 12 GeV upgrade to the lab.

The GLUEX detector design is ideally suited for a fixed-target photoproduction

experiment. The experimental apparatus includes: a 2.2 Tesla solenoid magnet,
37
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with a start counter, central drift chamber (CDC), forward drift chambers (FDC)
and a cylindrical lead /scintillating-fibre electromagnetic barrel calorimeter (BCAL),
each inside the solenoid magnet bore, with a time-of-flight wall (TOF) and circular
planar lead glass electromagnetic calorimeter downstream of the solenoid in a forward
position (FCAL). A schematic of the detector is shown in Fig. 3.1. Future upgrades
to the GLUEX detector may include a Cherenkov detector for enhancing particle
identification (PID). The photon beam is incident on a 30 cm LH, target. The
start counter, made of plastic scintillator that provides event timing information,
surrounds the target. The FDC and CDC provide tracking information and the two
electromagnetic calorimeters, the FCAL and BCAL, measure the four-momentum of
decay photons with the BCAL also providing some proton/pion PID at large angles
(greater than 11 degrees). The TOF, which sits immediately in front of the FCAL,
provides timing information for particle identification at small angles. The dashed
lines in Fig. 3.1, at angles (with respect to the beam direction) 10.8° and 126.4°,
indicate the corners of the BCAL. The regions between the lines at angles 14.7° and
10.8°, and between 126.4° and 118.1°, are where the number of apparent radiation

lengths is reduced due to the geometry at the ends of the module.

3.1.1 Coordinate System Definition for GlueX

The GLUEX coordinate system is typically defined in spherical coordinates when
talking about a specific point (i.e. the target) along the axis of the detector, with
+2z pointing downstream towards the FCAL along the central axis of the solenoid,
with polar angle # and azimuthal angle ¢. When discussing the detector packages
inside the solenoid, a cylindrical coordinate system is typically used, with a radius,

r, defined as as the distance perpendicular to the z-axis. The origin of the global
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Figure 3.1: Schematic of the GLUEX Detector. The detector has cylindrical symme-
try about the beam direction. The detector subsystems and dashed lines at angles
(with respect to the beam direction) 10.8° through 126.4° are referenced in the text.
The start counter is not shown for clarity. Taken from Ref. [80]
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z-axis is defined as the upstream edge of the solenoid magnet, 65 cm upstream of the

target centre and 17 cm before the upstream edge of the BCAL.

3.2 Solenoid Magnet

The 2.2 T magnetic field provided by the solenoid will perform two functions in
the GLUEX experiment. The first is to provide momentum analysis for the charged
particles produced. The field will curve the paths of the charged particles as they pass
through the bore of the solenoid. The CDC and FDC tracking detectors will record
hits where the charged particles passed though, and reconstruction software can then
determine the momentum of the reconstructed tracks. The second function of the
strong magnetic field is to sweep away any low-energy electromagnetic background
(generally ete™ pairs) created due to the high intensity photon beam.

The solenoid that will be used for GLUEX was built at SLAC ca. 1970 for the
LASS spectrometer and was subsequently moved to LAMPF in 1985 for inclusion in
the MEGA spectrometer. The MEGA experiment and the solenoid were decommis-
sioned in place in 1995. In 2002 the coils were examined and determined to be in
good condition and could be reused. The solenoid was shipped from LANL to the
Indiana University Cyclotron Facility (IUCF) in the fall of 2002 for testing and re-
furbishing of the four coils (this is now nearing completion). The inner bore diameter
is 185 ¢cm with an overall finished length of 495 cm. Within the clear bore region,
the field homogeneity is £3%. Along the beam axis the field homogeneity improves
to £1%. Table 3.1 summarizes the important parameters of the magnet.

A study of the solenoidal field and variations in the field are presented in Ref. [82].
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Inside winding diameter of SC coils 203 cm

Clear bore diameter 185 cm
Overall length (iron) 495 cm
Coil-to-coil separation 28 cm

Total iron weight 210 tonnes
Central field 22 kGauss
Axial load per coil due to magnetic forces 255 tonnes
Conductor current 1500 A(nominal) 1800 A(max)
Total stored energy 36 MJoules
Inductance 22 H

Total helium volume (including reservoir) 5000 litres
Operating heat load (liquid He) 30 litres/hour
Operating heat load (liquid nitrogen) 30 litres/hour
Turn on time 20 minutes
Turn off time (normal) 20 minutes
Cool-down time 2 weeks

Table 3.1: Summary of characteristics of the GLUEX solenoid as used in the LASS
configuration. Taken from Ref. [80] with units converted to metric.
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3.3 Target

For the main physics program of GLUEX, a liquid hydrogen target will be used. The
design is fairly simple as the photon beam will deposit only 100 mW in the target
such that natural convection is enough to remove heat from the target cell. Because
the solenoid magnet is supplied with 4.5 K helium, using this as a refrigerant for
the target cell simplifies the cooling process and removes the need for a separate
refrigerator for the target.

The target is a cylindrical mylar cell design with a liquid hydrogen volume 30 ¢cm
long and 3 cm in diameter. The mylar cell will be mounted on a metal base to
provide for liquid entry ports and a reliable means of positioning the cell. The beam
will enter through a thin window, where the diameter of the entrance window is large
enough to allow the beam to enter the cell without scraping the edges of the window
causing secondary particles. The area between the window and the outer wall of the
cell is sufficiently large to allow for convection and to prevent bubbles from being
trapped. A system such as this, containing a few hundred cm?® of liquid hydrogen,

would be considered “small” by Jefferson Laboratory standards.

3.4 Start Counter

The Start Counter will provide a fast timing signal used in the level-1 trigger of the
experiment. As an element of the level-1 trigger, the Start Counter must have a
moderate timing resolution (better than 5 ns) with a large solid angle coverage and
a high degree of segmentation. Using tracking information, the Start Counter will
be able to provide a modest time resolution of better than 0.5 ns, thus allowing for

identification of the electron beam pulse associated with the event. The Start Counter
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will consist of 40 plastic scintillator paddles, 5 mm thick, arranged cylindrically. The
downstream side of the scintillators will be bent toward the beam line in order to
increase the solid angle coverage while minimizing multiple scattering. This type of
design will have a large light yield and should produce a good timing signal. Readout
will be done with either magnetic-field resistant photomultiplier tubes (PMTs) or

solid-state devices such as silicon photomultipliers (SiPM).

3.5 Charged Particle Tracking

3.5.1 Central Drift Chamber

The Central Drift Chamber (CDC) will consist of a 1.5 m straw-tube chamber that
is located at the upstream end of the GLUEX solenoid and surrounds the liquid
hydrogen target and Start Counter [83]. There are 24 layers of straw-tubes, starting
at an inner radius of 10 cm up to an outer radius of about 54 c¢m, with 3098 readout
channels in total. Each straw-tube is 1.6 cm in diameter constructed of aluminized
Kapton! with a gold-plated tungsten sense wire strung down the middle. The tubes
are filled with a gas mixture of Ar/CO,/CH, with proportions 80/10/10 (appx.) for
ionization by charged particles. This straw-tube design minimizes the amount of
material in the detector and provides for a uniform electric field, thereby improving
reconstruction capabilities. The downstream end-plate is constructed of carbon fibre,
the upstream plate is aluminum, and the outer shell is fibre-glass — all of which
minimize the available material in the detector. The chamber will detect charged
particles coming from the GLUEX target with polar angles between about 6° and

165°, although the detection efficiency and resolution decrease at the extreme angles

1Kapton® is a registered trademark of E. I. du Pont de Nemours and Company or its affiliates.
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due to fewer straw-tubes being crossed. Any particles going forward at angles less
than 25° will also be seen in the FDC.

To achieve the physics goals of GLUEX, the CDC will require a position resolution
perpendicular to the wires of 0,4 ~ 150um, and a position resolution along the length
of the wire o, ~ 1.5 mm [81], and be able to make dE/dx measurements that will
allow for the separation of protons and pions below 450 MeV/c [84]. The desired
or4 resolution can be obtained arranging the straw tubes appropriately. The o,
resolution will be achieved by placing about 1/3 of the straw tubes at stereo angles
of +6° relative to the straight wires. The dE/dx will be achieved by reading out the
tubes using Flash ADCs (FADCs) and then accounting for the path length in the
straw tube determined from the timing information of the signals.

In the GLUEX detector, particles which have small enough transverse momentum
will be bent into circles and effectively stay within the tracking volume. In partic-
ular, many of these particles are slow protons, with momentum under 450 MeV /c,
where the only particle identification system is the CDC. The purpose of the dE/dx
measurement in the CDC is to separate these protons from similar momentum pions.
Pions and protons with momentum greater than 450 MeV /c will also be detected in

the BCAL, which can then also be used to aid particle identification.

3.5.2 Forward Drift Chambers

The Forward Drift Chamber system (FDC) is designed to track forward-going charged
particles from the target (1° < 6 < 20°) in the 2.24 T magnetic field of the solenoid
[85]. The choice of cathode chambers with wire readout has been made in order to
provide a three-dimensional space point from each active chamber layer. Due to the

spiraling trajectories of the charged particles and the high multiplicity of charged
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tracks passing through the FDC, it is crucial for this system to be able to provide
a sufficient number of measurements with appropriate redundancy to enable linking
of the hits from the different tracks with high accuracy, while providing good spatial
resolution with reasonable direction information.

The FDC system consists of four separate chamber packages. Each package con-
sists of six cathode-wire-cathode plane groupings. Each chamber is 1.2 m in diameter
and consists of a wire plane flanked on either side by cathode planes divided into
thin strips. The strips are oriented at £75° with respect to the wires and 150° with
respect to each other. Neighboring chamber layers will be rotated by 60° with respect
to each other in order to improve track reconstruction decisions on the correspond-
ing left /right ambiguities in the wire planes, hence improving the overall resolution.
By charge interpolation of the electron avalanche image charge in the cathode strip
readout, spatial resolutions at the cathode planes should achieve the design goal for
resolution of 200 um. The purpose of crossing the strips is to provide redundant
coordinate information, as well as to aid in pattern recognition in the background
environment expected in the spectrometer. The drift times from the wires will also
be read out, giving a precision coordinate in the dimension perpendicular to the wires
that should meet the design goal of 200 ym. The planned gas mixture for the FDC
chambers consists of 40% Ar and 60% COs.

3.6 Calorimeters

The calorimeters of the GLUEX detector system play multiple roles and are em-
phasized in this thesis. Their principal role is to detect the photons from 7 and
7° decays which, in turn, may be from other meson or excited baryon decays (N*

or A). The positions and energies of the photons must be determined with suffi-



CHAPTER 3. THE GLUEX DETECTOR 46

cient accuracy and resolution to allow for a complete kinematic reconstruction of the
event. The Forward Calorimeter (FCAL) and Barrel Calorimter (BCAL) will have

complimentary functions in GLUEX for measuring the decay photons.

3.6.1 Forward Calorimeter

The Forward Calorimeter (FCAL) is a 2.4 m diameter circular stack of 2800 lead-glass
blocks (see Fig. 3.2) whose front face is located 560 cm downstream of the GLUEX
target center [86]. The design of the FCAL largely makes use of the experience
gained in constructing and operating very similar lead-glass calorimeters for the E852
experiment at Brookhaven [87] and the RadPhi experiment in Hall-B at JLab. The
lead glass blocks are recycled from the E852 experiment and have been refurbished
and will be restacked.

The FCAL will measure the energy of decay photons by measuring the amount
of Cerenkov light produced in the lead glass blocks from the decay photon pass-
ing through the dense material and creating an electromagnetic shower. The high
atomic number, Z, of the lead in the lead glass results in a short radiation length.
The charged particles produced in the electromagnetic shower are of sufficient mom-
entum such that their velocities exceed the speed of light in the absorber and thus
produce Cerenkov light as they pass through the lead glass [88]. The intensity of the
Cerenkov light produced is proportional to the energy deposited in the lead glass,
and therefore the total amount of light produced in the lead glass calorimeter is a
direct measurement of the total energy of the incident decay photon.

The glass, manufactured in Russia, is designated as type F8-00 glass with a
chemical composition of 45% PbO, 42.8% SiO,, 10.4% K50 and 1.8% Nay,O. The glass

has a density of 3.6 g/cm?, a radiation length of 3.1 cm and an index of refraction
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2 and are

of 1.62. The lead glass blocks have transverse dimensions of 4 x 4 cm
45 cm long. Each block is optically isolated from the others by an aluminized mylar
wrapping. The center 3 x 3 blocks are removed to produce a 12 x 12 cm? beam hole.
The blocks surrounding this hole will be made of radiation hard lead-glass due to the
high radiation intensity near the photon beam. Radiation damage to the lead glass
reduces the transmission efficiency of the glass over the shorter (blue) wavelengths.
The current plan is to instrument the inner 11 x 11 array with radiation-hard F108
glass. Type F108 lead glass is a factor of 100 more radiation-hard than type F8-00.

Each block will be read out using an FEU 84-3 photomultiplier tube (PMT), also
manufactured in Russia. These twelve-stage PMTs have a maximum gain of 2 x 10°
and connected to a custom-designed Cockcroft-Walton base [89] with relatively low
power dissipation — about 0.2 W per base. This is important for heat disapation due
to the close packing of many phototubes [90].

Phototubes at the FCAL position will see a magnetic field from the solenoid on
the order of 200 Gauss. For this reason, the phototube will be recessed from the
lead-glass by using a cylindrical light guide and shielded with soft iron and p-metal
reducing the magnetic field to 10 — 20 Gauss.

The number of photoelectrons seen in the phototube is a large contributor to the
energy resolution of the FCAL and any improvements to the detector to increase
the number Cerenkov photons seen and, therefore, the number of photoelectrons
produced, improves the resolution. Based on Monte Carlo simulations, improved

optics and the resolutions of the E852 and RadPhi lead-glass calorimeters, the FCAL
is expected to have an energy resolution of 5.6%/+/E(GeV).
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Figure 3.2: The Forward Calorimeter (FCAL) consisting of 2800 lead glass blocks
arranged in a circular stack. The front of the array is located 560 cm downstream of

the target center. The diameter of the circular stack is 240 cm. Figure taken from
Ref. [86]
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3.6.2 Barrel Calorimeter

The Barrel Calorimeter (BCAL) is shown schematically in Fig. 3.3 and, relative to
the other detectors, in Fig. 3.1 . The BCAL is 390 cm long with an internal radius
of 65 cm and an external radius of 90 cm, evenly divided into 48 individual modules.
The dimensions of this calorimeter are driven by the volume required for charged par-
ticle tracking and the bore dimensions of the solenoidal magnet. The BCAL design
is based on that of the electromagnetic calorimeter used in the KLOE experiment
at DAPNE-Frascati, which also operated in a solenoidal magnetic field [91-93]. The
BCAL and KLOE calorimeters both employ a lead/scintillating-fibre (Pb/SciFi) ma-
trix of similar length with photosensors at either end to provide energy (ADC) and
time (TDC) measurements. The diameter of the KLOE calorimeter is about three
times that of the BCAL.

As in the FCAL, the relevant parameters for the BCAL that determine the 7°
and 7 mass resolutions are the photon energy (F) and the polar and azimuthal
position resolutions (o and o4). The energy resolution (o) depends on the number
of photoelectrons (INV,.) yielded by the photosensors, based on the collected light.
The photoelectron statistics are strongly dependent on the stochastic fluctuations of
the energy deposited by the electromagnetic shower in the scintillating fibres of the
calorimeter modules. In addition, the number of photoelectrons collected depends
on the fraction of photon shower energy deposited in the fibres, the efficiency with
which the resulting scintillation light is captured in and transmitted down the fibre
to the photosensor, and the photon detection efficiency of the photosensor.

The photon position resolution is determined by the readout segmentation in the
azimuthal direction and the difference in arrival time (AT of the scintillation light

between the two ends of the barrel. The resolution in the time difference (oar), and
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Figure 3.3: The GLUEX BCAL. (a) BCAL schematic; (b) a BCAL module side

view; (c) end view of the BCAL showing all 48 modules and (d) an end view of a

module showing readout segmentation. Details are given in the text.
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therefore the polar angle resolution, also depend on the number of photoelectrons.
The time resolution is a critical input into the momentum resolution for photons and
for the particle identification for charged particles, in conjunction with trajectories
from the drift chambers. As such, the time difference analysis reported below is
more representative of the intrinsic BCAL resolution and independent of any external
timing reference. Other parameters of relevance for extracting the four-momenta with
good resolution and accuracy are adequate segmentation to avoid multiple occupancy,
good linearity and a sufficiently low-energy threshold for photon detection.

The performance metrics for these quantities were set by simulating hadronic
photoproduction at GLUEX energies using PYTHIA? [94] and also by simulating
several of the signature reactions expected to yield exotic mesons. These studies
included a GEANT3-based simulation [95] of the entire GLUEX detector response,
including detector material and cabling, photon reconstruction and kinematic fitting.
The PYTHIA simulations indicate that 70% of the produced photons with energies up
to about 2 GeV will be incident on the BCAL. The photon population in the BCAL
for one of the signature reactions, yp — nn’p — 4~p, where the distribution in nz°
mass was uniform from 1.0 to 2.0 GeV/c? and uniform in decay angles, is shown in
Fig. 3.4. The distribution of photons is plotted as a function of position from the
upstream end of the BCAL; the photons predominantly populate the downstream
end of the BCAL. The target occupies the region z = 33 — 63 cm. Also shown is the
average energy as a function of z with higher energy photons being more forward. The

integrated thickness of the BCAL matrix, in number of radiation lengths, traversed

2pyTHIA was designed and tuned by the authors for much higher energies. Special efforts were
taken by the HERMES collaboration to adapt it to the HERA electron energy of ~30 GeV. GLUEX
slightly adapted the version from HERMES to energies as low as 3 GeV, and compared the PYTHIA
results with some experimental data. At 9 GeV PYTHIA underestimates the total photoproduction
cross section, providing ~80 pb instead of ~120 pb. However, the partial cross sections from
PYTHIA, scaled up by a factor 120/80=1.5 are in a reasonable agreement with the experimental
data [56].
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by photons incident at various positions along the length of the BCAL is also shown.
Note that there is a narrow (~ 1°) angular range near 11° where the photon trajectory
intercepts a small number of radiation lengths of the Pb/SciFi matrix. Photons with
polar angles less than 10°, with respect to the beam direction, are detected in the
FCAL.

Moreover, the segmentation shown in Fig. 3.3d leads to double-occupancy in less
than one-percent of events with two or more photons incident on the BCAL. This
segmentation is also required for adequate determination of the azimuthal angle
of tracks as well as for providing information on the energy deposition profile in
depth, for good cluster identification. Finally, studies of the lowest energy photons
in high-multiplicity reactions that are expected to yield exotic hybrids, such as yp —
b1(1235)mn — 277~ 27%n, indicate that an energy threshold of 40 MeV suffices [?].

It is important to point out differences in the GLUEX and KLOE applications of
barrel calorimetry. KLOE is a symmetric colliding beam experiment with the inter-
section region at the centre of its barrel calorimeter. As a result, that calorimeter is
illuminated symmetrically and nearly uniformly by photons having energies, on aver-
age, between 100 and 200 MeV and with very few photons greater than 400 MeV. On
the other hand, GLUEX is a fixed target experiment, resulting in a highly asymmetric
photon distribution: 30% of the photons in the BCAL will have energies consider-
ably higher than 500 MeV. Despite these differences, the KLOE experience provides
valuable guidance in the design and construction of the BCAL . The achieved KLOE
resolutions [93] of ox/F = 5.4%/+/E(GeV) and oar/2 = 56/1/E(GeV) ps are also
adequate to achieve the GLUEX physics requirements, as indicated by simulation
studies [?]. The extracted resolutions are a direct result of the internal Pb/SciFi

matrix geometry such that similar or better resolutions should be expected for the
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Figure 3.4: The distribution of photons, their energy and integrated path length
through the Pb/SciFi matrix as a function of position along the length of the BCAL
for one of the GLUEX signature reactions, yp — nn’p — 4vp, is shown. The target
position and angular range subtended by the BCAL are also presented.
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BCAL [96], which will be explained more thoroughly in later chapters. One of the
improvements will be from double-clad fibres being used in the Pb/SciFi matrix of
the BCAL, which will increase the total number of photoelectrons seen and, as a
result, will provide a better timing and energy resolution.

A photograph of a production module to be used in the full barrel calorimeter is
shown in Fig. 3.5. A straight-edge ruler is placed on the far end of the module and
is illuminated with a lamp. The uniformity of the matrix can be seen with only a

couple rows shifted. This is a result of errors in producing the module.

Figure 3.5: A photograph of a final production module for the BCAL. A ruler is
placed on the far end and illuminated to illustrate the uniformity of the matrix. The
thin, inner and thicker, outer aluminum plates can be seen mounted to the finished
module. (original in colour)
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3.6.2.1 Module Details

Table 3.2 on page 57 summarizes the salient features of the BCAL. These parameters
are based on the KLOE experience, detailed GEANT-based simulations and tests of
a full-scale prototype with charged particles, photon beam, lab-testing and cosmic
rays. Aside from the attenuation length, the SciFi parameters are not brand specific
but rather represent the generic parameters of double-clad fibres. The latter have
a higher capture ratio compared to single clad fibres, such as used in KLOE. The
nominal increase in capture ratio is over 50%, thus resulting in a similar increase
in the number of photoelectrons, which can be important for low energy photons

incident on the BCAL and the corresponding thresholds of the detector.
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Figure 3.6: The BCAL fibre matrix showing the placement of 1 mm diameter fibres
in the azimuthal and radial directions. The dimensions of the azimuthal and radial
pitch, the glue box between the lead sheets and the glue ring around the fibres
were determined from the prototype module using a measuring microscope. Particle
tracks would appear to enter the matrix from the bottom. More details are given in
Ref. [97].

The setup and running of the JLab beam test and the subsequent analysis con-
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stitutes an important part of this thesis. The analysis of the beam test data showed
an energy resolution for the BCAL of 05/F = 5.4%/1/E(GeV) © 2.3% and a time
difference resolution of oar/s = 70 ps/y/E(GeV) ps. The number of photoelectrons
per GeV of deposited energy was found to be about 660. The beam test is described

in Chapter 5.
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Table 3.2: BCAL properties. Superscript: a - design parameters of the BCAL spec-
ified for the final detector; b - quantities that have been measured; ¢ - specifications
from the manufacturer; d - from literature; e - parameter calculated from known

quantities; f = parameter estimated from simulations.

The number of radiation

lengths as well as the resolutions in the table are all at § = 90° incidence.

Property Value Ref.
Module Geometry
Number of modules® 48
Module length® 390 cm
Module inner cord® 8.51 cm
Module outer cord® 11.77 cm
Module thickness® 22.5 cm
Module azimuthal bite® 7.5°
Lead sheet thickness® 0.5 mm
Fibre Properties
Fibre diameter® 1.0 mm 98]
First cladding thickness® 0.03 mm [98]
Second cladding thickness® 0.01 mm [98]
Core fibre refractive index® 1.60 [98]
First cladding refractive index® 1.49 [98]
Second cladding refractive index® 1.42 [98]
Trapping efficiency®®* 5.3% (min) 10.6% (max) | [98-100]
Attenuation length® (351£17) cm GlueX-doc-1317
Effective speed of light®, cog (16.24+0.4) cm/ns [101]




CHAPTER 3. THE GLUEX DETECTOR

Table 3.2, continued.

Matrix Parameters

Radial fibre pitch® 1.22 mm
Azimuthal fibre pitch? 1.35 mm
Volume ratios’ 37:49:14 (Pb:SF:Glue) [97]
Effective mass number® 179.9 [97]
Effective atomic number® 71.4 [97]
Effective density® 4.88 g/cm? [97]
Sampling fraction’ 0.125 [102]
Radiation length® 7.06 g/cm? or 1.45 cm [97]
Number of radiation lengths® 15.5X, (total thickness) [97]
EM Shower Properties
Critical energy® 11.02 MeV (8.36 MeV) [103,104]
Location of shower maximum® 5.0X0 (5.3X)) at 1 GeV [103,104]
Thickness for 95% containment® | 20.3X, (20.6X,) at 1 GeV | [103,104]
Moliere radius® 17.7 g/cm? or 3.63 cm [104]
BCAL Resolutions

Energy resolution®, o /F 5.4%/VE @ 2.3% 7]

70 ps/VE

. . b
Time difference res.”, oa7)/2
z-position resolution®, o
Azimuthal angle resolution’

Polar angle resolution’

1.1 cm/VE (weighted)
~ 8.5 mrad

~ 8 mrad

o8
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3.7 Time-of-Flight

The current design of the GlueX Time of Flight (TOF) detector consists of two
252 x 252 cm? planes of plastic scintillator bars placed approximately 5 m down-
stream of the GlueX target [80]. Each plane contains 42 bars of dimensions 252 x 6 x 1.25 cm?
with a 12 x 12 cm? central hole for the photon beam to pass. Each bar (except
possibly the central bars) will be read out on both ends by photomultiplier tubes.
The thickness of the scintillation bars, the dimension along the beam direction, is
set by the requirement that sufficient light be produced to meet the time resolution
requirements, while at the same time minimizing the amount of material in front of
the FCAL. One plane has vertical bars, the other has horizontal bars. To separate
pions and kaons of momenta up to 2.5 GeV/c, a combined time resolution (using
four time measurements, one measurement per bar end) of less than 80 ps across
the surface of the detector is desired. The TOF detector will cover the polar angles
between 1° and about 11°. This provides a good overlap with the start counter in
the forward region.

The TOF will provide (1) fast signals to the trigger logic regarding forward track
multiplicity, (2) timing information with sufficient resolution to add complementary
information to the photon tagger and the start counter to identify the event- beam-
bucket in offline data analysis, and (3) TOF information for PID. While the first
two requirements are moderate in terms of timing resolution requirements, PID by
using TOF information, however, requires very fast detectors with very good timing

resolution over moderate flight distances.
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3.7.1 Particle Identification

The knowledge of a particle’s momentum and velocity allows for the determination
of the mass and hence the identity of the particle. To determine the velocity of a
particle, two pieces of information are necessary: (1) the time it took for the particle
to reach the TOF wall provided by the TOF and Start Counter and (2) the path
length from the production vertex to the detection point on the wall. Since the
particles are charged and in a solenoidal magnetic field, the path length is helical
and will be measured by the charged particle tracking system. The tracking system
will also provide the momentum of the particle.

PYTHIA simulations have shown [105] that the TOF system will be able to identify
kaons with high efficiency and low contamination up to momenta of 1.9 GeV/c.
Proton identification with very good efficiency and low contamination will be possible
up to 3 GeV/c. While no other PID systems, such as a Cerenkov based RICH, are
currently proposed for the GLUEX detector system, there is space in front of the
TOF and FCAL wall to place one. This would provide good PID for momenta over
2 GeV/e.

3.8 Electronics

The balance between cost and effectiveness of the GLUEX detector is governed largely
by the number of electronics channels to be read-out and the cost to instrument
them. A more finely segmented calorimeter system could provide better position
and angular resolution, but at the cost of a hundreds of dollars per channel it is more
prudent to chose a segmentation that will achieve the physics goals of the experiment

while maintaining a reasonable budget. As with any experiment, this has driven the
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design for the readout and associated electronics for systems such as the BCAL and

FCAL. A summary of the electronics can be found in [106].

3.9 Trigger

The trigger in GLUEX allows for simple rejection of background events in the detector
that are of no interest, and will also control the data rate at which events are recorded
by the data acquisition system. The algorithm for rejecting or accepting an event is
determined by the criteria for differentiating the events of interest from uninteresting
background events. In the case of hybrid meson decays, the final states do not look
overly different from normal (background) photoproduction decays. As such, the first
rejection algorithm, the Level-1 trigger, must accept anything in the useful energy
range of the photon beam, 8.4-9 GeV. Events with energies outside of this range are
considered background at this trigger level. A thorough review of the trigger is found
in the GLUEX Trigger Review document [107].

Purely electromagnetic interactions of the beam in the target, such as pair produc-
tion, although strongly suppressed in the GLUEX detector by the solenoidal magnetic
field and the detector arrangement, can give signals in the individual detectors. They
can either fire the trigger, or pile up in low energy hadronic events, thus producing
events that appear to have larger energies. This increases the background rate of
events to be rejected.

The GLUEX detector will start taking data at a luminosity corresponding to about
107 photons per second in the photon-beam energy range of 8.4 < E < 9.0 GeV.
In later phases of the experiment, the beam flux will be increased by an order of
magnitude to 10® photons per second. When running at a low beam rate, the Level-

1 trigger has to reduce the rate from electromagnetic and hadronic interactions seen
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by the GLUEX detector to a level acceptable by the data acquisition system for
writing events directly to disc (about 20 kHz.) For runs with a photon beam rate of
108/s, events accepted by the Level-1 trigger will be sent to the third level trigger
at a rate which should not exceed 200 kHz. The Level-3 trigger will perform an
event reconstruction on a computer farm which allows for a further reduction of the
low-energy photon interactions and provides an additional rate reduction by about
a factor of 10. After the Level-3 trigger, events will be recorded to disc for further
analysis later. GLUEX is expected to produce data on the order of Petabytes per
year.

From a study of pyTHIA Monte Carlo simulations of the GLUEX detector, the
Level-1 trigger algorithm performs a simple background rejection based on hit mul-
tiplicity in the Start Counter and energy thresholds in the FCAL and BCAL. The
algorithm provides sufficient background rejection and still has a trigger efficiency

for decays of interest near 100%.
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BCAL Module Composition

The BCAL derives its energy resolution not only from its sampling fraction, deter-
mined by the geometry of the scintillating fibres in the matrix, but also from the
properties of the fibres and the amount of light produced or, more accurately, the
number of photoelectrons seen in the photo-detectors. The timing resolution is al-
most entirely dependent on photoelectron statistics since the path length in the fibre
does not vary significantly. As such, it was very important to understand the light
production and transmission characteristics of the fibres and the light-guides that

connect the fibres to the sensors.

4.1 Scintillating Fibres

In this section of the thesis, the investigation focused on the measurement of wave-
length spectra from 1-mm-diameter PHT-0044 and BCF-20 scintillating fibres (SciF1)
and the subsequent analysis to extract the short- and long-attenuation lengths, as

well as the dependence of the attenuation length on wavelength!. Both SciFi types

1Since this study, Kuraray SCSF-78MJ, double-clad, blue-green fibres were selected for the
production BCAL, owing to their superior peI‘fOéI?I)lanCG.
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are composed of a core of polystyrene and two layers of polymethylmethacrylate
cladding: the first from acrylic and the second from fluor-acrylic material, having
thicknesses of 3% and 1% of the fibre’s diameter [98]. The scintillating core has
an index of refraction n. = 1.6, with the first and second layers of cladding having
ny = 1.49 and ny = 1.42. A simple schematic of the fibre is shown in Fig. 4.1.

4 Traversing Particle
7

7 Total Internal Reflection
K at First/Second Cladding Interface

I."' \ \\ Scintillating Core n = 1.60
: First Cladding n = 1.49

Second Cladding n = 1.42

Figure 4.1: A simple schematic of a standard double-clad fibre showing the trapping
of optical light for meridional rays. Adapted from Ref. [98].

4.1.1 Trapping Efficiency

The trapping efficiency for forward propagating photons is defined as the fraction
of the photons produced in scintillation that are trapped by total internal reflection
within the fibre. Fig. 4.1 is a simple representation of light propagating in the fibre
when produced on the axis of the fibre. These light rays are referred to as meridional
rays. However, since the path of the charged particle passing through the fibre will
produce light that does not propagate on a plane which includes the fibre axis, the

description becomes much more complicated. Ref. [108] discusses the trapping of
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light in fibres in great detail and includes these off-axis rays. It is necessary to define
an angle v as the angle of the projection of the light ray in a plane perpendicular to
the axis of the fibre with respect to the normal at the point of reflection. One may
describe v as a measure of the skewness of a particular ray, since meridional rays
have this angle equal to zero. The polar angle, 0, is defined as the angle of the light
ray in a plane containing the fibre axis and the point of reflection with respect to the
normal at the point of reflection.

Using the expression given by Potter et al [109] and setting the transmission
function, which parameterises the light attenuation, to unity, the light flux can be

written as follows:

F = I, +F

ecmt

w/2 pm/2
= 4p? / / 1(0,¢) cos®ydydQ +
y=0 J¢=0

0=0
w/2

w/2 /2
4p* / / 1(6,¢) cos®ydydQ2 (4.1)
0=0crit 7:7(0) ¢»=0

where df2 is the element of solid angle, 7(6) refers to the maximum axial angle allowed
by the critical angle condition, p is the radius of a cylindrical fibre and I(0, ¢) is the
angular distribution of the emitted light in the fibre core. F), and Fj, refer to either
the meridional or skew cases, respectively where meridional rays pass through the
central axis of the core and skew rays do not.

Assuming (0, ¢) is an isotropic distribution of the light in the core, the first term

of Eq. 4.1 gives the trapping efficiency in the meridional approximation,

D = Fo = 5(1 — €08 0 opit) & 4t ) (42)
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where all photons are considered to be trapped if 8 < 0., independent of their
actual skew angles. Fj is the total flux through the cross-section of the fibre core.

The integration of the second term of Eq. 4.1 gives the contributions of all skew
rays to the trapping efficiency.

Complex integration leads to the result:

F, 1
Ns = 7 = 5(1 — €08 Oprit) COS Oy - (4.3)

The total initial trapping efficiency is then:

1 2 ezrit
=M+ 15 = 5(1 = cos™ Oore) = =05 (4.4)

This is about twice the meridional approximation, ~ 11%. However, skew rays
have much longer optical path lengths, suffer from more reflections and therefore
are attenuated more quickly. As well, the trapping efficiency of a ray is very much
dependent on the circular symmetry of the core-cladding interface. Any variation in
the eccentricity of the fibre diameter will lead to the refraction of some skew rays
and loss of light. For this reason, far from the source, a long fibre will typically have
a trapping efficiency closer to 7,,. Literature typically quotes the trapping efficiency
for a circular fibre as having a minimum trapping efficiency for the reasons stated
above. A double clad fibre used in GLUEX can then be expected to have a minimum
trapping efficiency of 5.3% after a long distance from the source and a maximum of
10.6% near the source. This effect will contribute to the bulk attenuation length of

the fibre but will be difficult to separate from other attenuation effects.
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4.1.2 Chemical Composition and Optical Spectra

The chemical and optical properties of scintillating materials have been presented
elsewhere [110-112] and are recounted briefly herein. Such materials are composed
of a chemical base, usually polystyrene or polyvinyltoluene, and one or more dyes
that are added to improve the quantum yield of the scintillator and to waveshift the
scintillation light to longer wavelengths with higher attenuation lengths [113]. The
waveshifting properties are desired in order to reduce the impact of the degradation
of the optical properties of the polymer due to ionizing radiation. Ionizing radiation
has been seen to increase the absorption of light in the base polymers for wavelengths
up to 500 nm.

The fluorescence mechanism responsible for scintillation light occurs in the base
polymers and the additive dyes. The mechanism involves three main processes [114].
In the first step, ionizing particles passing through the scintillating fibre excite the
polymer molecules. Shifting of the m-electrons? into excited singlet states is the major
excitation process. In the second step, the energy is transfered from the excited state
of the polymer to the primary dopant through the Forster mechanism [115]. This
process is described by a dipole-dipole interaction in which a non-radiative energy
transfer occurs between the excited polymer state and the primary dopant. In the
third step, the primary dopant transfers its excitation energy to the secondary dopant
through the emission of a photon which subsequently de-excites by emission of a
photon. The net result of the process is a photon transmitted from the scintillating
fibre with a wavelength that has a long attenuation length, and that photosensors
are generally sensitive to.

It is the latter step that produces fluorescence, or scintillation light [110]. The

2Electrons which are in a p-orbital and form a weakly bound state by overlapping with a nearby
electron, also in a p-orbital, are sometimes refered to as w-electrons.
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scintillation material itself suffers from light absorption and has a quantum yield
of a few percent only. Primary dyes have quantum yields typically over 80% and
their optimum concentration in the mixture is about 1% by weight [110,111] but
are also subject to self-absorption. A secondary dye, in a much lower concentration
(around 0.01%), resolves this issue of self-absoption by quickly absorbing the primary
emission and waveshifting it to a longer wavelength. The concentrations of the
primary and secondary dopants are sufficiently small to neglect their direct excitation.
This process “extends” the primary attenuation length from a few cm up to several
meters, and indeed SciFi’s emit in the blue or green regions with attenuation lengths
over 3.5 m. Moreover, the concentrations of the dyes can be tuned to achieve either
higher light yield at the expense of attenuation length, or the reverse.

The attenuation length depends on the self-absorption of the materials and re-
flection losses as the photons travel down the fibre [116]. This is illustrated in manu-
facturer’s absorption and emission spectra for the second dye in BCF-12 and BCF-20
fibres as shown in Fig. 4.2 (also shown are the stimulated wavelengths from the two
light sources used in our experiment.) The overlap between the absorption and emis-
sion spectra in Fig. 4.2 is minimal, thus resulting in long attenuation length for these
fibres. The integral of the transmitted light intensity decreases linearly as a function
of the distance that the light travels in the fibre, i.e. there is an exponential loss
of photons. The various wavelength regions exhibit differing slopes in these curves,
with the shorter wavelengths following steeper slopes [110].

An important issue in the data analysis is the normalization of the light produced
at the source, corresponding to near-zero fibre length. To this end, manufacturers’
source spectra were examined and compared to our nearest measurements (1 mm

fibre length). The properties of PHT-0044 and BCF-12 are quite similar, in terms
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Figure 4.2: FEmission and absorption spectra from the secondary dye of (a) BCF-
12 and (b) BCF-20 fibres. Although BCF-12 fibres were not used in this study,
their spectrum is similar to other blue-emitting fibres such as the PHT-0044 used
herein, and is shown here for qualitative purposes. Also displayed are the stimulated
wavelength ranges from the 373 nm LED and 375 nm laser used in our measurements,
as discussed below. All curves have been arbitrarily normalized to facilitate the
comparison of their spectral shapes. Figure taken from Ref. [117]

of peak emission and attenuation length. Source spectra are not available for the

former, and this is why the BCF-12 spectra were used instead.

4.1.3 Measurements

For the measurements reported herein, an LED light source, a spectro-photometer
and the tested SciFi were coupled together in a robust and reproducible manner (dis-
cussed later in this section). The SD2000 dual-channel fibre optic spectro-photometer?
is based on a blazed diffraction grating with a 50 ym wide slit and features a high-
sensitivity 2048-element linear CCD array that provides high response and excellent
optical resolution from 200-1100 nm. This device had been calibrated by the man-
ufacturer, and the provided specifications indicated a wavelength difference, |J)|,

between expected and measured values, never exceeding 0.3 nm for any given pixel

30cean Optics Inc., Dunedin, FL, USA (www.oceanoptics.com)
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on the CCD. The SD2000 employs an external ADC1000-USB A/D converter to
communicate with a PC running commercial software. The spectro-photometer had
an integration window of 150 us and measured the wavelength region of 340-1020 nm
in over 2000 bins, resulting in a resolution of ~3.3 bins/nm (or 0.3 nm). As a result,
although the spectral shapes appear jagged at each wavelength, upon close inspection
the overall behaviour of the data was stable, as evidenced by their long-wavelength
tails that overlapped above 500 nm as expected, since at those wavelengths there
is little absorption of light. This feature will be demonstrated below. Sample dark
spectra were obtained and these had negligible effect on the measured spectra with
UV light.

The LED light source used in the measurements was an RLU370-1.7-30 ultra
violet LED*, with a peak emission wavelength of 373 nm, a spectrum bandwidth
of 13 nm, and typical radiant flux of 1.7 mW. Selected measurements were also
performed using a 375 nm PicoQuant PDL 800-B picosecond pulsed diode laser
with LDH-P-C-375B laser head®. A comparison of the spectra from the LED and
the laser, as measured directly with the spectro-photometer, are shown in Fig. 4.3.
These demonstrate that: a) the spectro-photometer had been correctly calibrated
versus wavelength by its manufacturer, since the peak emission of the LED and the
laser indeed were measured to be at 373 nm and 375 nm, respectively, and the peak
widths were 13 nm and 1 nm, in agreement with manufacturers’ specifications; b)
There is no significant contribution from these light sources to the intensity of the
measured fibre spectra in the wavelength range of interest, since the broad LED peak
at ~560 nm is only at the few percent level and does not fall in the excitation region

of the fibres. In any case, this peak does not appear in the fibre spectra when the

4Roithner Lasertechnik,Vienna, Austria (www.roithner-laser.com)
SPicoQuant GmbH, Berlin, Germany (www.picoquant.com)



CHAPTER 4. BCAL MODULE COMPOSITION 71

LED is positioned perpendicularly to the tested SciFi. The spectro-photometer was
also used to measure the spectra of other LEDs at 470 nm and 590 nm and was found

equally accurate.
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Figure 4.3: Comparison of the emission spectra of the LED and the laser as measured
directly, using the spectro-photometer, and plotted on a logarithmic scale. Details
are provided in the text. (original in colour)

The fibre under test was clamped in place horizontally until it was taut, with
one end held via a clamp on a lab stand while the other was glued through a SMA
connector using BC-600 epoxy. Once the glue had cured, the fibre end at the tip of
the SMA connector was polished using three progressive grades of polishing paper
(coarse, 12 ym and 3 pum grit) and a polishing puck, from a Clauss® fibre Optic
Polishing kit (PK-2000), and was cleaned using ethyl alcohol and KimWipes to re-
move metallic dust originating from the tip of the SMA connector. Finally, the SMA
end was coupled to the spectro-photometer’s slave channel. This method allowed
for easy and reproducible coupling of fibre to spectro-photometer. The setup was
made robust to protect against displacing the test fibre and was levelled to avoid any

curvature in the test fibres.

6The PK-2000 can be obtained from a large number of fibre accessories vendors.
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Figure 4.4: Schematic drawing of the fibre experiment. The test fibre is shown as
the bold horizontal line: on the right it is clamped to a lab stand (C), in the middle
it threads through the legs of the LED support stand via barrels (B) having 1 mm
inner diameter holes and external threads that mount on the support frame and on
the left it is connected to the slave channel (S) of the SD2000 spectro-photometer
by an SMA connector. The SD2000 connects to the ADC via a flat-ribbon bus and
the ADC, in turn, connects to a PC via a USB cable. The vertical arrow pointing
downwards from the LED housing indicates the direction of the incident light through
its port (P) onto the test fibre. The horizontal displacement of the light direction to
the entrance of the SD2000 master channel is our distance parameter, z. This figure
is not to scale: for example, the LED’s port is a lot closer to the fibre than implied
in this schematic.
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The LED was installed in a commercial housing and was mounted on a specially
designed stand that could slide on the lab bench and translated across the length
of the fibre (from 8 cm to 380 cm) in a parallel fashion, guided by a set of aligned,
steel ruled guides. A schematic drawing of the setup is shown in Fig. 4.4. It should
be noted that in that figure the distance of the LED housing port (P) to each fibre
tested was 3 mm and held constant to maintain a consistent beam profile. With
this setup, relative comparisons of the measured light intensity along the length of a
given fibre were possible. However, due to the different level of polish of each fibre,
absolute comparisons from one fibre to another were not possible for the measured
intensity, although the spectral shapes were unaffected and could still be compared.

All measurements were carried out in near darkness in our lab. However, since the
core of blue-emitting scintillating fibres can be damaged by prolonged exposure to
UV light, yellow, UV-absorbing film (TA-81-XSR") was used to cover all fluorescent
overhead and incandescent desk lights in our detector test laboratory during the

preparation and setup stages.

4.1.4 Results
4.1.4.1 Fitting the Emission Spectra

The measured spectra for the BCF-20 are well described by a Moyal function plus a

flat background:

1

f(z,a,p,0,b) =a-exp (—5 (()\;—,u) + e_(’\_“)/”)> +b. (4.5)

"Window Film Systems, London, ON, Canada (www.windowfilmsystems.com)
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On the other hand, the PHT-0044 fibre spectra require a sum of two Moyal functions
plus a flat background. The Moyal distribution is often used as a good approximation
to the Landau distribution [118], and was chosen here as the description with the
fewest fit parameters; in any case, it was employed simply as a tool to integrate the
spectra and proceed further in the analysis. The results of fits to Moyal functions
for spectral measurements at LED distances ranging from 8 to 380 cm for both fibre

types are shown in Fig. 4.5.
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Figure 4.5: The results of fits to Moyal functions for spectral measurements at source
distances ranging from 8 to 380 cm for (a) PHT-0044 and (b) BCF-20 fibres. The
wavelength ranges labelled A through F' in the plots will be referenced later in this

paper.

The single Moyal function fits have four parameters including an amplitude (a),
a characteristic wavelength and width (given by u and o) and the background term
(b). The fits involving a sum of two Moyal functions introduce three additional pa-
rameters. The BCF-20 fibre spectral fits are characterized by a single wavelength (u)
and width (o) and the PHT-0044 fits are characterized by two wavelengths (p; and
2) and corresponding widths (o7 and 03). The dependence of these fit parameters
on LED distance is shown in Fig. 4.6. The integral of the background term over

wavelength from 400 to 700 nm is about 5% of the integral of the spectra over this
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same wavelength range.
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Figure 4.6: Dependence of the Moyal fit parameters (a) u and (b) ¢ as a function
of source distance for the PHT-0044 and BCF-20 fibres.

4.1.4.2 Attenuation Length versus Wavelength

The Moyal fits described above were integrated over wavelength for the two fibres
for various source distances. Six ranges of wavelength (labelled A through F') over
which the integrals were performed are indicated in Fig. 4.5 for the two fibres. The
central (middle of each bin) wavelengths are indicated in the legend of the plots in

Fig. 4.7. These data were fit to an exponential of the form:

I(d) = In 4 a - e~ (d-d)/A (4.6)

For the fits shown, the floor term, I, was set at about 10% of the maximum value
for the data in a particular wavelength range. Without the inclusion of a floor term,

consistent single-exponential fits could not be obtained; this term does not originate
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Figure 4.7: Integrals of the Moyal fits to the fitted data are shown as a function of
source distance for (a) the PHT-0044 and (b) the BCF-20 fibres. The points labelled
A through F' are the integrals for the wavelength ranges defined in Fig. 4.5. The
curves are results of fits to a single exponential. More details are given in the text.

from a spectrophotometer calibration but is most likely due to spectrum fluctuations
as a result of the method of illuminating the fibres. The dy was not a fit parameter,
but rather was determined by the starting point of the fit, which was dy = 8 cm for
all the wavelength ranges except for the wavelength range labelled A, which required
a d > 8 cm in order to obtain a good quality fit due to the rapid absorption at small
wavelengths. The fit parameter \ is the attenuation length and its dependence on
wavelength for the two fibres is shown in the left panel of Fig. 4.8. Such behaviour
was first reported in reference [110].

The attenuation lengths in the right panel of Fig. 4.8 were obtained by plotting
the value of the Moyal fit function as a function of distance at discrete wavelengths

and fitting to an exponential. Note the structure in this dependence around 460 nm
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Figure 4.8: (a) The attenuation length as a function of wavelength for the PHT-0044
and BCF-20 fibres. The attenuation length is the parameter A\ as defined in Eq. 4.6
and is obtained by fitting the data shown in Fig. 4.7. (b) The attenuation length as
a function of wavelength as extracted by plotting the value of the Moyal fit function
as a function of distance at discrete wavelengths and fitting to an exponential. Note
the structure in this dependence around 460 nm.

to 470 nm that corresponds to the region of the second peak in Fig. 4.5. This is a
persistent feature and not an artifact of our measurements or the spectro-photometer
response, and shows faintly in the left panel of Fig. 4.8 due to the lower resolution

in that method.

4.1.4.3 Fibre Spectral Shape Details

The spectral shapes of the PHT-0044 and BCF-20 fibres differ significantly, as can
be seen in Fig. 4.5. The striking difference between the PHT-0044 and BCF-20
fibres in terms of the loss of light from the source to 8 cm distance is illustrated
in a graphical manner in Fig. 4.9. In that figure, the d=0 cm and 8 cm spectra

are shown as a function of wavelength, normalized at 490 nm and 590 nm for the
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PHT-0044 and BCF-20 fibres, respectively. The emission spectrum at the source
(d = 0 cm) for the PHT-0044 fibre was assumed to follow the emission spectrum
for BCF-12 as mentioned previously; that and the source spectrum for BCF-20 were
provided by the manufacturer. This normalization was based on a combination of
long attenuation length and sufficient intensity at each wavelength. With attenuation
lengths of ~800 cm and ~900 cm at 490 nm and 590 nm, respectively, as extracted
from Fig. 4.8, the effect of 8 cm in loss of strength is negligible. In addition, variations
in the regions around these values resulted in stable ratios of areas under the spectral

shapes, further emphasizing the lack of sensitivity to the exact normalization choice.
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Figure 4.9: The manufacturer’s d=0 cm source (dashed line) and 8 cm spectra (solid
line) are shown, as a function of wavelength for (a) the PHT-0044 and (b) BCF-20
fibres, respectively. Details are presented in the text. Figure taken from Ref. [117]

The main features of Fig. 4.9 are: a) large loss of light from source to 8 cm
for PHT-0044 as compared to the BCF-20 fibre and quantified in Section 4.1.4.4,
and b) a curious discrepancy between the source and 8 cm curves for the BCF-20
is apparent, where the latter extends to lower wavelengths. No firm explanation of
this was found. However, a close inspection of the leading edge of the source shows a
rather rapid (and unnatural in appearance) rise from its 470 nm base to its 490 nm
peak. A possible explanation is that the manufacturer may have used a bandpass or

some other type of filter to block the blue wavelengths of a UV light source.
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Our experimental setup used for the measurements, as presented in Section 4.1.3,
did not allow measurements closer than 8 cm from the source. Therefore, in order
to further investigate the double-peaked behaviour of the PHT-0044 spectra and to
facilitate comparisons to the manufacturer’s source spectra, we employed an alternate
setup using the laser. In that, the laser light was transported via a clear optical fibre
held by a clamp and a lab stand so as to be perpendicular to the tested PHT-0044
fibre, in a manner similar to the LED measurements. In this manner, a short sample
(15 cm) of PHT-0044 fibre was tested by coupling it to a clear (BCF-90) 5 cm-long
fibre using Q2-3067 optical grease®, with both fibres positioned in a channel of a
plate so as to remain in contact and axially aligned. The clear fibre was threaded
and epoxied through a SMA connector and facilitated proximity measurements of
the PHT-0044 by bridging the gap from the spectro-photometer’s SMA connector
to the CCD surface. In this manner, PHT-0044 spectra were collected at distances
from 1 to 20 mm in 1 mm steps, from 20 to 60 mm in 5 mm steps and at 100
mm. The latter point provided an “anchor point” to the LED data, since the two
measurements had different setups. Indeed, it was reassuring to observe that the
LED- and laser-stimulated PHT-0044 spectra at 10 cm were consistent.

Having assured the reliability of the laser measurements, the resultant spectra
are shown in Fig. 4.10, normalized at 500 nm. Normalization at other wavelengths
was carried out, but the 500 nm normalization was the most consistent one, since
the high-wavelength tails of all distance measurements overlapped perfectly, and no
large discrepancies appeared at the two peaks.

The spectra at distances of a few mm’s from the excitation source should closely
match the “source spectrum” provided by the SciFi manufacturers. For PHT-0044

(and BCF-12), however, the peak emission is listed by them at 435 nm with no evi-

8Dow Corning Corporation, Midland, MI, USA (www.dowcorning.com)
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Figure 4.10: Measurements from a short sample of PHT-0044 fibre using the UV
laser. Spectra were collected at distances from 1 to 20 mm in 1 mm steps, from 20 to
60 mm in 5 mm steps and at 100 mm, but only five of them are shown for reasons of

clarity. The spectra were normalized relative to each other at the wavelength value
of 500 nm.

dence of secondary strength at 460-470 nm. Our measurements are in disagreement
to those reference spectra: while some strength is evident at 435 nm, the peak emis-
sion is at 460-470 nm, instead. One explanation may lie in the attenuation length
measurements, shown in Figs. 4.7 and 4.8. The attenuation length at 460 nm is
~400 cm, compared to ~80 cm at 435 nm. Thus, if the source spectrum has sec-
ondary emission strength around 460-470 nm, the reduced attenuation of the latter
compared to the former can result in the double-peak structure observed in our mea-
surements. It is worth noting here that the blue emitting fibres in reference [110], the
equivalent fibre types from Kuraray (SCSF-81 and SCSF-81M)?, and several blue-
emitting plastic scintillator data (BC-400, BC-404 and BC-408 from St. Gobain as
well as EJ-200 from Eljen'?), all show a “shoulder” in the source emission spectra in

the region of 460-470 nm.

9Kuraray America Inc., Houston, TX, USA (www.kuraray-am.com)
0Fljen Technology, Sweetwater, TX, USA (www.eljentechnology.com)
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The significantly different attenuation lengths at 435 nm and 460-470 nm can
easily provide the explanation of the structure observed in Fig. 4.5. However, the
attenuation length for 435 nm cannot account for the weak strength observed at a
few mm distance from the source location. Another mechanism must be responsible
for the suppressed emission at the nominal peak wavelength of 435 nm. Taking into
consideration that the reference spectra are generated within scintillation material
thickness of 1 cm or more, it is possible that within the 1 mm diameter (maximum
effective thickness) of the fibre the UV source does not fully excite the dyes, thus
resulting in a reduced strength at the lower wavelengths. The 10 cm distance spectra
for BCF-12 in reference [119] appear very similar to that shown in Figs. 4.5 of this
work. The agreement between the reference spectra and our measurements for BCF-
20 further indicates that this effect is indeed confined to lower wavelengths.

A quick calculation from our work shows that the resolving power, R = A/AM\,
of our LED and laser is 28.6 and 375, respectively. Coupled to the aforementioned
spectro-photometer resolution of 0.3 nm, these values result in a very fine resolution
in wavelength, that does not appear to be the case for the results in reference [120],
which is perhaps why the second peak appears to be washed out in their work and

other published data.

4.1.4.4 Scintillating Fibre/Photosensor Matching

The fibre spectra of intensity versus wavelength in Fig. 4.11a were convoluted with
the spectral response of a typical bi-alkali PMT (the XP2020!!) and a silicon-based
photomultiplier (SiPM) — (the A35H SiPM'?) in Fig. 4.11b, respectively, resulting in

the curves shown in Fig. 4.11c and Fig. 4.11d. The objective was to model a realistic

HPHOTONIS SAS, Brive, France (www.photonis.com).
12A prototype SiPM from SensL with a 35um pixel pitch.
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situation in an experiment.

Specifically, the PHT-0044 and BCF-20 spectra were convoluted over wavelength
with the XP2020 quantum efficiency (QE) and SiPM photon detection efficiency
(PDE), respectively, and were plotted as a function of distance from the source.
Double-exponential fits were employed with two attenuation lengths (short and long).
Note that when the PHT-0044 spectrum is folded with the XP2020 QE, the fraction
of the integrated source intensity (see Fig. 4.9a) seen at 200 cm from the source is
24%, while the corresponding fraction for the BCF-20 with the A35H is 61%. Since
the QE and PDE are relatively flat in the region of interest, these fractions reasonably
describe the actual loss of light in the fibres. One can conclude that, whereas the
integrated intensity of the PHT-0044 fibre coupled to the XP2020 is superior to that
of the BCF-20 fibre, the results are indistinguishable when the fibres are coupled to
the SiPM, only if one considers the data in the d = 8-380 cm region, and not from
the source.

The wavelength-averaged QE of the XP2020 and PDE of the A35H SiPM were
computed using the emission spectra of PHT-0044 and BCF-20. The integrals of
these spectra over wavelength were computed as a function of distance, with and
without convolution with the QE (or PDE), by dividing the integral with convolution
by the integral without convolution. The results are shown in Fig. 4.12. For PHT-
0044, at 200 cm from the source, the average QE of the XP2020 is 15% and that of
the A35H is 14%. For BCF20, at 200 cm from the source, the average QE of the
XP2020 is 9% and that of the A35H is 14%.
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Figure 4.11: (a) Emission spectrum for the PHT-0044 (solid lines) and BCF-20 fibres
(dashed lines) at 8 cm and 390 cm. The 8 cm spectra for both the blue and green
fibres were normalized to give unity for the respective total integrals. (b) The QE
and PDE for the XP2020 and SiPM respectively. (c¢) The PHT-0044 and BCF-20
spectra now convoluted with the QE of the XP2020. Note that the areas under the
curves for the 8 cm distance are set to 1.0 in plot (a), which results in areas under
the PHT-0044 spectra of 0.164 and 0.068 while those under the BCF-20 curves are
0.110 and 0.040, both in plot (c). (d) Similar curves, but now convoluting with the
PDE of the SiPM. The areas under the PHT-0044 curves are 0.136 and 0.067 while
for the BCF-20 curves we have 0.145 and 0.065.
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Figure 4.12: The average QE of the XP2020 and the average PDE of the A35H, as
a function of distance from source for PHT-0044 and BCF-20 scintillating fibres, are
shown. Details are given in the text.
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4.1.4.5 Attenuation Length with and without Photosensor

As can be seen in Fig. 4.7. the light output of a fibre is strongly dependent on A
and d, with shorter wavelengths that dominate at small distances being replaced by
longer wavelengths at larger distances. However, the bulk attenuation is the result of
the integrated light yield and, being the convolution of two different response regions,
cannot be effectively represented by a single exponential function. Therefore, each

fibre was characterized by [121]:

I(d) = Ip + ay - e~ @)A1 4, e=(d=do)/ o (47

The values from this fit are shown in Table 4.1. Using this information, the attenua-
tion length for PHT-0044 and BCF-20 was plotted with and without the photosensor
coupling in Fig. 4.13. The weighted attenuation length in that table is based on the

relative amplitudes of the two exponentials.

Without Photosensor | With Photosensor
Component PHT-0044 | BCF-20 | PHT-0044 | BCF-20
short (cm) 50£14 4848 4348 50+9
long (cm) 478421 481421 414414 | 491421
weighted (cm) | 428+23 400423 353+18 | 408+25

Table 4.1: Short and long attenuation length components for the PHT-0044 and
BCF-20 fibres, as extracted from a double-exponential fit. The weighted attenuation

length is based on the relative amplitudes of the two exponentials. The photosensor
in the case of PHT-0044 is the XP2020 and in the case of BCF-20 is the SiPM.

The long bulk attenuation length of 414 c¢cm for the PHT-0044 fibre combined
with the XP2020 agrees well with the specification supplied by the manufacturer,
which was extracted using a “’Sr electron source and a bi-alkali vacuum PMT. Those

measurements were made between 64 cm and 200 cm and are dominated by the
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long component!®. For the BCF-20 fibre, on the other hand, the manufacturer’s
specification was derived using bi-alkali PMT’s and our results cannot be compared
directly to those. However, the smoothly varying and relatively flat QE response of a
PMT over the emission spectrum of BCF-20 (approximately 460 nm to 560 nm; see
Figs. 4.11b and 4.12) will not alter the weighted attenuation length of 408 cm, and St.
Gobain quotes a value larger than 350 cm. In conclusion, our measurements using UV
light sources and a spectral deconvolution agree very well with the manufacturer’s
ones using an electron source, once the range of distance measurements are taken

into consideration.

4.1.5 Fibre and Photosensor Match

The relevant quantities in matching SciFi’s to photosensors are the emission spectra
of the former and the spectral response of the latter because this combination af-
fects the number of photoelectrons generated independent from attenuation length.
Changes in the spectral emission of the fibre with length affect the number of pho-
toelectrons detected and introduces a non-linearity in the energy response of the
detector system. The combination of SiPM’s and fast green emitting SciFi’s, such as
BCF-20, in applications where the technology of the latter is relevant, is an optimal
one due to the flat PDE response of the SiPM in the emission wavelength spectrum
of the former and the stability of the peak emission wavelength of the SciFi, as seen
in Fig. 4.11. Such combinations have already been reported in the literature [122].
Fast blue SciFi’s are by far the most widely used fibres, in combination with
bi-alkali type of vacuum PMT’s. Most such fibres with peak emission at nominal

435 nm — examples of which are PHT-0044 (no longer produced), BCF-12 and SCSF-

BInformation provided by PolHiTech (www.polhitech.it).
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Figure 4.13: Double-exponential fits to the PHT-0044 and BCF-20 data without and
with the convolution of the photosensor. The photosensor in the case of PHT-0044 is
the XP2020 and in the case of BCF20 is the SiPM. The results of the fits are shown

in Table 4.1.
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81, all sharing very similar attenuation lengths and spectral functions. However, the
testing of several different samples produced consistent emission spectra that are
quite different than the manufacturers’ specifications. In this work, the results are
shown for only PHT-0044 fibres due to the large detailed amount of experimentation
that we have done with that particular fibre type. The peak emission is not at
435 nm, which appears only as a secondary “bump 7, but at approximately 470 nm,
instead. One possible explanation is that the thickness of the fibre presented to the
exciting UV light (maximum 1 mm) is not adequate to absorb the UV light and
to allow its full conversion to the emission spectrum representative of the material
in sufficient thickness (as discussed in the preceding section). As such, the emission
spectra in this thesis near the illumination centre, shown in Fig. 4.10, are the effective
spectra we have measured for such types of fibres.

This observation leads to question the effective photon yield listed by most man-
ufacturers of approximately 8,000 photons/MeV of deposited energy by minimum
ionizing particles (MIP). If such a yield is the integral of the full emission spectrum,
as listed in the product literature, then a significant fraction, approaching 50%, is not
available for excitation by UV light, as shown in Fig. 4.9. Experimental results are
consistent with such reduced photon yields. BCAL data with cosmic rays and photon
beams verify that the nominal photon yield of 8,000/MeV has to be reduced by a
significant fraction, over and above that justified by attenuation length and spectral
distortion with distance, to account for the measured yield of 660 photoelectrons at
1 GeV incident photons [123]. The same treatment was applied to the KLOE results
of 700 photoelectrons also at 1 GeV [124], taking into consideration the single-clad
fibres used and the very efficient light guide-Winston Cone collectors used.

The conclusion derived here is that that our work explains the physics cause for
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the commonly known fact that the measured number of photoelectrons from SciFi’s
do not reflect the manufacturers’ number for scintillating material of 8,000/MeV. The
actual number is closer to around 4,000 photons/MeV at the scintillation location
for 1 mm diameter blue emitting fibre.

Using the methodology described in this thesis, it is concluded that the conver-
sion of UV light in 1 mm of green (BCF-20) material is much more efficient than for
blue fibres. The overlap of the reference and measured spectra in Fig. 4.9 is signifi-
cant, indicating a small loss of photon yield due to conversion to the final emission
spectrum. If this also represents the case of charged particle tracks in BCF-20 fibres,
as the results for PHT-0044 indicate, then one expects a factor of approximately 2.5
times the photoelectron yield of the BCF-20/SiPM combination than obtained with
the PHT-0044/PMT combinations.

It would be advisable for the manufacturers of scintillating fibres to show actual
spectra obtained in such thin materials, rather than reference emission spectra than
can only be realized in thicknesses beyond the realm of fibre use and availability, and
to quote the effective number of photons per MeV of energy deposit (MIP) produced
in fibres.

Finally, the attenuation lengths of both PHT-0044 and BCF-20 are in good agree-
ment with specifications if the measurements duplicate the manufacturers’ method-
ology. As such, both blue and green SciFi’s exhibit comparable bulk attenuation
lengths with or without the influence of the two corresponding types of photosensors

used in our work.
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4.1.6 Future Outlook on Fibres and Sensors

Improvements to spectrum measurements could be achieved by re-calibrating the
sensitivity of the photospectrometer. A calibration has not yet been performed since
the purchase of the photospectrometer, due the the inavailability of the required
equipment. It has been suggested that the sensitivity of the detector to specific
wavelengths of light may account for the difference in spectral shapes from the man-
ufacturers spectra. However, the sensitivity of the detector will not change any
conclusions about the attenuation lengths of the fibres as a function of wavelength as
the relative change in intensity is used to determine this value. As well, only a large
discrepancy (more than a few percent) in the relative sensitivity of the detector from
unity will affect the bulk attenuation length measurements significantly. A lower
sensitivity to the UV part of the spectrum will make the bulk attenuation length
appear larger than it actually is.

Since this work was completed, the GLUEX collaboration has chosen SiPMs as
the readout for the entire BCAL. Hammamatsu MPPC! (SiPMs) are likely to be
chosen as they have better characteristics then SensL’s'. Also, Kuraray SCSF-78M.J
fibres are being used for production of the final BCAL modules with 400,000 fibres
having already arrived at Regina, 1/2 of the total shipment of fibres, with the rest
being produced or ready to be shipped. These fibres exhibit a peak emmision in
the blue-green part of the optical spectrum with similar attenuation lengths to the

BCF-20 and PHT-0044.

Y“http: / /sales.hamamatsu.com/en/products/solid-state-division /si-photodiode-series /mppc.php
Bhttp://sensl.com/
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4.2 Light-guides

The wavelength sensitivity matching of the light sensors to the fibres was described
in the previous section. In this section, the light transport from the fibres to the
light sensors will be presented.

Constructing an array of light-guides to read out the BCAL poses a geometrical
and logistical challenge in trying to match the geometry and segmentation of the
BCAL, described in Fig. 3.3 to devices for collecting the light. The work in this
section focuses on a light guide design for the inner 12 cm of the BCAL, although it
can easily be scaled for the outer segments. In all cases, the exit of the light-guide
will be circular to match the geometry of the readout device, as well as provide better
efficiency. To a first approximation, the inner segmentation was assumed to be square
such that the entrance of the light-guides for readout can be square. This was done
for simplicity in simulating, designing and constructing protype light-guides and will
not affect the conclusions. The square design is approximate to the trapezoidal shape
needed for stacking a 6 x 4 array of light-guides together to match the shape of the
BCAL. The edges will require some slight degree of tapering in a final design to

match the inner 12 cm of the 7.5° wedge shape of a BCAL module.

4.2.1 Non-Imaging Concentrators

The design of nearly all non-imaging concentrators are based on the edge-ray prin-
ciple, namely that all rays with an entrance angle less than or equal to the maxi-
mum angle 6,,,, should leave the concentrator after one total internal reflection or
“bounce”. In general, light rays that suffer more than one bounce tend to be reflected
back and exit out the entrance. With this principle in mind, the light-guide discussed

here is designed so that all light rays exit after a single reflection. A simple cone
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shape offers an uncomplicated design for a light concentrator, but it is not ideal,
and has a lower efficiency than is desired as light rays that experience more than
one bounce return as illustrated in Figure 4.14. However, the design discussed below
will use a conic shape for slightly tapering one section as only single reflections are

expected.

Figure 4.14: Non-imaging concentrator: A cone shape will turn back some rays if
they reflect more than once.

An ideal or nearly ideal non-imaging light concentrator is a compound parabolic
concentrators (CPC), otherwise known as a Winston Cone [125]. A Winston cone is
an off-axis parabola of revolution designed to maximize collection of incoming rays
within some field of view and has circular entrance and exit apertures by symmetry
of their design. A schematic of the Winston cone is shown in Fig. 4.15. It maxi-
mizes the collection of incoming rays by allowing most off-axis rays to make multiple
bounces before passing out the exit aperture. However, because of its circular en-
trance aperture, it is not a suitable match for the BCAL’s geometry. Instead, by
using a combination of geometries, a highly efficient light guide has been designed

which has a square entrance and a circular exit.
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Figure 4.15: A schematic of a Winston cone (CPC). The entrance and exit apertures
are of radius a and a’ respectively. F is the focus of the upper parabola segments,
and f is its focal length. The length of the cone is L. Image from [126].
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4.2.2 Design

Assuming that the light-guide will be machined from an acrylic polymer, an index
of refraction of 1.49 was assumed in the design that follows. The overall shape of
the light-guide can be separated into two distinct segments: a conically tapered
rectangular block (Segment A) and a Compound Parabolic Concentrator (CPC)
(Segment B). As Liouville’s Theorem places a limit on the maximum concentration
of light of about 3:1 [125], the ratio of exit to entrance area is limited. A readout
choice of a large area silicon photomultiplier with a circular area of 1.26 cm? falls
near this limit, if the entrance window is 2 x 2 cm?.

The light-guide’s surface shape is the principle factor in reflecting light from
the entrance aperture to the exit aperture. What follows will describe the surfaces
needed to transport the light with a high efficiency. A sketch of the design is shown in
Fig. 4.16. A 3D image rendering of a similar light-guide created with the open-source

software package Blender!® is shown in Figure 4.17.

4.2.2.1 Segment A

The surface of Segment A is derived from having a square entrance and a circular
exit, described previously, so that a Winston cone can be attached to the circular face
and the light can be concentrated with higher efficiency. The surface of Segment A is
essentially a block with material removed from one set of corners where the surface
of a cone would intersect the volume of the block such that the corners of the block
are tapered down to a circular aperture. Some light concentration is done in this
segment but its principle function is to guide the light to the circular exit aperture.

The length of this segment is determined by the angle of the conical tapering. Any

16 www.blender.org



CHAPTER 4. BCAL MODULE COMPOSITION 95

endview sideview
T | r
N £

o : IS rounded S|l

3 . o N~ Q.
HOJEE o |

}4* 2cm —+

: }4—20m %}474.27cm %Zcm —>

: material removed from block
‘ r

€
o= o
< h o 45 rot.

Y4

Figure 4.16: A sketch of the light guide. Top: side view. Bottom: side view but

rotated 45° about z.
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Figure 4.17: A 3D rendering of a light-guide. The dimensions used to create the
drawing are not the final dimensions of the prototype but the image shows the overall
shape more clearly than a simple sketch. (original in colour)
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untapered portion near the entrance is arbitrary in length but is also useful for light
source mixing and ease of mounting. This extra length (a few centimetres) does not
significantly affect the performance, as the attenuation length of acrylic is on the
order of a few metres.

The most important parameter of Segment A is the optimal tapering angle of
the cone. The edge-ray principle dictates that this should be large enough that only
one reflection occurs. The taper angle is therefore dependent upon the maximum
angle at which the light enters the light guide from the BCAL. The blue-green light
traveling in the core of the fibre has a maximum angle from the axis of the fibre of
27.5° as dictated by total internal reflection between the first and second layers of
cladding. Any light at larger angles is lost before it exits the fibre. The core of the
scintillating fibre has an index of refraction of n = 1.6, therefore when the light is
transmitted into the light-guide, which has an index of refraction of n = 1.49, any
rays exiting the fibre at 27.5° are refracted to a higher angle in the acrylic of the
light-guide. Because of this, the light-guide is designed for 6,,,, = 29.5°.

From the edge-ray principle [125] the length of the cone can be calculated as

[ e ) (43)

" tanb.

where a” = v/2 cm is the entrance radius of the cone and a = 1 c¢m is the exit radius.

Simulations of light transport through Section A of the light-guide with the geom-
etry described above are possible within GEANT3 [95]. Calculations of the efficiency
of a light-guide using Cerenkov light in the green wavelength with different angles of
conical tapering were performed with the results shown in Fig. 4.18. The length of
the light guide in the simulation was kept constant at 10 ¢m such that the portion

that was not tapered was still square and attenuation effects due to path length
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were minimized. The length of the portion that is tapered changes with the angle of
tapering as seen in Eq. 4.8. The GEANT3 simulations were in agreement with the
edge-ray principle. Fig. 4.18 shows that for longer tapered sections with shallower
tapering, the efficiency is fairly flat, n == 0.96 and but the efficiency drops off sharply
at angles greater than 29.5°. In order to achieve maximum efficiency with minimal
cone length and material, 0,,,, = 29.5° was chosen for the tapered section of the
light guide. The surface of Segment A is described by Eq. 4.10 below.

Transmission vs theta(max)
(theta=0-29.5deg) (n=1.49) 2x2cm”2 to r=1cm with L(guide)=10cm

B o
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Figure 4.18: Efficiency results of the light-guide from a GEANT3 simulation with
2 x 2 cm? entrance and lem radius exit with a flat polar angle distribution of the
photons between 0° and 29.5° with random azimuthal angle. The horizontal axis
describes the tapering of the cone.

r(z) =d" — zM an
( ) ((lll—l-a)t (Qmax) (49)

where 0 < z < Lone. The length of the conically tapered section is L.y, = 4.27 cm
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(from Eq. 4.8). Substituting the physical values into Eq. 4.9 we obtain (in c¢m):
r(z) = V2 cm — (0.097071) - 2 (4.10)

The origin for Eq. 4.9, z = 0, lies at the border between the tapered and untaperd
portions.

The transmission efficiency as a function of discrete entrance € is shown in
Fig. 4.19. Some fraction of light is transmitted all the way up to § = 42.5°. Fig. 4.20
shows the intensity of light over the exit area of Segment A. Notice the increased
intensity in the corners due to reflections from the tapered portions of the segment.

Light guide transmission curve
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Figure 4.19: The transmission curve from Monte Carlo simulation for Segment A for
discrete entrance ¢ (random azimuthal angle), distributed randomly in x and y over
the entrance aperture.
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Figure 4.20: Surface plot of the 2-d histogram (x,y) of the intensity of light at the
exit aperture from Monte Carlo data for the cone tapered section A. The four panels
present different views/projections and constrasts for clarity. (original in colour)
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Figure 4.21: A histogram of the polar angle, 6, in degrees, at the exit aperture of the
cone tapered section A. The vertical axis indicates the intensity of the light rays.

4.2.2.2 Segment B

This is the Winston Cone segment of the light guide. The properties of CPCs, or
Winston Cones, are well known and have been shown to be nearly ideal due to their
symmetrical properties [125]. Matching the entrance aperture of the CPC to the exit
aperture of the tapered section, and choosing the exit aperture of the CPC, defines
its other parameters.

WICO [95], a simple ray tracing program, was used to calculate the efficiency of
the CPC for various exit areas. Data from the GEANT simulation that produced
Figs. 4.20 and 4.21 were used as inputs to the WICO calculation. The transmission
efficiency for CPCs with different exit apertures are shown in Fig. 4.22. The efficiency
is quite good even at smaller areas but is largest when it reaches 1.2 cm? and plateaus
for larger exit areas.

The exit aperture area, A, for the prototype light-guide has been chosen to match
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Transmission curve for a=1.0 cm Winston Cone (CPC)

Entrance position and momenta from tapered light guide simulation

YT T T
100F . .
s 95F . .
E I . ]
= [ ]
£ 90F . .
g [ ]
72 s p
= [ . |
g 85 .
B~ [ ]
80F ° .

P T U TR R R S SR
S 0.6 0.8 1 1.2 14 1.6 1.8 2

Exit Area(cm”2)

Figure 4.22: Transmission curve for CPC efficiency vs. exit area.

the active area of the SiPM (A = 1.26 cm?). The entrance and exit apertures of the

Winston cone dictate the other parameters of the CPC:

, A
a =/ — = 0.633301 cm
T

which gives
/

Omazy = sm—l(%) = 39.3°.

From [125] we obtain the equations describing the surface of the CPC. (The origin
for the following, zp = 0, lies at the exit of Segment A):
~2ad' (1 + sinfnaqy ) singd

f) = —d 4.11
r(0) 1 — cos(0 + Omazy) “ ( )

1
a'(1+ W) B 2ad' (1 + sinbazy, )cost
tanbmazy 1 — cos(0 + Omazy)

25(0) = (4.12)

where 0,4, < 0 < 90°.
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Eq. 4.12 yields a length for the Winston Cone of Lope >~ 2.00 cm for the desired
entrance and exit apertures stated above. A histogram of the polar angle for light
leaving the CPC is shown in Fig. 4.23. The exit angle now extends to higher angles
such that, if there is an air gap at the exit window, any light at angles higher than 42°
(about ~ 30% of the total) will be total internally reflected back into the light-guide.
Fig. 4.24 shows the light intensity over the surface of the exit aperture. The higher
intensities near the edges of the exit aperture are due to the paraboloid focusing the

light there. The pair of valleys are likely a feature of the tapering in Segment A.
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Figure 4.23: A histogram of the polar angle, 6, in degrees, at the exit aperture of the
CPC (area = 1.26 cm?). Notice the smearing to much higher theta compared to the
exit of SegmentA (Fig. 4.21). The verticle axis is the intensity of light rays. An air
gap will internally reflect light above 42.5°.

4.3 Results and Final Design

By choosing optimal parameters for maximum efficiency for Segment A (based on

Fig. 4.18) and Segment B (based on Fig. 4.22), a light-guide with an overall efficiency
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Figure 4.24: Surface plot of the 2-d histogram (x,y) of the intensity of light rays at
the exit aperture of the CPC of area = 1.26 cm?. The four panels present different
views/projections and constrasts for clarity. (original in colour)
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of approximately n = 0.90 (assuming no internal reflections at the exit) can be
achieved. This is an optimistic value for the efficiency, however, since it does not
include variations or losses due to coupling with the BCAL or photo-detector, or
imperfections in the material’s volume or surface. Equations [4.8-4.12] describe the
surfaces and dimensions of a lightguide with this design and have been employed to
manufacture 10 cm prototypes (3.5 cm untapered, 4.5 cm conically tapered and 2 cm
CPC), which have been already used in cosmic-ray tests on the BCAL. One is shown
in Fig. 4.25.

Figure 4.25: A photograph of a manufactured acrylic prototype of the lightguide.
(original in colour)

Currently, other collabotors (Jefferson Lab, Univ. of Santa Maria (Chile)) have
begun simulations of trapazoidal shapes, and will continue work on light guide de-

velopment for the readout of the BCAL.



Chapter 5

The BCAL Jefferson Lab Hall B

Beam Test

The goals of the beam test were to measure the energy, timing and position reso-
lutions of the prototype BCAL module, Prototype-1, as well as the response of the
module at different positions along its length and at various angles of the incident
beam. Results of this beam test will anchor further Monte Carlo simulations of
the GlueX detector and will aid in the development of the 48 modules for the full
BCAL detector. The detailed analysis and results reported in this thesis are for the
Prototype-1 module perpendicular to the beam (# = 90°) with the beam incident at

its centre (z = 0 cm).

5.1 Experimental Facility

The beam test took place in the downstream alcove of Hall B at the Thomas Jef-
ferson National Accelerator Facility (Jefferson Lab). In order to accommodate the

module with its support frame, readout system and cables, an additional platform
106
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was installed in front of the beam-dump alcove. This expanded space allowed for
the measurements with the photon beam perpendicular to the module, as well as
providing a greater range of lateral and rotational degrees of freedom for the module
when positioned inside the alcove. However, as illustrated in Fig. 5.1, the relative
dimensions of the alcove and platform, with respect to the length of the module,
still allowed for only a limited range of positions and incident angles that could be
illuminated by the beam. Measurements, when the module was on the platform and
oriented perpendicularly to the beam, were possible for relative positions of the beam
spot between —100 cm to 425 cm with respect to the centre of the module. Within
the alcove, the angular range was limited to angles 40° and less, and a length scan
was carried out between —190 cm to —15 cm. The module was mounted on a cart
that could be remotely rotated with good precision to the required angle. Lateral
movements of the module with respect to the beam required a hall access for manual
positioning.

South
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Figure 5.1: Diagram of the Hall-B downstream alcove with schematic placements of
the BCAL module. The drawing is not to scale.

The primary electron beam energy from the CEBAF accelerator at Jefferson Lab
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was Eg = 675 MeV and the current was 1 nA for most of the measurements. The
electron beam was incident on a thin target (the “radiator”) located just upstream
of the magnetic spectrometer (the “tagger”). The energies of the electrons scattered
from the radiator were measured, thus providing timing and momentum information
for the associated bremsstrahlung photons with a spectrum of energies from 150 MeV
to 650 MeV, as described below. The photon beam was collimated with a 2.6 mm
collimator, reducing the flux after collimation to 6.5% of its original value, resulting
in a beam spot of virtually uniform density with a diameter of 1.9 cm on the BCAL
module. The distance from the radiator to the collimator, and the collimator to the
BCAL, were 5.8 m and ~39 m, respectively. See Ref. [127] for more details on the
Hall B tagger.

The Hall B tagger system determines the electron momentum information from
384 individual scintillator paddles, called E-counters, with a phototube on one end.
Each of these counters is arranged to cover constant photon energy intervals of
0.003Eq and to physically overlap with its adjacent neighbour by 1/3 of its width,
thus creating 767 individual photon energy bins and providing an energy resolution
of 0.001Ey. The timing information, on the other hand, is provided by 61 individual
scintillator counters, called T-counters, with phototubes attached to both ends. The
T-counters are classified in two groups. The first 19 (narrower) counters cover 75%
to 90% of the incident electron energy range, and the remaining 42 counters cover

the 20% to 75% range.

5.2 Prototype BCAL Module

The first prototype module (Prototype 1), was constructed of alternating layers of

99.98% pure lead of 0.5 mm thickness that were grooved (“swaged”), creating chan-



CHAPTER 5. THE BCAL JEFFERSON LAB HALL B BEAM TEST 109

nels to accommodate the fibres. This was accomplished by passing the lead sheets
between the two grooved rollers of a custom-designed machine thereby creating the
channels by plastic deformation of the lead. The fibres were obtained from Pol-
HiTech! and are of type PHT-0044 double-clad scintillating fibres of 1 mm diameter.
The fibres were bonded in the lead channels with Bicron-600? optical epoxy. The
thickness of the module is 23 cm, its length is 400 cm and the width is 12 ¢cm, with
the internal matrix geometry as indicated in Fig. 3.6. The matrix was built upon
an aluminum base plate of 2.54 c¢m thickness that was further supported by a steel
I-beam for added stiffness and ease of handling. Prototype 1 was not machined along
its long sides at the 7.5° indicated in Fig. 3.3 and retained its rectangular profile from
production. This is not expected to have an impact on the results of the beam test.
However, the two ends of the module, where the read-out system was attached, were
machined and polished. Visual inspection revealed that only eight of the approx-
imately 17,000 fibres had been damaged in handling and construction. No optical

defects affecting light transmission were observed in the other fibres.

5.3 Readout and Electronics

The module was divided into 18 readout segments, each with dimensions 3.81 x
3.81 cm?. This segmentation comprised six rows in depth and three columns vertically
with respect to the beam, as shown in Fig. 5.2. Acrylic light guides having a square
profile and with a 45° mirrored surface channelled the light from the fibres to the
PMTs that were placed perpendicularly to the fibre direction on both the North and

South ends of the module, as shown in Fig. 5.3. The staggered, vertical placement

'PolHiTech SRL, 67061 Carsoli (AQ), Italy (www.polhitech.it).
2Saint-Gobain Crystals & Detectors, USA (www.bicron.com).
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of the PMTs was due to their diameter of 5 cm being larger than the 3.81 cm width
of the readout segment size. Large, rectangular silicone sheets, 2.5 mm thick, were
used to interface the light guides with the module and smaller, circular, 2.5 mm
thick, silicone cookies coupled the PMTs to the light guides. The readout ends and
all their components were enclosed in an aluminum box painted black with the top
covered by Tedlar®? PVF to maintain light-tightness. The shower profile was such
that most of the energy, nearly 90%, was deposited in the first 12 em of the BCAL
and the largest number of photoelectrons originated in that part of the module. For
this reason, the three upstream columns of Fig. 5.2 were read out using Philips?
XP2020 photomultiplier tubes. These tubes were selected for their good timing
characteristics. The last three rows were read out using Burle* 8575 PMTs.

The bases for the PMTs were designed with dual BNC outputs on the anode.
The signals were sent to a CAEN® C207 equivalent leading edge discriminator and
from there they were sent directly to a JLab F1 TDC [128] that was used to record
the timing of the signals. The sum of the discriminator outputs was sent to a second
discriminator, the threshold of which was set to require signals from at least four
PMTs from each end of the module. The threshold logic pulse from either end
(North OR South) of the module and the Master OR (MOR) signal from the T-
counters of the tagger defined the trigger for the experiment. On average, the event
rate was between 1 to 4 kHz for the duration of the beam test. A special electronics
module was used to allow cosmic event triggers from scintillator paddles placed above
and below the module as well as triggers from a pulser that were used to establish
ADC pedestals, and were recorded concurrently with beam data. Signal amplitudes

from the second BNC output of the PMTs were digitized using CAEN V792 ADCs.

3Tedlar® is a registered trademark of E. I. du Pont de Nemours and Company or its affiliates.
4PHOTONIS SAS, Brive, France (www.photonis.com)
SCAEN Technologies, Inc. Staten Island, NY, USA www.caen.it/nuclear/
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Figure 5.2: The segmentation and readout for the BCAL module as viewed from its
North end. The lead/scintillating fibre matrix would appear to be rotated by 90°
with respect to Fig. 3.6. The electromagnetic shower that develops in the module
approximately forms a cone shape and is illustrated with the shaded triangle in the
figure. A very small percentage of the energy is deposited in the outer segments or

leaks out the sides.
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Figure 5.3: (a) The box that enclosed the 18 light guides and PMTs with cables
attached for the South end of the BCAL module is shown. (b) The module was
entirely wrapped in Tedlar® on the right and pressed against the light guides using
a silicone sheet as an optical coupling, as described in the text.
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The complete logic diagram is shown in Fig. 5.4.

5.4 Energy Resolution

5.4.1 Gain Balancing and Energy Calibration

With the module divided into 18 segments on each of the North and South sides,
36 PMTs were utilized in total. By adjusting the PMT supply voltage, an initial,
relative balancing of the PMT gains was performed using cosmic data during the
setup stage such that the means of the cosmic ADC spectra were nominally within
ten percent of a certain value; only a couple of channels deviated from this value by
up to a factor of two. Further adjustments to the gains were done in software during
the analysis, using the spectra collected during four dedicated cosmic runs.

By assuming that the energy deposited by cosmic rays is uniform in each segment
of the BCAL, a gain balancing constant was found for each North and South segment

by taking the ratio of each segment’s spectra to that of one particular segment,

Nabpc,i
Cn,i= ’

- ) 51
Napc,7 (5.1)

where Cy; was the balancing constant for the ¢th segment on the North side, each
balanced with respect to Napc,7. The procedure was identical for the South end,
anchoring with respect to Sapc7. Keeping in mind the attenuation length of the
BCAL, Napc,7 and Sapc,; were then balanced with respect to one another. An
overall energy calibration constant for the BCAL was then found by plotting the
balanced ADC values versus the tagged photon energy.

Once the BCAL was calibrated, the distribution of the difference between the

reconstructed BCAL energy and the tagged photon beam energy was found. This
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Figure 5.4: The logic diagram for the BCAL Hall-B beam test electronics. It should
be noted that segments 1 and 13 did not contribute to the trigger, and this explains
the apparent discrepancy between the 18 outputs of the discriminator and the sum
output (that is just 16).
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ratio, D, is defined as

E )
D — ZBCAL BEAM

, 5.2
EBEAM ( )

where Epcar, the reconstructed energy in the BCAL module, is defined as

18 18
Napc,i Sapc,i
E = K- ’ = . 5.3
( e )( o 53)

i=1

Eggawv is the photon energy measured in the tagger and K is the overall calibration
constant. The reconstructed energy in the BCAL module is then the geometric
mean of the balanced ADC values multiplied by K. The geometric mean removes
the effect of the attenuation in the fibres. The width of the distribution, op, is the

energy resolution, og/F, for the module.
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Figure 5.5: D = (EcaL — Eseam)/Eseanm is shown after gain balancing and cali-
bration. Notice that the deviations from zero are typically less than 0.5%.

A plot of D vs. Eggam can be seen in Fig. 5.5. This shows how well the PMT
gains are balanced and how well the energy in the BCAL is reconstructed. Al-

though the deviations from zero are so small as to be inconsequential, typically less

than 0.5%, there may be a number of physical reasons for these deviations such
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as non-linearities in the sampling fraction of the shower for each segment, albedo,
background contributions to the ADC spectra which could not be removed at lower
energies and leakage outside the module.

The deviation from zero below 300 MeV is most likely due to background that
could not be removed from the ADC spectra. The deviation from zero above 575 MeV
is probably due to electromagnetic shower leakage from the module and/or inherent
nonlinearities in the detector due to the reduced sampling of the soft photons and
electrons in the electromagnetic shower in the outer cells. All deviations from lin-
earity, however, are small and typically less than 0.5%. Future beam tests will be
carried out in more detail under production (physics running) conditions and are

expected to yield a more accurate energy calibration and tighter distribution in D.

5.4.2 Energy Resolution Results

The calibrated spectra for D were fitted by a Gaussian function. A typical spectrum
and its fit are shown in Fig. 5.6, this one for timing counter 40, corresponding to a
beam energy of 273 MeV.

Subsequently, the energy resolution was extracted for all timing counters and is
shown in Fig. 5.7, plotted as a function of the tagged photon beam energy, for the
data at § = 90° and z=0 cm. The fit to the data is also shown in Fig. 5.7, resulting
in

OE 5.4%

98 _ 280 4939 5.4
E E(GeV) B (54)

where the @ indicates addition in quadrature. Small variations in the fits produced
relatively large variations in the floor term (2.3 £+ 1%) but little variation in the
stochastic term (5.4 £+ 0.1%).

The energy resolution of an electromagnetic calorimeter is typically expressed in
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Figure 5.6: The calibrated spectrum for D is shown for timing counter 40, corre-
sponding to a beam energy of 273 MeV. The solid line is a Gaussian fit to the data.

the form:
or a 1

S (5.5)

T~ JBGw) Y Gy

The a/ V'E term contains the combined effect of sampling fluctuations and photoelec-

tron statistics. It is commonly referred to as the stochastic term. The 1/v/E depen-
dence is expected from the fact that the fluctuations are proportional to the number
of particle tracks, n, that cross the active material; n has a Poisson distribution with
a variance y/n. Since the energy of a shower is proportional to n, the contributions
to the resolution o /E due to the stochastic fluctuations is proportional to 1/v/E.
The KLOE collaboration concluded that the photon statistics from the light yield of
their calorimeter ranges from 1.6%/+/E(GeV) [129] up to 2.7%/+/E(GeV) [130] and,
therefore, contributes very little to the resolution since it is added in quadrature to
the sampling contribution. Indeed, the stochastic fluctuations in sampling dominate
the resolution.

The constant term, b, in Eq. 5.5, originates from all other energy-independent
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Figure 5.7: Energy resolution vs. Eggaym for photons for 8 = 90° and z = 0 cm. The

fit gives op/E = 5.4%//E(GeV) @ 2.3%. The fit of Fig. 5.6 corresponds to the 40"
datum from the right (19" from the left) in this figure.

sources that contribute to uncertainties in the energy reconstruction. These sources
can be mechanical imperfections, material defects, segment-to-segment calibration
variations, non-uniformity of response, instability with time and shower leakage.
Much work has gone into removing any of these effects during the construction of
the BCAL module, throughout the beam test, and in any subsequent analysis.

If contributions from the noise term, ¢/ E, existed, they would be from electronics
noise and pileup in high-rate environments. This term increases at lower energies
but has not been observed to contribute in the beam test analysis as both the rates
and noise were low. Fits to the beam test data including this term produce almost
identical stochastic and constant terms with values for ¢ consistent with zero.

The stochastic coefficient, a = 5.4% in Eq. 5.4, compares well with the corre-

+

sponding one from KLOE determined from ee™ — ete™ reconstruction, reported

as a = 5.4% [93]. The KLOE beam tests [130] reported a value for a = 5%. No value

for b was reported in either case, as it did not contribute within KLOE’s energy range
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due to its addition in quadrature to the resolution. Uncertainties in these values have
also not been published. The KLOE calorimeter and BCAL Prototype 1, as read
out in the beam test, have similar sampling fractions and photostatistics. Although
the production readout for the BCAL will be different, the beam test setup resulted
in benchmark metrics for any future upgrades to the BCAL matrix structure, such
as increasing the sampling fraction in the inner layers to improve low energy photon
detection for critical regions of exotic hybrid production phase space and producing
a better energy resolution.

As mentioned above, the stochastic fluctuations in sampling dominate the res-
olution. This being the case, there should be little effect on the energy resolution
due to the shower position along the module (z). Attenuation of the light in the
fibres will only affect the number of photoelectrons seen at the read-out ends of the
module and is compensated for by the double ended read-out of the module. On
the other hand, increasing the photon beam energy results in more particle tracks
over a greater depth of the shower profile generated within the module, therefore
more fibre layers are intercepted by more particle tracks. The expectation, then, is
that the resolution will improve with increasing photon energy but remain nearly
independent of the position of the beam spot. This was verified by examining the
energy resolution for photon energies from 225 MeV to 575 MeV for three z-positions
at normal incidence.

Finally, the value for the constant term in Eq. 5.4 was found to be, b = 2.3%.
This is the intrinsic constant value for the energy resolution of the BCAL. This
value is march larger than the value found in KLOE, which reported a value near
zero. However, the maximum energy of the BCAL photon beam test was too low to

determine it precisely, as the uncertainty was estimated to be relatively quite large,
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+1%. This uncertainty was estimated based on experience from attempts to fit the
data. For low energies, the constant term contributes negligibly to the resolution at
a few hundred MeV when added in quadrature to the stochastic term. Nevertheless,
since approximately 30% of the photons in GLUEX will have energies above 500 MeV,
efforts to minimize the constant term and extract it more accurately in future beam

tests will be fruitful.

5.4.3 Sampling Fraction and Energy

The sampling fraction — the fraction of energy deposited in the SciFi’s — can be
expressed as a ratio with respect to either the total energy deposited in the BCAL
module (f) or the incident photon energy (f,). These quantities, however, are dif-
ficult to measure in an experiment but fairly simple to simulate. A GEANT 3.21
simulation was developed to that end, based on modelling the BCAL as a standalone
package and independent from the previously mentioned simulations. Individual
fibre and epoxy volumes were programmed into the Monte Carlo with the appropri-
ate Pb:SciFi:Glue ratios and material properties resulting in the geometry shown in
Fig. 3.6.

These simulations indicate that f, decreases as a function of photon energy due
to leakage. This is shown in Fig. 5.8a, with the decrease being linear above 200 MeV.
It should be noted that the size of the module will primarily affect only f, in the
sense that a smaller module will result in a smaller f., due to energy from the electro-
magnetic shower leaking outside the module. On the other hand, f depends only on
the energy deposited in the matrix itself and is independent of the incident photon
energy or overall geometry of the module. The deviation from linearity at low energy

is probably due to the fact that more of the low energy electrons and positrons from
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Figure 5.8: (a) The photon energy sampling fraction, f,, and deposited energy
sampling fraction, f, are shown from simulation for § = 90°. The data are fit to
ag/E + a1 E + ay functions, which were chosen among the simplest functions that de-
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are plotted from simulation. The data are fit to a/ VE @b functions with a £, = 4.6%,
bf,y = 16%, af = 45% and bf = 09%
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the electromagnetic shower stop in the lead before being sampled by the scintillating
fibres. One would expect this reduction in both sampling fractions and this is what
was observed.

The sampling fluctuations, o/ f, can be seen in Fig. 5.8b. These are the dom-
inant contributor to the energy resolution, at about 4.5%/ \/m . Subtracting
the simulated sampling fluctuation contributions from the measured energy resolu-
tion yields photoelectron statistics contribution to the energy resolution of about
3.1%/1/E(GeV). This is similar to the estimated value of ~ 2.7%/+/FE(GeV) from
a KLOE beam test [130].

5.5 Timing and Position Resolution

The time difference of the signal from the BCAL ends will provide position informa-
tion for neutral particles, which is needed to reconstruct their four-momenta. The
position resolution is related to the time difference resolution by the effective speed
of light within the calorimeter. Thus, by using measurements of the effective speed
of light from a previous beam test at TRIUMF [101] (ceg = (16.2 £0.4) cm/ns from
Table 3.2), the position resolution of the calorimeter can be easily extracted.
The time difference resolution will be of the form:
c

___° a4 5.6
O R (GeV) (5.6)

In general, the constant term, d, in Eq. 5.6 is a result of residual calorimeter miscal-
ibrations, but some fraction is also due to the finite width in z of the beam, which

will contribute to the time difference resolution. With the beam width being [ ~

1.9 cm, the flat and square distribution of the beam contributes (I/c.)/v12 = 30 ps



CHAPTER 5. THE BCAL JEFFERSON LAB HALL B BEAM TEST 123

to the resolution.
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Figure 5.9: ADC vs. TDC for segment South 8. The uncorrected time affected by the
time walk due to the dependence on amplitude is seen in the top plot. The bottom
plot shows the corrected time. The BCAL time was referenced with the tagger time.
(original in colour)

The double-ended readout of the BCAL allowed for time difference measurements
to be made, but because leading edge discriminators were used, the timing of the
discriminator signal output had a dependence on pulse height which required a time-
walk correction. A plot of ADC versus TDC for segment 8 can be seen in Fig. 5.9.
Fits with a function of the form py/ VADC + p; were performed, as the time delay
due to signal amplitude in leading edge discriminators follows this form. The fit
parameter p; is a constant term indicating the timing offset of the particular readout
segment from the tagger MOR timing signal. Parameter py also varies depending on

the particular readout segment but has a nominal value of ~ 35 ns - GeV'/2. The
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fit is poor for the downstream segments, specifically segments 6 and 18 where the
statistics are low, as there is very little energy deposited there and the fluctuations
are consequently large. For this reason, most of the outer segments were not included
in the timing analysis. Analysis of the timing data focused mainly on segments 7,
8, 9 and 10 where nearly 90% of the energy was deposited. Due to the resulting
asymmetry from the walk correction at low ADC values, which caused distortions in
the time difference resolution, low ADC values were rejected. In the case of South 8,
channels lower than 350 were rejected. This corresponds to 1 MeV of energy deposited
in the segment or 0.125 MeV deposited in the fibres. Similar ADC cuts were made
for the other segments depending on the distortion at the lower end of the ADC
spectra. This results in a loss of efficiency, and slight bias for events which fluctuate
to a higher signal, at the lower energies but in a much improved time difference
resolution over the whole tagger spectrum.

The timing for an event was found by summing the TDC values of all the segments
in an event cluster, weighted by their energy; cuts on the ADC and timing determined
whether a segment was included in the cluster. A cluster is defined by the energy
weighted sum of the times of each segment such that the time difference, AT, is

expressed as:

AT 13, Ei(Tx, — Ts,)
2 2 > i

(5.7)

Subsequently, the walk-corrected spectra for each tagger timing counter were
fitted by a Gaussian function. A typical spectrum and fit are shown in Fig. 5.10,
this one for timing counter 40. All timing counter spectra were fitted in the same
fashion, and the fit results are plotted on Fig. 5.11. From the subsequent fit in that

figure, the time difference resolution including only the middle row segments 7, 8, 9
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Figure 5.10: The walk-corrected spectrum and Gaussian fit for timing counter 40.
The solid line is a Gaussian fit to the data.

and 10 is found to be:

75 ps
o _10 = —————= b 30 ps. 5.8
AT/2,7—10 E(GoV) P (5.8)

The floor term is equal to the finite width of the beam, as expected. This implies
that the intrinsic time resolution of the BCAL is consistent with zero for the constant
term. As the time difference resolution is dependent on the number of photoelectrons,
the time difference resolution, oar/27-10, can be corrected to include the missing

photoelectrons, after subtracting the beam width from the constant term, and is

found to be

- 70 ps
AT/ E(GeV) .

The KLOE beam test result of 72 ps//E(GeV) [130] represents the timing

(5.9)

resolution extracted from the signal average of both ends of each segment. With

better fibres and PMT’s KLOE estimated they could achieve a resolution of ~
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Figure 5.11: The time difference resolution, in nanoseconds, for segments 7, 8, 9 and
10 as a function of energy. The fit gives oar/s = 75 ps//E(GeV) @ 30 ps. The fit
of Fig. 5.10 corresponds to the 40" datum from the right (19** from the left) in this
figure.

58ps/+/E(GeV) and this was achieved [93]. The result shown here from the BCAL
beam test was extracted from the time difference of the signals. It should be noted
that old/degraded PMTs were used in this beam test, especially the 18 Burle 8575’s
used in the three rear layers of the module, which had a timing resolution per pair
averaging around 1.4 ns in contrast to the forward XP2020’s that averaged around
0.6 ns per pair. As such, it is expected that the time difference resolution from
Prototype 1 is actually better than reported here and the use of better fibres, light
guides and light sensors will result in an improved timing resolution.

Finally, the time difference resolution defines the position (z) resolution along the
length of the module, since 0, = oar/2 - cer. Therefore, the determined position reso-
lution is calculated to be o, = 1.1 cm/+/E(GeV) for a 1 GeV photon. KLOE reported
a similar position resolution from their beam test of o, = 1.2 em/\/FE(GeV) [130].
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5.6 Determination of the number of photoelec-
trons

The number of photoelectrons per end of the prototype BCAL module, N, was
estimated at z = 0 cm and € = 90°. The distribution in the ratio, R, of the North
to the South readout sums, for each of ten bins in beam energy, F;, from 150 MeV

to 650 MeV, was expressed as

Ex g,
R(E;) = % 1EN J (5.10)
i=1"S,i;j

where Ey; and Eg; are the calibrated energies corresponding to the i'" segment on
the North and South side, respectively. Using this ratio results in the suppression of
shower fluctuations that dominate the statistical variance of the individual sums for
each readout end. Under the assumption that each of the amplitude spectra has a

Poisson-type shape, the ratio spectra were fitted to the function:

10y~ [ Pl VE)- 2 (25 [Fad] (5.11)

where 7 is a North/South amplitude ratio, R is an average North/South amplitude
ratio, N, is the average number of photoelectrons, and P is a Poisson-type proba-

bility:
e—NNm

P(z,N) = Tt D)

(5.12)

The (1/r) and (z/r) factors are needed to perform the integration over the uniform
r-bins. The x?/ndf was nearly one for all the fits. The resulting photoelectron yield
per GeV per end is plotted in Fig. 5.12 as a function of beam energy.

The one parameter fit in Fig. 5.12 yields a mean value of ~660 photoelectrons
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Figure 5.12: The number of photoelectrons per GeV per end of the BCAL module
is shown as a function of energy. A one parameter fit is plotted (dashed line). For
more details see the text.

per GeV for photons over the energy range of the beam test. A non-linearity of
~5% is apparent, but not worriesome, due to the preliminary nature of the beam
test. A similar effect can be seen in results from KLOE beam tests for photons and
positrons [129]. The non-linearity in the number of photoelectrons observed may
be due to the non-linearity of the detector when sampling the soft photons of an
electromagnetic shower, variations in the light guides and their couplings and shower
leakage. Nevertheless, this is an adequate estimation of the number of photoelectrons
from this work and future beam tests over a wider range of energies with a more
sophisticated readout system similar to the final experiment will solidify this value
and more thoroughly reveal any non-linearities in the detector response.

In comparison, KLOE reported N, ~ 700 per end at 1 GeV. The BCAL module
used double-clad scintillating fibres, potentially giving rise to approximately 50%
more photoelectrons than KLOE. However, the KLOE calorimeter had light guides

combined with Winston Cone collectors that resulted in a much higher transport
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efficiency, typically ~90%, than the light guides used in the beam tests described
in this work, estimated to have a transport efficiency of ~50%. This feature could
easily compensate for the increased capture ratio of the fibres in the BCAL, but lower

number of measured photoelectrons.

5.7 Prototype-1 Performance

The first full-scale prototype module for the BCAL tested the construction techniques
and the performance of the matrix under beam conditions. An energy resolution of
op/E = 54%/\/E(GeV) @ 2.3% and a time difference resolution of ooz = 70
ps//E(GeV) ps were found from the Jefferson Lab beam test data. The number
of photoelectrons per GeV is about 660. The energy and timing resolutions meet
the original design goals and the performance of the module closely matches that
of KLOE, a proven sampling calorimeter. The analysis for the more demanding
regions of module and beam geometries, near the end of the module and at small
incident angles can now proceed having established the performance under more
benign conditions and having the Monte Carlo simulations tested and anchored to

the data.



Chapter 6

Hall D Monte Carlo Detector

Simulation

The development of an accurate and realistic Monte Carlo simulation is key in the
development of any particle physics detector. Simulation of the full detector allows for
informed decisions about detector design before construction and, once experimental
data have been taken, the simulation aids in the interpretation of the results. In the
case of the GLUEX BCAL, which was modeled on KLOE calorimeter, the simulations
allowed for confirmation of certain calorimetry properties and for the differences
between the KLOE calorimeter and the GLUEX barrel calorimeter to be investigated.
Additionaly, with a full simulation of the detector, reconstruction algorithms can be
developed and analysis of simulation data can be performed such that the detector’s
acceptance and extracted mass resolutions can be calculated before any experimental

data are taken.

130
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6.1 Overview

A complete series of simulation and reconstruction software packages have been de-
veloped and implemented for neutral particle detection in GLUEX, while tracking for
charged particles and full event fitting is still in development. The object-oriented
software, written by the collaboration in C** and designed to be general and mod-
ular, is intended for experiment-wide use. Some custom reconstruction and analysis
code was written specifically for this thesis work but was not made available to the
whole collaboration due to its specific nature. Similar reconstruction code of a more
general nature is planned to be added to the software repository in the future.

A schematic diagram of the data flow for the full calorimeter simulation and re-
construction framework is shown in Fig. 6.1. The simulation begins with the output
from a Monte-Carlo (MC) physics generator with three different generators in the
Hall-D software repository: a) the modified PYTHIA package tuned to GLUEX ener-
gies, discussed previously in Chapter 3, for producing hadronic background events,
b) GENRS, a simple generator that produces single particles with fixed trajectories
and ¢) AMPTOOLS, a generator that produces multi-body decays with appropriate
spin-dependant angular distributions. Generated particles are propagated through
a full GEANT3-based hit-level detector simulation, HDGEANT, that includes all
active (detectors) and inactive (supports and cables) material in the tagger, collima-
tor, target and GLUEX spectrometer. The detector desciption is written in XML for
standardization. The initial particle vertex is dependent upon the generator and any
initial conditions provided to the simulation. Additional digitization and response ef-
fects are incorporated in reconstruction algorithms outside HDGEANT to produce
equivalent raw detector hits. Clusterization algorithms reconstruct the “hits” into

“photon”objects. A hit is the position and energy information for a particular seg-
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ment of the detector. As charged particles with higher momenta will deposit energy
in several segments, thus mimicking a neutral particle as they are clustered regard-
less of the incident particle charge. Charged particle tracking information is used
to differentiate these charged particle induced clusters from neutral particle showers.
Kinematic fitting algorithms form pairs of photons into decays from mesons such as
the 7°,n, p°, w® which can be reconstructed to form further resonances and the entire

physics event.

6.2 BCAL Simulation and Reconstruction

Electromagnetic shower development in the BCAL is simulated by tracking secondary
particles through its volume and accumulating the deposited energy via ionization!.
The geometries and materials are normally entered as parameters to the MC but
in the case of the BCAL it is computationally too expensive to include the true
geometry in the full GEANT-based detector MC. In the case of the HDGEANT
software, a BCAL module was defined with an effective mixed material based on
the volume, mass and atomic number ratios of the lead, glue and scintillating fiber.
However, a stand-alone GEANT3-based simulation (SAMC) was created with the
full fibre, lead and glue geometry to study the response of the full lead/sci-fi matrix.
Information obtained from the SAMC is used in the HDGEANT to mimic the
true response of the BCAL and was used to further understand the response of the
prototype modules in the JLab beam test and cosmic ray tests. Some of this SAMC

work has been presented earlier in this thesis, in Section 5.7.

!The secondary particles above 1 GeV generally lose their energy via bremsstralung (electrons)
and pair-production (photons). The succesively lower energy electrons (below 1 GeV) in the elec-
tromagnetic cascade will increasingly start to lose their energy through ionization and thermal
excitation; below a few MeV, photons will instead lose their energy through Compton scattering
and the photoelectric effect.
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Figure 6.1: Data flow diagram for the GLUEX calorimeters from Monte Carlo and ex-
periment. The dashed lines indicate input of data from the charged particle tracking
software.
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The response of each segment in the HDGEANT BCAL is simulated by mul-
tiplying the mean sampling fraction by the total energy deposited in the segment.
Stochastic fluctuations are modelled by smearing the signal in each cell by a Gaussian
distribution with a width that is a fraction of the mean sampling fraction, o¢/f. The
SAMC sampling fluctuation is explained further below. Light attenuation and time
delay are modelled by using an effective attenuation length A = 350 cm and speed

of light in the fibre ¢’ = 16.75 cm/ns that were measured in past cosmic ray tests of

BCAL Prototype 1.

6.2.1 Sampling Fraction from the Stand-Alone Monte Carlo

The relatively low atomic number and density of the scintillator compared to the
surrounding lead means that the active material in the BCAL will only sample ap-
proximately 12% of the energy deposited in a module. However, because only about
half of the volume of the BCAL is filled with scintillator in a regular matrix of fi-
bres, the number of fibres encountered by secondary shower particles fluctuates and
therefore the sampled energy fluctuates. This stochastic fluctuation is the domi-
nant contributor to the energy resolution of the BCAL and cannot be modelled in a
mixed material module and therefore needed to be modelled in a stand-alone Monte
Carlo where computational resources could be dedicated to simulating the response
of a BCAL module with an internal matrix geometry. The sampling fractions and
stochastic fluctuations from simulation were shown previously in Figs. 5.8a and 5.8b.
As such, the sampling fraction fluctuations depend on energy in a cell as

Jf A

/ /EOlep

® B, (6.1)
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with A and B being 4.5% and 0.9% respectively.

6.2.2 Electronics Threshold

Electronics thresholds and dark noise in the readout SiPMs are also modelled in
HDGEANT. Correctly modelling this is very important, as the threshold greatly
affects the performance of the BCAL for energies less than 200 MeV. Some assump-
tions were made [131] in approximating the threshold: (1) zero suppression will be
done on a per channel basis on the FADC so that the pedestal alone cannot cause
more than 5% of all BCAL channels to exceed the zero suppression threshold. (2) The
main contributor to the ADC pedestal is single photoelectron (PE) dark pulses from
the SiPM, their rate being 40 MHz [132]. (3) The readout window for the flash
ADC [133] is 100 ns. This means that the SiPM pulses must be fully contained in
this window including any forward and backward shifts due to differences in tran-
sit time in the readout chain and transit time in the module (about 25 ns for full
length). If the readout window is 100 ns, there will be an average of four single dark-
rate PE pulses in each window. According to Poisson statistics, this means that 95%
of events will have seven or fewer of these pulses. Therefore, the threshold for a cell
to be accepted in the full HDGEANT simulation is set at eight photoelectrons.
Since the Monte Carlo simulation only calculates the energy deposited in a cell
and not the number of photoelectrons, the average number of PE per MeV must be
determined from experiment. This number is difficult to determine without a beam
test using the final readout design and employing proper light-guides and SiPM
sensors. The JLab beam test in 2006 used a coarser readout with bialkali PMTs and
long, rectangular light guides with poor efficiency and thus were not well suited for

the extraction of number of photoelectrons.
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Cosmic ray tests [134], using the prototype light guides (designed in Section 4.2)
and prototype SiPMs from Sensl, measured an effective energy deposited in the
fibre to photoelectron conversion of 91 keV/PE. The sampling fraction for cosmic
rays is about 15%, therefore 1 PE = 91 keV / 0.15 = 0.61 MeV deposited in the
module. As a result, after attenuation of the light in the module is accounted for,
only hits with 8 PE x 0.61 MeV = 4.9 MeV deposited in the cell are recorded in
the simulation, as these hits exceed the zero suppression threshold. Noise in the
electronics has been neglected in this estimate, so the 4.9 MeV energy threshold per
BCAL cell may be somewhat optimistic, but ongoing improvements in the SiPM
array may reduce the dark noise rates. Some optimization in the FADC may lower
the threshold too. However, the intent of the threshold estimate was to get as close

as reasonably possible to the final, realistic value of the GLUEX experiment.

6.2.3 Clusterisation

In the reconstruction, the full collection of cells associated with a particle is called a
“cluster”. The energy and angular direction of a particle is obtained from the cluster
information with no consideration for the details of the energy deposition or the
shower profile. The original versions of the GLUEX BCAL reconstruction code were
modelled after the KLOE reconstruction software [135]. The reconstruction code has
been improved since, mostly to increase speed, but the basic data flow remains the
same and functions as follows. First, the raw hits are read and arranged into arrays
with the indices defined by the module, layer and sector number?. Since there are
inner and outer sector layouts for the BCAL, columns are not a good index. Adjacent

cells are then determined from the indices in the r and ¢ directions. By searching all

2The module index is defined by its position as one of the 48 modules of the barrel. The layer
index increases in radius and the sector index is defined by its position in ¢.
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adjacent cells, a cluster can be constructed. If multiple clusters are found, clusters
separated by less than 40 cm in space, 30 cm along z and 2.5 ns in time are merged
into one cluster. Clusters are split in the z-direction if their time RMS is greater than
5.0 ns. After the clusters are merged or split the final energy and energy-weighted

positions for the showers are determined as follows:

Eshower = Z Ez (62)

1<i<ncen

Xshower - Z (XzEl)/E (63)

1<i<ncen

Yshower = Z (Y;El)/E (64)

1Si§ncell

Zshower = Z (ZzEZ)/E (65)

1<i<ncen

To avoid the creation of spurious clusters due to isolated low energy cells in
the calorimeter, all showers with energy less than 20 MeV are removed and not
recorded. This threshold is being studied by others to determine its effect on shower
reconstruction. If the threshold is too low, many clusters from back-scatter may be
formed and cannot be associated with a particle trajectory. If the threshold is too
high, the resolution degrades.

In addition to the energy-weighted position of the entire shower, the energy-
weighted position by layer for each cluster is also found. These points are projected
onto the x, y and z axes and fit to lines so that a parametric representation of the

path of the photon can be inferred. The trajectory of the photon can be written as

d(s) = @+ s (6.6)

where the vectors @ and ¢ represent a point in (z,y, z) space on the trajectory and
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the direction of the photon, respectively. The vector quantities are determined from
a series of linear fits. If the shower positions are determined correctly, ¢ should be
parallel to the photon momentum and, by construction of the fit, @ will will be the
point where the photon struck the BCAL inner surface. In the current reconstruc-
tion code, the vector pointing from the target centre to @ is taken as the photon
momentum. The algorithm does not need to assume the track originates at the tar-
get centre but the systematic uncertainties in reconstructing the photon momentum
without the target as the vertex have not been explored. The errors on a are used

in forming the the photon error matrix, which will be discussed later.

6.2.4 Calibration of the BCAL

The recorded photon energy in the Monte Carlo is the total energy deposited in the
material of the BCAL and FCAL. This, however, will not be equal to the initial
incident photon energy: some energy will leak out the back side, the inner face,
and/or the ends of the BCAL; or the photon will shower in the CDC, FDC or their
signal cables (which run the length of the inner face of the BCAL) before entering
the calorimeter. If the mean loss of energy and response of the calorimeter is known
as a function of position and incident energy, a calibration constant can be applied
to the recorded MC energy to correct the reconstructed energy for these losses.

In order to calibrate the BCAL, the detector was uniformly illuminated in ¢,
z from 30 to 370 cm and energy between 0 and 4 GeV with photons thrown from
the centre of the target. In the global coordinate system, the upstream edge of the
BCAL begins at z = 17 cm and the downstream edge is at 407 cm. Only photons that
produced a single shower were considered. The response of the detector is expressed

as the ratio of reconstructed energy, E,.., to generated energy, Fg,, versus position
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on the front of the BCAL, Z,,, and is shown in Fig. 6.2a. The response is noticeably
non-linear as a function of position. Likewise, the response of the detector as a
function of E,, for 100 cm < 2z < 120 cm is shown in Fig. 6.2b and is also non-
linear as a function of energy. The region from 370 ¢m to 390 cm was calibrated in a
separate step, as the showers can leak out the ends of the BCAL, and the response
is quite different than the region less than 370 cm, but the method was the same.
The end region of the BCAL is expected to see a large portion of the photons from
n and 70 decays so it is important that photons can be reconstructed near the end,
even with degraded resolution. The response of the detector as a function of Zg,
and Ey, for 390 cm < 2z < 395 cm is shown in Figs. 6.2¢ and 6.2d.

At a given position on the BCAL, the response of the BCAL is slightly non-linear
as a function of shower energy due to leakage out the front and backside of the
detector. This slight non-linearity can be corrected for with a power law function of

the form

1+e
Eeor = A- EX** 4+ B. (6.7)

An invertible function is required in order to calculate E, from E,,.,. The relative
positioning of the shower within the BCAL, as well as the material in front of the
BCAL, changes with z due to the photon’s trajectory from the target. As a result,
the parameters A, € and B depend on the shower’s z-position. The ratio of corrected
energy to generated energy will also allow for the energy resolution to be calculated

from MC such that Eq. 6.7 is rewritten as

Ecorr B(Z)
= A(z)- E<® + (6.8)
E, v E,

The functions A(z), €(z) and B(z) can be determined by fitting Eq. 6.8 to the
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Figure 6.2: The uncalibrated response of the BCAL. The fits require an invertible,
non-linear function to fit the spectra at multiple z-positions. (a) Response versus
Zgen in the region 30 — 370 cm. (b) Response versus Ej.,, between 0 to 4 Gev in the
region of 100 cm < z < 120 cm. (c) Response from 365 to 400 cm. (d) Response
over 0 to 4 Gev at 390 cm < z < 395 cm. Gaps in the data are due to missing
data files. (original in colour)
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data for small discrete regions of z. The results for parameters A(z), €(z) and B(z)

can be seen in Figs. 6.3c, 6.3b and 6.3c, respectively, with polynomial fits shown.

PO 0.8812 + 0.004025 [Graph | p0 -0.04285+ 0.01175
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Figure 6.3: The parameters from fitting Eq. 6.8 to spectra of E,../Eqg, versus Eg,
for discrete z positions from 30 to 370 cm. The parameters A(z), €(z) and B(z) are
shown in (a), (b) and (c), respectively. Polynomial fits to the data are also shown.
The response of the BCAL is expected to be symmetric about the target (z = 48 cm).

The polynomial fit for each parameter is used to calculate the calibration con-
stants in Eq. 6.8. The reconstructed energies after calibration from the BCAL are
shown in Fig. 6.4.

From Fig. 6.4, the resolution of the calibrated reconstructed energy degrades sig-
nificantly in the region from 395 to 407 cm. Although this is a relatively large range
in z, it subtends a small polar angle from 10.2° to 10.6°. This region extends the ef-

fective gap between the BCAL and FCAL. The calibration software coding developed
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Figure 6.4: The calibrated response of the BCAL similar to Fig. 6.2 but now for
corrected energies. The response along the BCAL is still not perfectly flat in these
figures. This is a result of the difficulties of fitting an invertible, non-linear function
to spectra at multiple z-positions. However, the calibration is within a couple percent
of unity. (original in colour)
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from the above work is implemented in the “BCAL Photon” step of Fig. 6.1.

6.2.5 Energy and Position Resolution

The energy resolution of the BCAL was examined using 0 to 4 GeV photons incident
in the z-region of 30 cm < z < 395 cm. Fig. 6.5 shows photon energy resolutions as
a function of generated energy after the non-linear energy correction described above
is applied. The energy resolution was fitted with the standard relation

OR A

T=T5eb (6.9)

where the @ indicates addition in quadrature, B is some small (< 1%) floor term
and the statistical term A ~ 5.5%. As a result of the shower developing at different
orientations in the BCAL for different z positions, it is expected that the energy
resolution will have some small dependence on position, as the stochastic term in
the energy resolution is dependent upon shower fluctations and the floor term has
some dependence upon shower losses. Where leakage out the end of the module is
significant, near z =400 cm, shown in Fig. 6.5¢, the energy resolution in the Monte
Carlo simulation appears degraded. The results for the resolution (less than 380 cm)
agree well with the JLab beam test results.

Fig. 6.6 shows the difference in generated and reconstructed z-position and polar
angle at the inner face of the BCAL for 30 cm < z < 380 cm. The error in the

polar angle can be written in terms of the z-position error as

50 = /vaz (6.10)

Due to the z2-depedence in the denominator of Eq. 6.10, the z-resolution is seen



CHAPTER 6. HALL D MONTE CARLO DETECTOR SIMULATION

0.4F

205cm <z<230cm

0.3

X2 I ndf
po
pl

139.1/97
0.05277 + 0.00050
0.007977 + 0.001466

305cm<z<330cm

03f

117/97
0.05663 + 0.00064
0.005595 + 0.002750

393cm <z<395¢cm

T
X2 1 ndf
po
pl

T
141.5/23 4
0.06542 + 0.00155 ]
0.1103+ 0.0010 |

2
Eqen (GEV)
()

Figure 6.5: A fit to the standard deviation of the fractional energy error, og/E as
a function of generated photon energy for the regions (a) 205 cm < z < 230 cm,
(b) 305 cm < z < 330 cm and (c) 393 cm < z < 395 cm. The data are fit to a

function of the form in Eq. 6.9 where p0 = A and pl = B in the figures. (original in
colour)
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to degrade in Fig. 6.6e with increasing z, while the 6 resolution improves, as seen
in Fig. 6.6f. The reconstruction of the cluster position implements time smearing
determined from the time difference resolution measured in the JLab beam test.
Seen in Fig. 6.6e, the z-resolution along the length of the BCAL is ~ 1 c¢m and
degrades to 1.5 cm towards the downstream end of the BCAL. The polar angle
resolution, seen in Fig. 6.6f, is ~ 10 mrad near the target and improves to ~ 1 mrad
after a couple hundred cm’s downstream.

The downstream end of the BCAL was examined more closely, as the resolutions
are expected to be much worse in this region. Fig. 6.7 shows the differences in
generated and reconstructed z-positions and polar angle and their resolutions for the
downstream end of the BCAL. Up to 397 cm, the differences and resolutions compare
well to those upstream, but after 397 cm, the shower positions are not reconstructed
well, with the difference between the reconstructed postion and generated position
devating from zero by more than a few cm. The reduction in intensity after 397 cm
also demonstrates a clear degradation in reconstruction efficiency.

The resolution in azimuthal angle, ¢, is derived from the reconstructed shower
position in the transverse plane, as a result of the energy-weighted position of the
cells in the cluster. The azimuthal angle does not require smearing as a result of
timing resolution, unlike o, and oy and, as a result, the accuracy of the azimuthal
resolution will only depend on the faithfulness with which HDGEANT produces elec-
tromagnetic shower profiles and the coarseness of the readout segmentation. Fig. 6.8
shows the difference in reconstructed and generated azimuthal position and the az-
imuthal resolution for the length of the BCAL and the end region. The calculated
resolution of 5 to 6 mrad is better than the design goal of 8.5 mrad.

Overall, the energy resolution obtained from the MC simulations of both calorime-
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Figure 6.6: Differences in the reconstruction error for z position (left) and po-
lar angle (right) of photon impact points on the inner face of the BCAL for
30 cm < z < 380 cm. Distributions are seen in (a) and (b). The means of the
distributions are shown in (c¢) and (d). The standard deviations of the distribution
are shown in (e) and (f). Gaps in the data are a result of missing data files. (original
in colour)
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Figure 6.7: Differences in the reconstruction error for z position (left) and po-
lar angle (right) of photon impact points on the inner face of the BCAL for
380 cm < z < 407 cm. Distributions are seen in (a) and (b). The means of the
distributions are shown in (c¢) and (d). The standard deviations of the distributions
are shown in (e) and (f).
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Figure 6.8: Differences in the reconstruction error for the azimuthal angle of photon
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ters are similar to the beam test measurements and past experience from the KLOE
calorimeter. Better modeling of the threshold and noise of the readout electronics has
also resulted in a similar floor term (~1%) in the energy resolution not seen before
in other MC calculations. More advanced modeling of the time difference resolu-
tion demonstrated a degradation of the z-position resolution as expected. Continued
studies and new beam test data may further improve the accuracy of the modeled
resolution and understanding of the systematic errors in the reconstruction of data,

especially at the downstream end of the BCAL.

6.3 FCAL Simulation and Reconstruction

The reconstruction software package for FCAL photons is based on that used for the
RADPHI experiment [136]. Similar to the BCAL, the algorithm groups hits in the
FCAL into clusters. The method is an iterative process in this case, selecting the
highest energy block as a seed to begin a cluster. Other blocks within a 25 cm radius
which record a hit are included in the cluster with the energy summed according
to a radial profile defined by exponential and logarithmic functions. The process
continues with a new seed from the remaining blocks until all blocks are assigned
with a minimum of two blocks required to form a cluster. The threshold for photon
detection is 100 MeV. After the clusters are formed, the cluster energy and position

are then corrected for known shower depth and non-linear effects.

6.3.1 Energy and depth corrections

Much like the BCAL, the FCAL suffers from a non-linear energy response which is
a result of two competing effects. First, when the photon energy increases, the core

of the shower in the lead glass moves towards the downstream face of the FCAL and
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reduces the attenuation of light before it reaches the phototubes. This increases the
relative gain of higher energy photons with respect to low energy photons. However,
shower leakage out the back of the FCAL increases for higher energy photons and
begins to reduce the relative gain of the higher energy photons. The result is that
the reconstructed energy has a weak dependence on shower energy. The non-linear
equation used to correct the energy is the same as that for the BCAL, Eq. 6.7,
although in the case of the FCAL the parameters do not have the same dependence
on position as the face of the FCAL is flat. The parameters in Eq. 6.7, for the
FCAL, are approximately A = 0.65, ¢ = 0.035 and B = 0. A depends mainly on the

attenuation length in the glass.

6.3.2 Energy and Position resolution

While a beam test of the FCAL has yet to be done, and previous experience from
RADPHI should predict the correct resolution for the FCAL, the resolution of the
FCAL was also calculated from MC. A resolution of the form in Eq. 6.9 was found
where the statistical term of (5.7%@0.3)% was determined with a negligible floor
term. Fig. 6.9 shows the photon energy resolution as a function of generated energy
after non-linear energy and depth corrections were applied. Figure 6.10 shows the
absolute error in polar (left) and azimuthal (right) angle versus generated polar angle.
The error in polar angle does not depend on actual shower position at the face of the
FCAL. In the case of ¢, one can see the effect of the finite FCAL block size at small

polar angles.
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Figure 6.9: Fractional energy resolution from the FCAL as a function of generated
energy after energy-corrections were applied. Figure from Ref. [137].

6.3.3 Determination of Photon Momenta

The reconstruction algorithms for both the BCAL and FCAL measure the shower
position, 7 and the energy of the shower after corrections , F.o;. The 4-momentum

of the photon is determined from these quantities:
Ey = Eeo,r (6.11)

- (? )
———F (6.12)
T |

where ¥ is the vertex position of the photon, which is currently the centre of the

target with errors given by the size of the target. In the experimental data analysis,

the vertex postion will be measured by finding the origin of the charged particle

tracks or from the missing momentum in the case of a missing proton track and
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Figure 6.10: Polar (left) and azimuthal (right) angle errors vs. generated polar angle
after energy/depth corrections were applied. Figure from Ref. [137]. (original in
colour)

purely neutral decays.

6.3.4 Expected Photon Distributions

From the simulation of PYTHIA events for a 9 GeV photon beam on a proton target,
the distributions in momentum and polar angle for decay photons can be examined.
This distribution is illustrated in Fig. 6.11a. Insight can be gained into the required
dynamic range of the detectors from the expected photon distribution as well, as
the regions where good efficiency is required are highlighted. The generator level
information from PYTHIA indicates that 71% of the total number of photons have a
polar angle in the region covered by the BCAL with the majority near the downstream
end; 27% of the total number of photons will enter the FCAL, as seen in Fig. 6.11b.
Fig. 6.11c shows that 90% of the photons entering the BCAL have momentum less
than 1 GeV, 95% less than 1.4 GeV and 99% less than 3.5 GeV. Fig. 6.11d shows
that 90% of the photons entering the FCAL have momentum less than 3.3 GeV, 95%
less than 4.1 GeV and 99% less than 5.8 GeV. In an ideal system, the dynamic range
of the readout and detector would cover all of the phase space, but cost and detector

space limitations dictate that linearity and acceptance might need be sacrificed at
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the extremes of these ranges. However, where the polar region transitions from the

BCAL to the FCAL near # = 10.5° is not at an extreme and the efficiency here is

important.
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Figure 6.11: (a) Generated momentum vs. ¢ distribution for photons from PYTHIA
decays. (b) The projection of (a) onto the # axis. (c¢) The momentum distribution
for photons which would strike the BCAL only. (d) The momentum distriubtion for
photons which would strike the FCAL only. (original in colour)

6.3.4.1 Reconstruction efficiency

The efficiencies of the calorimeters are greatly affected by material in front of the
detectors which convert some fraction of the photons into eTe™ pairs. These ete™
may still deposit their energy in the calorimeters but the magnetic field may separate

them further and produce multiple showers in the calorimeters resulting in multiple
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clusters. Since the full HDGEANT simulation contains all the detectors and their
materials, this efficiency has been studied and is well understood.

Fig. 6.12a shows the single photon conversion probability between the target and
one of the calorimeters. The CDC and FDC were identified in simulations by other
collaborators as large contributors to photon conversion that degrades the resolution
of the calorimeters as well as reduces the reconstruction efficiency. The CDC end-
plate and the FDC support structures have been modified to reduce the amount of
material a photon would encounter before striking one of the calorimeters to minimize
efficiency losses. Not all photons that convert are lost in some cases, however, as the
ete™ may still produce a single cluster in the calorimeter. This is especially true of
photons that convert in the plexiglass in front of the FCAL and photons that convert
in the signal cables in front of the BCAL, even such that their resolutions are not
degraded.

The reconstruction efficiency for photons in the forward region are shown in
Figs. 6.12b, ¢ and d. A photon is considered reconstructable if the reconstructed
energy is greater than 50% of the thrown energy, shown with black data points. The
significantly reduced efficiency at ~10.5° is the gap region between the BCAL and
FCAL calorimeters. The green data points in Figs. 6.12c¢ and d include only pho-
tons within 3op of the generated energy for the appropriate calorimeter and within
0.05 rad of the generated polar angle. The photon conversion rate and reconstruc-
tion efficiencies for the entire angular region of the BCAL and FCAL, 0° to 120° are
shown in Fig. 6.13. The lower efficiencies for photons less than 200 MeV along the
length of the BCAL are seen in Fig. 6.13b. The average reconstruction efficiency for
the BCAL, however, is on the order of 90%.
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Figure 6.12: (a) Single photon conversion probability as a function of incident polar
angle for 0° to 30°. The CDC end plate and FDC support rings can be indentified by
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energy axis projection of Fig. (b).

colour)

More details are given in the text. (original in
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6.3.5 Determining Showers from Charged Particles

If a charged particle such as a proton or 7 strikes the BCAL or FCAL and deposits
a measurable amount of energy in multiple readout cells, the reconstruction code will
still reconstruct these cells into a cluster and record them as being a possible photon
hit or “DPhoton” object in Fig. 6.1. At this level, the code cannot distinguish what
caused the shower cluster, only that a cluster occured with a certain amount of energy
and was deposited at a certain position. However, if a charged particle has caused
the shower, information from the tracking system will allow for the reconstruction
algorithm to determine the source of the shower.

Currently, the charged particle tracking code is quite slow and consumes large
amounts of CPU time. In its place, a simple routine was written that calculates
where the particle, after momentum smearing, would strike the face of either the
FCAL or BCAL had it actually have been propagated though the solenoidal magnetic
field. This routine does not track the particles through the material and, as a result,
multiple scattering in the material of the other detector packages is not treated.
This means that the calculated position on the calorimeter face may not be the same
as if the particle were propagated through the materials, resulting in some error in
identifying DPhoton clusters from charged particles. Improvements to this routine
are planned in order to reduce uncertainties.

This work was done as a precursor to studying the yp — nn’ — 4vp reaction
where the majority of the protons strike the BCAL. DPhoton clusters produced by
the final state protons need to be separated from ones produced by the decay photons.
To study the cuts that would need to be applied to tag DPhoton showers as being
from charged particles, protons and pions were generated with momenta from 0 to

2 GeV/c from the target in HDGEANT such that they would illuminate the face of
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BCAL evenly in z and the calculated positions of the charged particle on the face
of the BCAL was compared to the reconstructed position of the DPhoton shower.
The differences in z and ¢ for protons are shown in Fig. 6.14. The distributions are
similar for pions. Negatively charged pions and protons show a similar offset from
zero in the negative direction. Based on the width of the distributions, a 3¢ cut is
used to tag DPhoton showers as being from a charged particle. Similar work is being

done by other collaborators for the FCAL.

6.4 Charged Particle Track Reconstruction

While the full charged particle track reconstruction was not used in this work, some
mention of how it functions is included in this thesis for completeness. Reference [138]
describes the track fitting studies in greater detail. Charged particle tracking in the
GLUEX detector in Hall-D primarily involves two detector systems: The Central
Drift Chambers (CDC) and the Forward Drift chambers (FDC). The BCAL will
have some ability to distinguish pions from protons, but this is not included in any
reconstruction algorithms as of yet.

The reconstruction algorithm for hits in the CDC is a seed-based track finder.
Hits in the X-Y plane of each layer of axial wires and stereo wires are analysed to
form a cluster which is the basis of a seed. In a uniform magnetic field pointing along
the beam-axis, hits on a track form a circle when projected onto a plane normal to
the beam-axis. A seed is fit to the circle and the intersection of the stereo wires with
the circle is used to find the z-location of the stereo-wire hits. The location of the
wire in the X-Y plane provides a point in 3D space such that the polar angle 6 and
z-location of the vertex can be found. The circle fit to hits in the axial wires is used

to estimate the transverse momentum and the azimuthal angle ¢ can be estimated.
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Figure 6.14: The difference between calculated calorimeter position z (top) and
¢ (bottom) and reconstructed DPhoton cluster position for protons. (original in
colour)
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Figure 6.15: Total momentum resolution as a function of 6 for various values of the
total mometum. From Ref. [138]. (original in colour)

The reconstruction of tracks in the FDC is done similar to what is done for the
CDC, by fitting circles to hits in the wire and cathode planes. However, as the FDC
consists of four packages with separate positions in z, each package forms a segment
of a track which is used as a seed for forming the entire track using a helical track
model. The candidate track momentum and vertex positions are determined from

the parameters of the helix. Momenta resolutions from MC are shown in Fig. 6.15.

6.5 BCAL Readout Segmentation Options Study

Before the final design of the BCAL readout was decided, there was a great deal of
discussion concerning the photosensors that would be used. The large area silicon

photomultiplier was still going through stages of research and development and had
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Figure 6.16: Layout on the face of one module showing the segmentation for the two
options considered for readout of the BCAL. On the left is the SiPM readout for the
inner region and FM PMTs for the outer region. On the right is the option for the
segmentation using FM PMTs only.

not yet met the criteria for noise, stability and gain requirements. The other option
being discussed was a magnetic field resistant fine-mesh photomultiplier tube (FM
PMT). FM PMTs were used in the KLOE detector [139], but their operation is lim-
ited to fields below 0.5 T, and they exhibit considerable sensitivity to the orientation
of the field relative to the PMT axis. The GLUEX collaboration has studied these
two readouts in great detail weighing the pros and cons of each option. The different
readout geometries are illustrated in Fig. 6.16.

The FM PMTs require long light guides and create a larger gap (by a factor
of three) in the efficiency in the gap region between the BCAL and FCAL. The
SiPM option also detects about four times more photoelectrons than the FM PMT
configuration. This is slightly offset by the large dark rate (currently measured to be

60 MHz/sensor) in the SiPMs, compared to the negligible dark rate in the FM PMTs.
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However, the effect of both of these factors results in a minimum energy threshold
for the SiPM in the range of 50-54 MeV, compared to the threshold of 5860 MeV
in the case of the FM PMTs. This translates into a loss of accepted photons from
about 15% to 20% for physics reactions of interest. The dynamic range covered by
both options is approximately 1:500.

The work presented below was a study conducted by the author to measure the
effect on the photon resolution of the different readout options in the Hall-D MC.
Using the nominal HDGEANT MC simulation for the 6 x 4 SiPM configuration and
a separate build of HDGEANT which contained the 3 x 3 FM PMT configuration,
photons were thrown evenly along the length of the BCAL. Comparisons of the recon-
structed energy, polar angle and azimuthal resolutions are presented in Figs. 6.17a,
b and c¢. The far right panel in each figure is the ratio of the resolutions obtained
for the 3 x 3 geometry compared to the 6 x 4 geometry. The energy resolutions are
quite similar for the two different configurations but the polar and azimuthal angle
resolutions are ~30% better for the 6 x 4 SiPM configuration for higher energies near
the downstream end of the BCAL. The slightly worse angular resulutions of the 3 x 3
configuration near the end of the BCAL are likely due to the lower multiplicity of
cells that have recorded hits and larger cell size where shower fluctuations have a

greater impact
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Figure 6.17: The (a) fractional energy, (b) cos(f) and (c) ¢ resolutions as a function
of energy and position of the 6 x 4 geometry and 3 x 3 geometry are shown in the
left and middle panels respectively. The right panel is the ratio of the resolutions of
the two geometries. (original in colour)



Chapter 7

Physics Signal Simulation and

Reconstruction

The ultimate goal of the GLUEX project is to reconstruct exotic physics signals.
However, before any exotic discovery can be claimed, it must be shown that the
detector can reconstruct well understood systems. The experimental physics analy-
ses will not be limited by statistics, due to the high flux of the photon beam, but
will instead be limited by systematic uncertainties in the detector performance and
systematic uncertainties in the phenomenology of the exotic hybrid mesons. These
are states, after all, that have yet to be unambiguously identified. High statistics
will also help to reduce the uncertainties in the phenomenology but the sensitivity
to exotics and acceptance of the detector must be well understood. Validation of
the detector design and an early attempt at understanding the systematics of the
detector are done through Monte Carlo simulation of physics signals in the GLUEX
detector, with reconstruction, aided by elements of the Hall-D software package.
The key issues in evaluating the performance of the GLUEX spectrometer in

regards to reconstructing physics signals are signal purity and acceptance. Pure
164
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samples of exclusive final states are preferable for amplitude analysis. However, these
require an understanding of the background with an ability to distinguish between
various amplitudes, which depend on detector acceptance. The work discussed in this
chapter is part of the vanguard attempt in the collaboration to reconstruct physics
signals with the current versions of software in order to determine where problems

lie and what improvements are needed.

7.1 Event Generation

7.1.1 Signal Generators

There are two signal event generators used in GLUEX. GENRS8 [140] is a C-based
program that generates peripheral phase space Monte Carlo events. The events
produced can be a result of a complex decay chain of intermediary states with both
meson and baryon decays allowed. However, the decays must be limited to t-channel
production processes and are produced isotropically. The distribution of the four-

momentum transfer squared, |¢| follows the form:

(7.1)

Various models predict different values for b depending on the exchange mech-
anism involved, (e.g. two-gluon, Pomeron exchange or others). A slope parameter
of b =5 (GeV/c)™? produces a reasonable approximation to experimental data for
p and ¢ photoproduction for low momentum transfer (—t < 0.4 (GeV/c)?) [141]
and was used for this work. The momentum transfer squared generated in Monte
Carlo, however, exceeds this and falls within the range 0 < —t < 2 (GeV/c)?. Ex-

perimental data for meson photoproduction with —¢ > 1 (GeV/c)? is meagre, and
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where data does exist, Ref. [142] shows a smaller value for the slope parameter,
b= 3.4 (GeV/c)~2 The effect of this parameter on reconstruction should be studied
in future work.

The second generator, part of AMPTOOLS [143], produces events with defined
amplitudes and proper angular distributions. This was needed as a generator for
testing partial wave analysis (PWA) algorithms at IU. Since the orignal ultimate
goal of this reconstruction and other related work was to attempt a simple PWA on
the data passed through the GLUEX detector, the AMPTOOLS generator was used
to generate sample resonances. However, the extended effort required to assemble
a working set of reconstruction algorithms, to understand the function of the code
and to generate and reconstruct the vast quantities of background data needed,
necessitated that any amplitude analysis of signal and background be left to future
efforts by others.

For both signal and background generation, the photon beam energy is set ex-
actly at E, = 9 GeV, though the actual energy spectra of the photon beam for the

experiment has a distribution with a peak at 9 GeV, similar to Fig. 2.5.

7.1.2 Background Generation and Filtering

The hadronic background was generated using the tuned version of PYTHIA, discussed
previously. The relatively large cross section, compared to various signal channels of
interest, requires a large amount of CPU time and disk space if a moderate amount
of experimental beam time is to be simulated. In anticipation of studying the yp —
nm® — 4~ reaction, it was found that, by studying a smaller PYTHIA data set, a set
of cuts could be determined by examinining which events could possibly be mistaken

for the all neutral decay of the n7® system. These were applied to the larger PYTHIA
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data set before any detector simulation occured. The cuts that were found to be
effective have the desired result of reducing the events that need to be simulated in
HDGEANT to 4% of the original data set.

Since the signal event of interest for this thesis is an all-neutral final state with a
recoil proton, a simple cut was identified by looking at the total number of charged
particles for events that passed reconstruction. Fig 7.1 shows the multiplicity of
charged particles in each generated event and the multiplicity of charged particles
that pass the requirements needed for reconstruction. The events that also pass a
kinematic fit probability cut (discussed below) are also shown. From that figure,
it can be seen that there are very few events which have more than one charged
particle and still pass reconstruction. This can be explained by the fact that the
acceptance of charged particles in the GLUEX spectrometer is quite good. Among
the 200,000 PYTHIA events simulated, no event with more than one charged particle
passed a cut on the probability, from the kinematic fitter, of at least 1%. Since a
probability cut is used to examine the signal, events having more than one charged
particle, prior to any meson decay, were filtered out of the PYTHIA data set. These
cuts will provide a good estimate for the background; however, they may not be
a perfect estimate as the cuts are applied on truth (generator level) information
directly from the generation process, rather than on data after reconstruction. To
reduce the massive amounts of CPU time and disc space to manageable levels, some
sacrifices in the faithful simulation of a real experiment must be made at this stage
in reconstruction development.

Signal vp — nn’p events produced in PYTHIA were removed in the filtering pro-
cess as well in order to result exclusively in background event sets. PYTHIA was

programmed not to decay the mesons to their final states so that the nm°p states can
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be removed from the generated data set. The mesons are later allowed to decay in
the HDGEANT simulation. This has the unfortunate side effect of having final states
in which the neutral kaons have predominantly decayed to charged pions or leptons,
with some smaller fraction having decayed to neutral pions. The 7’s in background
events are also left to decay to neutral or charged modes. These charged final states
will be cut in reconstruction but are still available in the filtered background data
set and available to be passed through the detector simulation. The default flags for

the GEANT detector simulation are listed in Appendix A.

Pythia

— reconstructable
it

mEmmaiis  reconstructable and Prob > 1%

=

012345678 9101112
Charged Particle Multiplicity

Figure 7.1: The charged particle multiplicity for 2 x 105 PYTHIA events and the events
that pass reconstruction. (original in colour)

Considering that the final state for the signal is neutral, except for the recoil
proton, the total energy of the neutral particles will have a narrow spectrum near
9 GeV. The pPYTHIA background, however, will have a very broad total energy spec-

trum for neutral particles. Fig. 7.2 shows this for all PYTHIA events, nm’ — 4+ signal
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events, and PYTHIA events which are reconstructed; the total neutral energy for the
nm¥ is overlayed. From the figure, a cut on the total energy of neutral particles
with less than 7.5 GeV and greater than 9 GeV will further reduce the number of
background events that should be simulated since those that fail the energy cut will
not be possible reconstructed signal events. In reality, the resolution of the detectors
and the possibility of missing energy in events with total neutral energy higher than
this, would mean that some small number of background events are being excluded
with this cut, where the possibility exists that these few events could have passed
after detector simulation and reconstruction. Nearly all signal events would pass this
cut, though in reality the resolution and acceptance of the detector will not be this
precise and looser cuts may be required. The effect of the energy cuts cuts on the

PYTHIA data set can be seen in Fig. 7.3.

7.1.3 Event Rates

The total hadronic cross-section, o, for the reaction:

vp — Anything

is known to be about oy = 124ub at 9 GeV' [63]. This number is used to set the rates
at which GlueX takes data. To better understand the event rates, the 30 cm long
liquid hydrogen target in GlueX is examined. The number of target centres per unit
area, IV is:

N, =126 x 102 em™2=1.26b"".
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Figure 7.2: The total neutral energy for for all PYTHIA events, signal events, and
PYTHIA events which pass reconstruction. The number of events which pass both a
cut on charged particle multiplicity and total energy of neutral particles is approx-
imately 4% of the total number of events. Mesons have been decayed to their final
states. (original in colour)
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Figure 7.3: The total energy for all neutral particles for all PYTHIA events and
PYTHIA events with only 1 charged particle. The solid red region are those events
which fall within 7.5 and 9 GeV. (original in colour)
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Assuming a tagged photon rate, N, of:

N,=1x10"v/s

the event rate can be written as:

R = ot X Ny X Ngamma
= (124 pb) x (1.26 b™1) x (107 s71)

= 1550 kHz

This is in agreement with the rates in the GlueX design report [80].

Typically, the estimated cross sections for various resonances of interest in search-
ing for hybrid mesons are on the order of 0.1-3 ub. The photoproduction cross-
section for nn¥ is estimated to be 0.8 ub, which will decay to four photons 40%
of the time [144]. Taking the upper limit for the photoproduction cross-section of
vp — a$(1320)p to be 0.4 ub [145], a branching fraction for ay(1320)p — n7’p of
0.14, the upper limit for yp — a»(1320)p — nr°p — 47p is 22.5 nb.

Calculating the event rate for yp — a2(1320)p — n7p — 4vp in a similar way,

gives:

R = 0 X Nt X Ngamma
= (225x 1072 b) x (1.26 b™1) x (107 s71)

= 0284 Hz

Following similar arguments, for yp — nm® — 4+, the expected event rate for
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this process is about 4 Hz. These event rates can be used to estimate the equivalent

experimental data rates and volumes in order to simulate a realistic data sample.

7.1.4 Data Volume and CPU time

The realities of physics simulations require that enough data storage and time are
available in order to analyze a reasonable set of data. Current (easily) available disc
space is on the order of a few terabytes and typical CPU clock speeds of 3 GHz allow
for only a few events per second to be simulated and analyzed on each computing
node. The available quantity of computing resources limit reasonable data volumes
to a few hundred gigabytes and a few hundred million events for each data sample.
The available resources are expected to grow as reconstruction efforts increase in the
collaboration and, more significantly, when experimental data are finally available.
With this in mind, the largest background data set to date within the collaboration
was created on two separate computing clusters simulating approximately one week’s
worth of equivalent experimental data. Resources at Indiana University and the
OpenScience Grid [146] at the University of Connecticut were used to generate,

simulate and store the data used in this chapter.

Table 7.1: Estimated file sizes per event and computer time on the IU cluster. In-
cluding log files, the total disc space required is nearly 23 kB per event. Pruning the
final HDDM file to remove unneeded hit information reduces this down to 30 to 40%
of the original size (7 to 10 kB/event).

Software file kByte/event CPU time
bggen.hddm (PYTHIA input) 0.81 negligible
hdgeant.hddm detector MC output 21.7 ~ 1.2 sec/event
analysis.root reconstruction 0.33 ~ 0.015 sec/event

The software packages used in the production and analysis of the data produces

data files of sizes listed in Table 7.1. Since the HDDM file output by HDGEANT
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Table 7.2: Expected event rates for various reactions from photo-production for a
107+/s photon beam . The ¢ column is the estimated cross section. A beam rate of

10%v/s will increase the magnitudes of the number of events and data volumes by
one order.

reaction o number of events
day* week 1| year(107s) ™!
~vp — anything 124 pub | 1.34 x 10® | 9.37 x 108 | 1.55 x 10V
vp — nmp 0.80 ub | 3.46 x 10° | 2.42 x 10% | 4.0 x 107
vp — a9(1320)p — nr'p — 4y | 22.5 nb | 2.45 x 10* | 1.72 x 105 | 2.84 x 10°
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Table 7.3: Expected data volumes for example reactions for a 107y /s photon beam.
Filtering of the data is removing 96% of the original data volume by event selection.
Pruning reduces the data to 40% of the original volume.

reaction MC data record size (GB)
day—! week ™! year ™!
~p — anything 437 x 10° | 2.16 x 10* | 3.57 x 10°
(filtered and pruned) 6.99 x 10! | 3.46 x 10? | 5.71 x 103
Fe— 7.96 557 920
(pruned) 3.18 22.3 368
vp — a(1320) — nr'p — 4y 0.56 3.95 65.4
(pruned) 0.23 1.58 26.1
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contains all the hit information of all the detectors within the simulation, it is pos-
sible to prune off the information not required for reconstructing our specific event
afterwards, such as hits in the charged particle tracking detectors. A new HDDM
template was defined which contains only FCAL and BCAL hit information after
the detector simulation and the original generator-level information for each event.
This has the effect of reducing the file size by 60 to 70% and reducing the overall disc
space requirements from 23 kB/event to 7 to 10 kB/event, depending on the volume
of hit information from each detector.

The expected event rates and associated data volumes for background and a)
signal Monte Carlo are shown in Table 7.2. The volumes for a PYTHIA data set
are shown for before and after removing unnecessary events and data records. With
the expected data volumes and event rates shown in Tables 7.1, 7.2 and 7.3, and
available computing resources, it was reasonable to produce only a few days worth

of equivalent experimental data.

7.2 Kinematic Fitting

The kinematic fitter used in GLUEX is derived from the fitter used in the CLAS
experiment [147]. The fitting process uses Lagrangian multipliers to handle the
physical constraints, energy-momentum conservation in this case, and the fitting is
done using the method of least squares. The full method is thoroughly presented by
the CLAS collaboration in [147].

The fitter is an iterative process where the algorithm minimizes a quantity 67 C 15
where 4 is the matrix of least square estimates of the deviations, 6T is its transpose
and C' is the covariance matrix which describes the errors in the measurement. This

is also referred to as the total error matrix. The errors in the detectors must be
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understood very well in order to reconstruct the covariance matrix properly, since it
is in turn constructed from error matrices of the reconstructed particles. The error
matrices for the reconstructed particles are constructed from MC and beam test
information and are a result of physical processes, such as sampling fluctuations in
the barrel calorimeter and photo-statistics.

The least squares measurement error estimates can be described by the vector

e=if—j (7.2)

where 7/ are the improved measurements from the final iteration of the minimization

algorithm and 77 are the measured values. In the case where 77 are independent
. = g u 62

measurements, the quantity 67 C~§ becomes Z ﬁ for n measurements.
o(€;
j=1 "

7.2.1 Probability and Pull Distributions

After the final iteration of the fit, the goodness of the fit, or the agreement between
data and the hypothesis, can be determined from the confidence level or “Probability”

and “Pull” distributions.

7.2.1.1 Probability

The probability that the values from the fit are a good representation of the data

can be expressed as

¢ = Probability = / f(z;n)dz (7.3)
X2

where f(z;n) is the x? probability density function with n degrees of freedom, where
errors are assumed to be normally distributed. This is the probability that a x? from

the theoretical distribution is greater than the y? from the fit.
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In the absence of background, and with a detector with perfect acceptance, g
follows a flat distribution from 0 to 1. Events that do not satisfy the hypothesized
constraint equations produce a sharp rise near g2 = 0. In the case of this work, the
sum of the final four-momenta must be equal to the sum of the initial beam and target
four-momenta with additional constraints on the 1 and 7° masses. The kinematic fit
constraints are in addition to the requirements on the number of charged particles and
photons needed for event reconstruction. Cutting out events with low g provides a
good way of removing background in a controlled and understandable way. However,
complications can arise from poor acceptance of signal events in certain regions of

the detector, where signal events will no longer fit the hypothesis.

7.2.1.2 Pull

To effectively use go to remove background, a good understanding of the errors in each
fit quantity is needed, otherwise a non-flat probability distribution will be produced.
The quantity that describes how far the improved measurement is stretched from the

true measured value for the i'th value or “Pull” is defined as

Pull =z = — 1Y (7.4)

Tz — Oyt
where 7); is initial measured value of a parameter and y; is the final “true” value after
adjustment by the kinematic fitter, with errors o,, and o,,. If the error for the ¢'th
measured value is described properly, z; should be normally distributed about zero
with ¢ = 1. A systematic error in one of the measured quantities, 7;, can be seen
as an overall shift in the distribution of the corresponding Pull (z;) away from zero.

Similarly, if o, is consistently overestimated (underestimated), the Pull distribution

will be too narrow (wide). Hence, the Pull distribution can give a good indication
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of how well the uncertainties in the reconstruction have been determined.

7.3 Reconstruction of the 7" System

Channels that decay purely into photons are expected to be challenging to identify
and may be difficult to cleanly separate from the background. In what follows, the
focus is on the efficiency for reconstructing an all neutral signal and the anticipated
background from other hadronic events. Again, the tuned version of PYTHIA is
used to reproduce the known photoproduction cross sections of charged and neutral
particles. To ensure that the data set originates from pure background hadronic
photoproduction processes, the identities of the particles provided by PYTHIA are
examined and events that match the exclusive signal topology are excluded. Meson
decays are done within HDGEANT rather than PYTHIA for simplicity. The AMP-
TooLs generator is then used to generate pure signal events. Of particular interest is
the ratio of signal to background efficiency, which is key to estimating the sensitivity
to a particular physics channel. The analysis is not meant to perfectly describe the
background and signal, but is meant to be the first exploration of the challenges of
reconstructing all-neutral events in the GLUEX spectrometer. For this reason, a flat
distribution for the n7° invariant mass was chosen.

A relatively simple two-body channel such as yp — Xp — nn’ — 4yp was
examined, where X is some resonance, as it is a multi-neutral final state and there is
some expectation that hybrids may decay through this channel. The resonance mass
was given a flat distribution from 0.7 to 2.2 GeV/c?, since it is expected that hybrids
will be found in this mass range. The ability to reconstruct multi-neutral events will
be important for studying conventional mesons produced through photoproduction

as well as for discovering hybrid mesons.



CHAPTER 7. PHYSICS SIGNAL SIMULATION AND RECONSTRUCTION 180

An important aspect of partial wave analysis is the need for good acceptance in
phase-space in order to be able to separate hybrid waves from conventional mesons.
The expected momentum versus polar angle distributions for the photons are shown
in Fig. 7.4 in the top plot. These are similar to the PYTHIA distributions shown
earlier, though more of the photons are in the region intercepted by the FCAL. The
gap in the efficiency can be seen near 10 degrees in the bottom plot. However, the
gap covers a small part of phase-space, and therefore is not overly worrying.

Fig. 7.5 shows the multiplicity of reconstructed photons in both the FCAL and
BCAL calorimeters from a sample of 350,000 signal events and 220 million back-
ground events. The signal photon cluster multiplicity appears as expected, with some
number of extra clusters seen due to split-offs or conversion before the calorimeters.
However, the PYTHIA photon multiplicity shows very many more clusters than what
is expected (Fig. 7.6). Meetings with other members of the collaboration, who are
also studying reconstruction of physics events, have concluded that charged particles
in the calorimeter create many split-off or spurious clusters that are not currently be-
ing associated with the charged particles and, thus, cannot be suppressed. Hadronic
interactions in the BCAL appear to create many other charged particles that curl
out of the BCAL in the solenoid field and create additional clusters separate from
the central one created by the incident particle. Algorithms from previous experi-
ments are currently being explored to deal with this, as these extra clusters present
a significant problem.

Signal n° candidates are selected by requiring that there be at least four clusters
in the BCAL or FCAL, not associated with charged particles, and one positively
charged particle with a mass near that of the proton. The charged particle multi-

plicty and mass should be extractable from the PID system (CDC, FDC and TOF)
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Thrown momentum vs. theta for gammas
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Figure 7.4: The momentum versus polar angle distribution for photons from nz°
decays. Thrown events are shown on top and reconstructed events are shown on
the bottom with a linear scale to show the gap in efficiency at 6y, = 10° more
clearly. (original in colour)
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Figure 7.5: Photon multiplicity for reconstructed nz° signal (top) and background
(bottom) events. The plots show the raw reconstructed photon multiplicty, and the
multiplicity after clusters due to charged particles are suppressed. Multiplicity of
photons for any reconstructible event and events which pass a probability cut of
greater than 1% are shown in the figure. (original in colour)
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Figure 7.6: Expected photon multiplicity for filtered background events. Photons
from 7%, n and neutral kaon decays are included in the histogram. The distribution
is drastically different than what is seen in Fig. 7.5. The larger number of even
multiplicity events are from meson decays to 2. It should be noted that the number
of events in the sample examined for this plot is much smaller than in Fig. 7.5.
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in experiment, but this work used smeared generator information from HDParSim.
The photons in each event are looped over and a kinematic fit is applied to four
of the calorimeter clusters (photons) with constraints on the  and 7° masses, and
total initial and final four-momenta. The calorimeter clusters are presumed to be
photon showers after suppressing the clusters from charged particles. The clusters
are reconstructed using the full Hall-D reconstruction software package. The number
of possible candidates for the signal reaction are seen in Fig. 7.7, where a candidate
has at least four calorimeter clusters, one proton and a fit probability greater than
1%. Proton momentum smearing, acceptance and error matricies are handled by the
parametric Monte Carlo, HDParSim. The fit with the highest probability from the
kinematic fitter is chosen as the primary candidate.

The reconstructed four-photon invariant mass is shown in Fig. 7.8 for signal events
and Fig. 7.9 for background events. 2.2x 10® PYTHIA events and 142,000 signal events
were simulated for a relative cross section ratio of 124ub:80nb. On average, the
reconstruction efficiency for nm® signal events before any probability cut is 60%. A
cut on the kinematic fit probability for events less than 1% reduces the reconstruction
efficiency for signal events to 45%.

The signal to background ratio for all reconstructible events with a kinematic fit
probability greater than 1% is shown in Fig. 7.10. For partial wave analysis, the
desired ratio is on the order of 10 to one or better. Currently, however, for a flat
nm? distribution, the ratio is much lower at 3 to 1. The is due to the large number
of background events which pass the probability cut, as seen in Fig. 7.11. All nn%
events have been removed from the PYTHIA data set, so no event should match the
hypothesis very well. The high kinematic fit probability is most likely due to cluster

misidentification, missing or extra clusters and just poor resolution for some photons.
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Figure 7.7: The candidate multiplicity for 142,000 generated signal events (top) and
700,000 background PYTHIA events (bottom) after reconstruction requirements are
applied.
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Figure 7.8: The reconstructed 4-photon invariant mass for a flat nr° distribution
for signal events (top) and background (bottom). The green data are all generated
signal events. Black are all events that meet the reconstruction requirements and the
red data are the reconstructible data after applying a 1% probability cut. (original
in colour)
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Figure 7.9: The reconstructed 4-photon invariant mass for a flat nr° distribution
for background pythia events. The black data are all events which meet the recon-
struction requirements. The red data are reconstructible events which pass the 1%
probability cut. The blue data are events which pass a 10% probability cut. The
green data are events which pass a 1% probability cut with less than six good photon
clusters. The magenta data are events which pass a 10% probability cut with less
than six good photon clusters. (original in colour)
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This is not certain and will require a more careful examinition of the clusters in each
event but will be left for future work. The number of clusters due to photons in the
background should be quite low, but the large number of misidentified clusters are
included in the reconstruction and pass as possible nm° candidates. Development of
a better algorithm to exclude these clusters should improve the background to signal
ratio. Also, real physics resonances will have peaks in the invariant mass distribution
and will rise above the backgorund, therefore an improved signal to noise ratio should
be seen.

signal / background
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Figure 7.10: The ratio of signal to background events as a function of invariant mass.

7.3.1 Background reactions

0

An examination of the background events that are mistaken for pnm® and pass the

reconstruction criteria with a kinematic fit probability greater than 1% are: pn°, pn,
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Figure 7.11: The kinematic fit probability for simulated PYTHIA events. The red
data are all events which pass the reconstructon criteria. The green data are all
events which pass the reconstruction criteria but with with less than six clusters.
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079 pr®70, and other similar all neutral decays where there is a good

pnml70, prln
chance that a cluster is missed, or conversions and split-off showers contribute to
extra clusters in the calorimeters. Of the 4% of PYTHIA events that pass the initial
neutral energy and charged particle multiplicty cuts, 0.6% of the filtered events pass
a cut on the kinematic fit probability of 1%. This means, as a fraction of the inital
124 ub cross-section, the cross-section of events which are reconstructed with good
probability of being n7° have an equivalent cross-section to the signal, ~29 nb.
Background events typically excluded by the reconstruction requirements or kine-
matic fit include nr*7°, nprt 7%, nK* K, pK; K. Events with neutral kaons in an
intermediate state are generally excluded because K, typically decays to semileptonic
modes with charged pions and leptons in the final state with a branching fraction
of ~ 70%, but will decay to an all neutral 37° ~20% of the time. Kg will typically
decay to two pions, 7°7° (31%) or 77~ (60%). The requirement for only one pos-
itively charged particle with a mass near the proton mass (this information should
be extractable from PID in the experiment) will exclude most events with a kaon as

well as events with a neutron and a 7 or K.

7.3.2 Pulls and Probability

The probability distribution for reconstructing only signal events can be seen in
Fig. 7.12. For a perfect detector, the distribution should be flat from zero to
one. However, efficiency, photon conversions and cluster split-offs contribute to
events which are poorly reconstructed and have a very low kinematic fit probability.
Fig. 7.12 shows a large fraction of the events with a probability less than 1% and a
non-flat distribution afterwards with a slight peak near one. A plot of probability

versus invariant mass, Fig. 7.13, shows that the skewed probability has a peak near
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one for larger invariant mass. This may indicate a relationship between the ability
to identify photon showers and the invariant mass of a resonant decay.

Fig 7.11 shows the kinematic fit probability for purely background events that
pass the reconstruction criteria. It is suspected that events with a large probability
of matching the n7® hypothesis also suffer from problems with photon conversions
and cluster split-offs. An event by event examination of the background shows that
many of these events have a neutral particle multiplicity differerent from that of the

signal.
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Probability

(@)

Figure 7.12: The kinematic fit probability for reconstructed nm° decays.

An examination of the three Pull distributions for the momenta, z,_, z,,, 2., of
each photon, should give an indication of whether the uncertainties in the calorime-
ters are determined properly and are possibly having an effect on the kinematic fit.

From Eq. 7.4, the distributions should have a standard deviation of one, where larger
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Figure 7.13: The kinematic fit probability versus 4 invariant mass for reconstructed
nm® decays. Notice the larger number of events with probability near one for larger
invariant mass. (original in colour)
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(smaller) values indicate an under (over)-estimation of the uncertainties. Fig. 7.14
shows the Pull distributions for one of the photons in the n7® signal reconstruction.
A cut on polar angle was applied to divide the data into three regions: photons that
enter only the FCAL (6 < 9°), photons that enter only the BCAL (# > 11°) and
photons that strike the near the gap in polar angle acceptance between the FCAL
and BCAL (9° < 6 < 11°) , where it is suspected that the errors are not modeled
correctly. As well, the energy resolution of the BCAL is not modeled with any depen-
dence on position, only a dependence on energy. The mean and standard deviation,
o, of each Pull distribution was determined by fitting the data with a Gaussian

function, and are shown in Table 7.4.

Table 7.4: The means, Z;, and standard deviations, o,, for photon momenta Pull
distributions. These are determined by fitting the data to a Gaussian function,
where the fits are shown in Fig. 7.14. A Pull distribution is expected to be centered
around zero with a standard deviation of one if the errors are modeled correctly.

zpz Ozpy Epy Ozpy sz Ozpy
BCAL | 0.00£0.01 | 0.95£0.01 | 0.07£0.02 | 1.04+£0.01 | -0.02+0.01 | 0.97+£0.01
FCAL | 0.024+ 0.01 | 0.9840.01 | 0.15£0.01 | 1.2240.01 | 0.00£0.01 | 1.00 £0.01
Gap | -0.044£0.02 | 1.01£0.02 | 0.2240.03 | 1.22+0.02 | -0.03£0.02 | 1.00 £0.02

The p, and p, Pull distributions for the BCAL and FCAL, including the gap re-
gion, both show a mean near zero, with standard devations near one, indicating that
the errors for photons have been modeled correctly in the Monte Carlo. However,
the p, Pull distribution displays a significant shift from zero, as well as a standard
deviation greater than one, indicating that there is a systematic error in this uncer-
tainty, as well as an underestimation of the size of this uncertainty. This effect is
small for the BCAL, but is quite significant for the FCAL and in the gap region and
should be studied further to correct this. As a result of the cylindrical symmetry of

the GLUEX detector, this underestimation of the uncertainy in p, is most likely in
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the transverse momentum error. However, the fact that z, is centered around zero
with a ¢ near one, would indicate that this is not certain and other causes for the

shift and extra width should be looked for.

7.4 Future work

The large multiplicity of showers in the background, as well as excess showers in
the signal, indicate problems in the reconstruction software where it is most likely
that minor clusters are being identified as separate from their primary cluster. Some
extra clusters are expected due to conversions before the calorimeters but it seems
a disproportionate number are being created in the backgound. As alluded to by
the data, the code is not yet suitable to handle split-offs and conversions resulting in
event-set contamination. This problem warrants further investigation of how clusters
are merged or associated with charged particles. As well, the uncertainties associated
with the detectors must be examined further, as the kinematic fitter pulls indicate
an underestimation of the uncertainties and a systematic shift in the value for z,, .
To this end, a large-scale effort is commencing within the GLUEX collaboration to
implement additional algorithms within the code to properly handle split-off clusters
as well as examine the reconstruction software for other innefficiencies or deficiencies

and try to find solutions for these.
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Figure 7.14: The three pull distributions for momentum for a single photon for
the BCAL (6 > 11°), FCAL (# < 9°) and the gap near polar angle acceptance
(9° < 6 < 11°). The distributions should be centered around zero with a o of 1 if
the measurement errors are determined properly. The fits to the data are Gaussian
functions (black lines). The mean and standard deviation of each fit is shown in
Table 7.4. (original in colour)
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Conclusions

Over the course of this work, many aspects of the BCAL have been examined as a
vanguard effort for the GLUEX collaboration in many areas.
As a result of the photon beam test at Jefferson Lab in Hall-B, the energy reso-

lution at the centre of a single module was determined to be

— = 323%,
E E(GeV)
with a time difference resolution of
75 ps
OAT/2,7—-10 = —E(Ge\/) @ 30 ps.

This timing resolution results in a position resolution of ¢, = 1.1 cm/ \/m
for a 1 GeV photon. The beam test also yielded a mean value of ~660 photoelectrons
per GeV for photons over the energy range of the beam test. These results are very
similar to those seen in the KLOE experiment for a similarly designed calorimeter.

Monte Carlo simulations of the single calorimeter prototype module extracted a

sampling fraction of 12.5% for the protoltgé)e calorimeter module with an expected



CHAPTER 8. CONCLUSIONS 197

contribution to the energy resolution from the sampling fluctuations of 4.6%/ VE &
1.6%. The rest of the energy resolution is expected to be from from photoelectron
statistics.

The two types of fibres measured in this thesis showed similar bulk attenuation
lengths of 428 + 23 cm (PHT-044 blue) and 400 £+ 23 ¢cm (BCF-20 green) when mea-
sured with a photo-spectrometer. The quantum efficiency for a traditional vaccuum
PMT is greater in the blue part of the optical spectrum and poor in the green re-
gion. On the other hand, the quantum efficiency of the silicon photomultiplier is not
strongly dependent upon wavelength. For this reason, and the greater attenuation of
the shorter wavelengths of light in the fibre, the blue PHT-044 fibres exhibit a shorter
bulk attenuation length when coupled to either photo-detector. However, even when
coupling the PHT-044 to a PMT, the expected attenuation length of 353 + 18 cm
still exceeds the design requirements for the BCAL of attenuation length greater than
300 cm. Coupling the green BCF-20 fibres to a silicon photomultiplier results in an
expected attenuation length of 408 4+ 25 cm.

The light-guide design presented in this thesis relies only on total internal reflec-
tion and the appropriate choice of surfaces that maximize collection and transport
efficiency with an area reduction by a factor of ~3. The efficiency is near 90% assum-
ing that a non-air gap coupling is chosen at the calorimeter face and the readout face.
An air gap would result in nearly 30% of the light being total internally reflected
back away from the light sensor.

Using the parameters measured above, the BCAL in the full HDGEANT detector
simulation was encoded to return realistic fluctuations in the measured energy with
expected contributions from readout-electronics noise. The calibration of the detector

in the MC was then performed to return corrected energies after reconstruction for
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single clusters from photons thrown at the BCAL. Any modification to materials or
the readout geometry will require a recalibration of the detector in the MC. Special
attention was paid to the last few c¢m’s of the module as this is a problem region
of the BCAL due to its shorter number of effective radiation lengths in thickness.
Some corrections can be made, but this region of the BCAL has very poor resolution
and acceptance. This region lies in the centre of the phase space populated by the
physics reactions of interest to GLUEX, though, fortunately, occupies only a small
region of phase space for the key reactions examined.

Examination of the position resolution, o., from the HDGEANT detector simu-
lation, indicated a z-dependence with o, increasing from 1 cm near the target up to
1.5 ¢cm near the downstream end of the module. An offset in the position difference
from thrown information indicates that a correction to the shower position in the
reconstruction algorithm is also required. The polar angle resolution was observed to
be ~10 mrad near the target and improved quickly to 1 mrad near the downstream
end. The azimuthal resolution was determined to be about 5 mrad for the majority
of the length of the BCAL module and degraded by a factor of 2-3 over the last few
cm’s of the calorimeter.

Efficiency studies for reconstructing single photon showers clearly illustrate the
gap in acceptance between the FCAL and BCAL at 10.5°. The charged particle
tracking detectors and other material between the target and calorimeters indicate
a conversion rate of up to 40% in some regions of polar angle. Further studies will
be needed to determine whether it is possible to properly reconstruct these showers.

Previous to the final determination of the readout configuration, a 6 x4 SiPM and
a 3x3 FM PMT configuration were compared, and showed similar energy resolutions.

However, the 6x4 configuration showed better polar and azimuthal resolutions at
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higher photon energy and downstream positions. This is attributed to the granularity
of the readout and the sampling fluctuations.

In a first attempt within the collaboration to reconstruct a large signal data set
and to determine the associated background to the signal, many technical hurdles
were overcome and some deficiencies in the reconstruction code were found. An
experimental equivalent of one week’s worth of data was produced with the back-
ground simulation and reconstruction being the largest portion of the data volume.
An all-neutral signal was chosen to illustrate the performance of the calorimeters.
However, in order to match clusters from charged particle to charged particle tracks,
the tracking packages were also needed. By examining the signal and background
events which pass and fail reconstruction, a set of data cuts was developed to improve
the signal to background signal in conjunction with the kinematic fitter.

It also became apparent in reconstructing the background that events that pass
reconstruction have true photon multiplicities different than the signal photon multi-
plicity. Most of the events which pass the backgrounds cuts and reconstruction have
a single recoil proton with neutral meson decays. This indicates that conversions,
split-offs and detector acceptance are contributing to the signal background. More
work will be needed to examine these events on an individual basis to find the reasons
they are passing reconstruction and kinematic fitter probability cuts.

In conclusion, this thesis presents a comprehensive look at most of the crucial
elements of the BCAL, from expected resolutions to reconstruction of events and the
harbinger study of signal to noise background. The areas of software development,
reconstruction and analysis is expected to be further developed by the collaboration

for the next few years until data-taking begins in 2014.

The End.
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GEANT Input Card

This input card sets some of the parameters for the HDGEANT simulation.

C This is the control file for the GEANT simulation. Parameters defined

C in this file control the kind and extent of simulation that is performed.

C The full list of options is given in section BASE-40 of the GEANT manual.

C

C In addition, some new cards have been defined to set up the input source

C for the simulation. Three kinds of simulation runs are available, selected
C by which of the following three "cards" are present below.

C 1. Input from Monte Carlo generator (card INFILE)

C 2. Built-in coherent bremsstrahlung source (card BEAM)

¢ 3. Built-in single-track event generator (card KINE)

C The order of the list is significant, that is if INFILE is present then the
C BEAM and KINE cards are ignored, otherwise if BEAM is present then KINE is

C ignored. For example, the 3-card sequence:

INFILE ’output.hddm’

C SKIP 5000

C TRIG 100

C instructs HDGeant to open *.hddm, skip the first 5000 events and then

C process the following 100 input events and stop. If the end of the file is
C reached before the event count specified in card TRIG is exhausted then the
C processing will stop at the end of file.

TRIG 5000

200
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BEAM 12. 9.

C RUNG 1

OUTFILE °’/home/fsl/leverin/etapiOflat/hdgeant_001/hdgeant_001.hddm’

C The following card enables single-track generation (for testing)

c particle momentum theta phi delta_momentum delta_theta delta_phi

KINE 101 2.0 ANGLE 0. 4.0 RANGE 360.
SCAP 0. 0. 65.

c The following lines control the rate (GHz) of background beam photons

c that are overlayed on each event in the simulation, in addition to the

c particles produced by the standard generation mechanism. A value of

c 1.10 corresponds to nominal GlueX running conditions at an intensity of
c 1077 tagged photons on target per second. To disable the generation of
c random beam background, comment this line out or set the value of BGRATE
c to zero. Background beam photons are generated during the time interval
c given by the BGGATE card, whose two arguments specify the earliest and

c latest times (ns relative to the time of the original photon that caused
c the event) that a random beam photon could produce background hits

c somewhere in the detector. Note that for this to work, the BEAM card

c must be present (see above). This means that background generation is

c disabled when the simulation operates in particle gun mode.

c If Emin is set in the BEAM card (see above), the rate of background photons
c is automatically rescaled as follows:

c Rate(E_gamma > Thr) = Rate(E_gamma = 0.12 Gev) * K,

c where K is a scale factor calculated inside uginit.F:

c K =1 for Thr = 0.12 GeV,

c K > 1 for Thr < 0.12 GeV.

c Note, K is calculated assuming the beam energies Emax = 12, Epeak = 9.
cBGRATE 0.

BGRATE 1.10

BGGATE -200. 200.

C The following card seeds the random number generator so it must be unique
C for each run. There are two ways to specify the random see for a run.
C 1. One argument, must be an integer in the range [1,215]

C 2. Two arguments, must be a pair of positive Integer*4 numbers
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In the first case, one of a limited set of prepared starting seeds is

chosen from a list. These seeds have been certified to produce random

sequences that do not repeat within the first 1079 or so random numbers.

For cases where more choices are needed, the two-argument form gives

access to a total of 2762 choices, with no guarantees about closed loops.

RNDM 1

c The following line controls the cutoffs for tracking of particles.

c CUTS cutgam cutele cutneu cuthad cutmuo bcute bcutm dcute dcutm ppcutm tofmax

c - cutgam =
c - cutele =
c - cutneu =
c - cuthad =
c - cutmuo =
c - bcute =
c - bcutm =
c - dcute =
¢ - dcutm =
c - ppcutm =
c - tofmax =
c - gcuts =
CUTS

Cut for gammas (0.001 GeV)

Cut for electrons (0.001 GeV)

Cut for neutral hadrons (0.01 GeV)
Cut for charged hadrons (0.01 GeV)
Cut for muons (0.01 GeV)

Cut for electron brems. (CUTGAM)

Cut for muon brems. (CUTGAM)

Cut for electron delta-rays. (10 TeV)
Cut for muon delta-rays. (10 TeV)

Cut for e+e- pairs by muons. (0.01 GeV)
Time of flight cut (1.E+10 sec)

5 user words (0.)

le-5 le-5 le-4 le-4 le-4

c The following line controls a set of generic flags that are used to

c control aspects of the simulation generally related to debugging.

c For normal debugging runs these should be left at zero (or omitted).

c At present
c SWIT(2) =
c =
c =
c =
c SWIT(3) =
c SWIT(4) =
c =
SWIT 0 0 0 0

t

0

2

3

he following functionality is defined (assumes debug omn).
turns off trajectory tracing

turns on step-by-step trace during tracking (verbose!)

turns on trajectory plotting after tracking is done

turns on step-by-step plotting during tracking

stores track trajectories for plotting after tracking is done
trace trajectories of all particle types

trace only charged particle trajectories

00000

C The following card enables the GelHad package (from BaBar)

C

GELH 1

on/off ecut scale mode thresh

0.2 1.0 4 0.160
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c The following card selects the hadronic physics package

c HADR O no hadronic interactions

c HADR 1 GHEISHA only (default)

c  HADR 2 GHEISHA only, with no generation of secondaries
¢ HADR 3 FLUKA (with GHEISHA for neutrons below 20MeV)

c HADR 4 FLUKA (with MICAP for neutrons below 20MeV)
HADR 1

C

[

[

The following cards are needed if optical photons are being

being generated and tracked in the simulation. The CKOV directive
enables Cerenkov generation in materials for which the refractive
index table has been specified. The LABS card enables absorption

of optical photons. The ABAN directive controls a special feature

of Geant which allows it to "abandon" tracking of charged particles
once their remaining range drops below the distance to the next
discrete interaction or geometric boundary. Particles abandoned
during tracking are stopped immediately and dump all remaining energy
where they lie. The remaining energy is dumped in the correct volume
so this is OK in most cases, but it can cut into the yield of
Cerenkov photons (eg. in a lead glass calorimeter) at the end of

a particle track. If this might be important, set ABAN to O.

CKOV 1

LABS 1

C

C

The following card prevents GEANT tracking code from abandoning the
tracking of particles near the end of their range, once it determines
that their fate is just to stop (i.e. electrons and protons). This
behaviour is normal in most cases, but in the case of Cerenkov light
generation it leads to an underestimate for the yields.

ABAN 1 abandon stopping tracks (default)

ABAN O do not abandon stopping tracks

ABAN O

The following card sets up the simulation to perform debugging on
a subset of the simulated events.
DEBUG first last step

- first (int) = event number of first event to debug

- last (int) = event number of last event to debug

203
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c - step (int) = only debug one event every step events

DEBUG 1 10 1000

c The following card can be used to turn off generation of secondary
c particles in the simulation, ordinarily it should be O (or omitted).

NOSECONDARIES 0

c The following card tells the simulation to store particle trajectories
c in the event output stream. This output can be verbose, use with caution.

c The value set here determines the amount of output recorded:

c
c TRAJECTORIES = 0 don’t store trajectory info

c TRAJECTORIES = 1 store birth and death points of primary tracks

c TRAJECTORIES = 2 store birth and death points of all particles

c TRAJECTORIES = 3 store full trajectory of primary tracks

c TRAJECTORIES = 4 store full trajectory of primary tracks and birth/death points of secondaries
c TRAJECTORIES = 5 store full trajectory for all particles

[

TRAJECTORIES 0

c The following tracking parameters are defined for each tracking medium

c  TMAXFD (REAL) maximum angular deviation due to the magnetic field

c permitted in one step (degrees)

¢ DEEMAX (REAL) maximum fractional energy loss in one step (0< DEEMAX <=0.1)
c  STEMAX (REAL) maximum step permitted (cm)

c STMIN (REAL) minimum value for the maximum step imposed by energy loss,

c multiple scattering, Cerenkov or magnetic field effects (cm)
c Normally they are assigned appropriate values calculated automatically by

c Geant when the geometry is defined, overwriting the values declared by

c the user code in the GSTMED() call. Users who know what they are doing can
c force Geant to instead use the values passed in the arguments to GSTMED()

c by removing the comment in front of the following card. Any parameters with
c zero values are still assigned automatic values even when AUTO is turned off.

cAUTO O

END
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