Longitudinal Double-Spin Asymmetry and Cross
Section for Inclusive Neutral Pion Production in
Polarized Proton Collisions at /s = 200 GeV.

by

MASSACHUSETTS INSTRURE
OF TECH
Alan Michael Hoffman e
AUG 0 4 2009
B.A. Physics, University of Chicago (2004)
LIB
Submitted to the Department of Physics RARIES
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Physics
ARCHIVES
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2009

(© Massachusetts Institute of Technology 2009. All rights reserved.

Author ..........cooooiint.
! Departﬁleﬁt 'of Physics
May 12, 2009
—~
Certified Dy .. ..o e
Richard Milner
Professor of Physics; Director, Laboratory for Nuclear Science
Thesis Supervisor

Accepted by ................. PP

/ é!;%mas J. Greytak
Associate Department Head for Education






Longitudinal Double-Spin Asymmetry and Cross Section for
Inclusive Neutral Pion Production in Polarized Proton
Collisions at /s = 200 GeV.
by
Alan Michael Hoffman

Submitted to the Department of Physics
on May 12, 2009, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy in Physics

Abstract

Twenty years of polarized lepton-nucleon scattering experiments have found that
the contribution from quark spins (3AX) to the spin of the proton is only ~ 35%.
This has lead researchers to look elsewhere, specifically to gluon spin (AG) for a
large contribution to proton spin. AG has been only loosely constrained in polarized
DIS and SIDIS experiments. Polarized proton-proton collisions at RHIC provide
sensitivity to AG through measurements of the longitudinal double-spin asymmetry,
ALL'

This work presents a measurement of Ay, for inclusive 7° production in polarized
proton-proton collisions using the STAR detector and data from RHIC Run 6. 7%
are abundantly produced at mid-rapidity in proton-proton collisions, making them
natural candidates for studies of AG. Novel techniques for reconstructing 7% at
STAR are discussed, and a measurement of the unpolarized cross section presented.
Finally, the measured Ay is compared to perturbative QCD predictions and from
this comparison constraints are placed on AG.

Thesis Supervisor: Richard Milner
Title: Professor of Physics; Director, Laboratory for Nuclear Science
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Chapter 1

Introduction and Theory

More than 70 years have passed since Stern’s discovery of the proton’s anomalous
magnetic moment first hinted at the proton’s complex nature. In the time since,
studies of the proton have provided a window to the fundamental particles and inter-
actions that govern the universe. Proton scattering experiments lead to the discovery
of the quark and helped increase our understanding of the strong interaction and
hadron structure. But our understanding of the strong interaction is far from com-
plete. Indeed, the distribution of proton’s angular momentum (“spin”) among its
constituents remains a mystery. Twenty years of lepton-proton scattering experi-
ments have indicated that the quark’s spins account for only a small fraction of the
proton’s spin. This has lead to searches for the “missing” spin elsewhere, in the quark
and gluon orbital angular momenta and the gluon spin. In this thesis we focus on
the contribution from gluon spin (AG) to the spin of the proton. By measuring the
production of 7% in polarized proton-proton (pp) collisions we will constrain AG
and further our understanding of the proton’s spin structure. Before delving into the
measurement, we briefly discuss proton structure formalism and the theory related

to the spin structure, as well as provide historical context.
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p }x

Figure 1-1: DIS scattering diagram. An incoming electron (e~) exchanges a virtual
photon () with a proton (p). The electron probes the substructure of the proton
which fragments (X) as a result of the interaction [11].

1.1 Quarks, Gluons, and QCD

The existence of an anomalous magnetic moment of the proton indicated that it must
be a composite object. Prominent theorists such as Gell-Mann and Zweig proposed
models in which the proton was composed of constituent fundamental particles. Gell-
Mann called these particles quarks and described hadrons as static bound states of
these quarks, organizing them into various groupings according to their up, down, and
strange quark (and antiquark) content. The bound quark model was a tremendous
phenomenological success, providing a natural and intuitive taxonomy for the known
mesons and baryons of the day and predicting the existence of the yet undiscovered
Q~. Later on, Feynman independently proposed a dynamical theory in which the
proton was composed of nearly free particles (in contrast to Gell-Mann’s strongly
bound states). He called these particles partons, and posited that the proton could
be quantitatively modeled in terms of parton distribution functions (PDFs) which will
be discussed in more detail in section 1.2. The first observation of quarks came from
deep inelastic scattering (DIS) experiments at SLAC in the late 1960s [11]. In DIS,
highly-energetic leptons are scattered from nucleons in a fixed target. At high enough
energies, these leptons are able to probe the internal structure of the nucleon. Figure
1-1 shows a schematic of a DIS interaction. Three physicists, Kendall, Friedman, and

Taylor observed a scaling of the measured structure functions consistent with protons

22



being composed of spin 1/2 quarks [12][14].!

While Feynman and Gell-Mann used different terminologies and formalisms, they
were fundamentally describing the same physical phenomena, the nature of strongly-
bound matter. Both approaches were phenomenologically successful, and yet they
seemed incompatible. A new theory was needed to reconcile the static bound-quark
model of Gell-Mann and the free-parton model of Feynman. The unifying theory that
emerged was called quantum chromodynamics (QCD). Like quantum electrodynamics
(QED), QCD is a fully relativistic quantum field theory, built on symmetry and local
gauge invariance. In QCD, quarks interact with each other via exchange particles
called gluons (the analog to the photon in QED) that couple to a new charge dubbed
“color.” Unlike in QED, in QCD there are three types of charge.? Further, in QCD the
exchange particles themselves carry charge. Thus, gluons are able to couple directly
to other gluons. This direct gluon-gluon coupling has profound implications for how
we study QCD.

Another stark contrast between QCD and QED can be found in the scale de-
pendence of the QCD coupling constant a,. Unlike the electromagnetic coupling
constant, (agpy) a, decreases at smaller distance scales and increases at larger dis-
tance scales.?> At large distance scales (low momentum transfer) a, is large and the
strong interaction is tightly binding. But at small scales (large momentum transfer)
@, decreases and quarks behave as if they are weakly bound (asymptotically free).
The discovery of the running coupling and asymptotic freedom marked a dramatic
leap forward in our understanding of the physical world. It allowed for a theory in
which quarks can be strongly-bound in hadrons and yet behave as quasi-free. This
resolved the long standing puzzle between Gell-Mann'’s strongly confined quark model
and Feynman’s weakly-interacting parton model. It also opened the door for develop-
ment of perturbative methods in the region where a, < 1. It’s discoverers, Wilczek,
Politzer, and Gross were awarded the 2004 Nobel Prize [29][42]. An encompassing

review of QCD theory, including asymptotic freedom and confinement, can be found

!Kendall, Friedman, and Taylor were awarded the nobel prize for this discovery in 1990
20ften denoted red, blue, and green.
3A phenomenon known as the “running” of the coupling constant.
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in [15].

1.2 QCD and Proton Structure at a Collider

The measurements described in this thesis take place at an accelerator that collides
two beams of protons at high energies. For hard scattering at high energies the pp
cross section can be written in terms of initial PDFs, a hard partonic subprocess cross
section, and (if applicable) final state fragmentation functions (FFs). The three parts
of the interaction are “factorized” into long-range and short-range interactions. The
PDFs used to describe the initial state of the proton and the FFs used to describe
the final state are universal. If measured in one process they can be applied in
another process. The predictive power of QCD stems from these two characteristics:
factorization and universality. The fundamental process studied herein, pp — 0+ X,

is shown schematically in Figure 1-2. The total cross section can be calculated as [18]

dgPr—m°X 9 9
T = ¥ [dnideadafilan 1) (@2 )
f=a.4.9
dghifa—1X
X—T(xlpl,xzpz,mo/z,u)D’}o(z,u”),

where P is an appropriate set of kinematic variables. We have introduced f7(z, y?), as
an example of Feynman’s PDF, which can be thought of as the probability of finding
a parton of type i inside the proton with a momentum fraction z at a factorization
scale p2. D}ro is a FF, the probability for an outgoing parton f to fragment into a
70 where the ratio of 7° momentum to parton momentum is z and evaluated at a
scale p2. Finally we introduce 6/1/2=/X ', which is the partonic hard-scattering cross
section for fif, creating a parton f plus other products.

A key point is that the total cross section is factorized into three parts. The
initial and final parts, the PDF's and FFs, are long-range phenomena and thus cannot
be calculated in the perturbative QCD (pQCD) framework. However, we can take

advantage of universality in QCD, measuring PDFs and FF's in other processes (such
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Figure 1-2: Schematic of inclusive 7° production in pp collisions. f; and f, are
the nonperturbative parton distribution functions for the two interacting protons.
The central partonic hard-scattering cross section () is calculable in perturbative
QCD. The fragmentation function, D7, is a measure of the probability of a parton
f fragmenting into a 7°. All other material coming from the interaction (generically
labeled X') is integrated over. [18]

as ep scattering) and evolving the results perturbatively to other scales. The middle
piece, the partonic cross section, represents a short distance phenomenon and can
be calculated from first principles using pQCD. Since the measurements described in
this thesis are either cross sections or ratios of cross sections, we will make substantial
use of this formalism. Indeed, one of our goals is to verify the applicability of pQCD

in the case of 7° production in the measured energy regime.

1.3 A Brief Review of the Spin Structure of the

Proton

The proton is a fermion - if the spin is measured along any axis it will yield a result
of %h Since the proton is a composite particle, made up of quarks, antiquarks, and
gluons, its spin should be equal to the combined spin and angular momenta of its

constituents. The proton’s spin structure accounts for how the proton’s spin is carried

25



by all possible pieces such that they add up to 1.%

1.3.1 Simple Quark Models for Spin

A naive non-relativistic quark model assumes that the spin of the proton is carried
entirely by three valence quarks. Heuristically speaking, of the three spin—% valence
quarks, two will have their spin vectors aligned with the proton and one anti-aligned,
yielding an overall value of % for the proton. A more realistic version of the simple
quark model recognizes that the quark-antiquark sea also contributes to the spin. In

this model, the proton spin measured along the z-axis ((Sﬁ)) can be written as

(Sp) = % = %AE(QF), (1.1)
where®
AT = /0 dz Y {Aq(z) + Ag(z)}- (1.2)
q=u,d,s..

The summation runs over all six quark flavors [25]. We introduced the polarized

quark PDF Ag(z) defined as

Aq(z) = g1(z) — g-(2)- (1.3)

The polarized quark PDF can be thought of as the probability of finding a quark with
momentum fraction z with its spin aligned with that of the proton (g, ()) minus the
probability of finding a quark with momentum fraction z with its spin anti-aligned

with that of the proton (g-(z)). Note

q(z) = g+ (z) + 9-(2), (1.4)

is the unpolarized quark PDF.

4from here on we set h = 1.

5In this sum rule we suppress the independent Q2 variable. However, it should be noted that the
relative values of the various contributions change as a function of Q% but that the sum is always
1/2.
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This model neglects contributions from quark orbital angular momentum. Quark
motion relative to the spin vector of the proton will contribute to its spin. Modifying

eqn 1.1 to account for angular momentum we obtain

(8% =1 = Ji= %AE + L (1.5)

DO k=

where L? is the orbital angular momentum contribution to the proton spin. Models
that acknowledged this orbital motion predicted the value of AY, (the sum total of
quark spin) to be less than unity. In 1974 Ellis and Jaffe, using a relativistic quark
model and assuming no strange quark polarization, calculated that AY ought to be

reduced to ~ 0.6, with the remainder being attributed to L? [24].

1.3.2 First Measurements and Birth of the Spin Crisis

The first measurements of the proton’s spin structure involved scattering polarized
leptons (electrons and muons) on polarized hadron targets at facilities such as SLAC
and the SPS at CERN. The first high-precision measurements of the different spin
contributions from the European Muon Collaboration (EMC) indicated that Ellis
and Jaffe’s prediction for AX did not hold [7], reporting a smaller value of AY than
expected [34]:

AZ(Q? = 10.7 GeV?) = 0.13 £ 0.19. (1.6)

In short, the quark spins did not seem contribute significantly to the proton spin.
This marked the birth of the “spin crisis.” Recall that the simple quark model
predicts AY = 1 and the theoretical predictions indicated AYX ~ 0.6. Experiment
showed much lower contribution from quark spin than expected. Where is the spin
of the proton located? Do gluons and sea quarks (so called “silent partners”[49])
dominate the spin structure of the proton? Resolution of these question requires a
more detailed understanding of quark spin (AX) and orbital momentum (L,), and also
gluon spin and angular momentum. A more complete spin sum rule can be formulated

incorporating quarks, gluons and angular momentum in terms of an integral over their
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respective PDF's as

Lo [ 00w. @) + L@ @) + Do, @) + L)), (17)
or
%: %A2+LQ+AG+L9. (1.8)

We introduce Ag(z,@?), the polarized gluon distribution function and its first mo-
ment AG, as well as the gluon orbital angular momentum L, [33]. This sum rule
is formulated in a particular gauge (A* = 0) in the light cone frame and valid only
in that gauge. It should be noted that currently we lack an experimental means of
measuring the gluon orbital angular momentum (Lg). A more robust discussion of
this spin sum rule can be found in [25] and [33]. This thesis will focus on constraining
AG, the first moment of the polarized gluon distribution function and its contribution
to the proton’s spin.

Before we proceed further, we stress that understanding the spin decomposition
of the proton is far more than an exercise in understanding the structure of a specific
hadron. Instead, it is a deep exploration of a strongly interacting gauge theory.
Indeed, QCD is the only strongly interacting gauge theory manifested in nature.
Understanding QCD in it’s fullest extent is very likely a critical step in any attempt

at a unified theory of fundamental particles and interactions.

1.4 Constraining AG with a Hadron Collider

A thorough review of previous experiments designed to study proton spin (and specif-
ically the gluon contribution Ag(z,@?)) can be found in [32]. Because photons do
not couple to the gluon, lepton-nucleon scattering measurements rely on higher-order
interactions to probe gluon distributions. A far more direct approach involves probing
quark-gluon and gluon-gluon scattering (where the gluon is probed at leading order)
in direct collisions of polarized protons at high energies, the subject of this work.

In longitudinally polarized proton-proton scattering, the polarized gluon distri-
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bution is accessed via an observable, the double longitudinal spin asymmetry (Az;)
defined as
(1.9

Where o0, (;-) is the cross section for same(opposite)-sign helicity® configurations in
the two beams. For the case of pp — 7%+ X, Ar; can be written in factorized form

as

Aﬁ—»wo+x = Zf:q,q,g Afa(.’l?, Qz) ® Afb(xv Q2) ® Aa.a+b—>c+X ® D;O (Z)

Y feaag fa(2, Q%) ® fo(z, Q2) ® GoHb—c+X @ D2, (2) (1.10)

Measuring Ap, gives access to Ag(z, @?) when either if the PDFs f, or f, correspond
to a gluon g. Integrating over all momentum fractions (0 < z < 1) we arrive at the
contribution to the proton spin from the gluon spin. The hard partonic scattering
cross sections can be calculated with pQCD, the FFs and the unpolarized PDF's have
been measured in previous experiments. Using pQCD and previous measurements,

Ag(z,@?) can thus be extracted from a measurement of Ay

Extracting Ag from equation 1.10 is difficult. Aj; predictions are calculated
for specific final state production depending on the value of AG. Figure 1-3 shows a
number of these calculations for inclusive 7° production as a function of #° transverse
momentum (pr). By comparing our measured value of Ay, with these calculations
we constrain the allowed values of AG and thus further our understanding of the

proton’s spin structure.

Global analyses of polarized DIS data yield loosely constrained values of the gluon
contribution to the proton spin. Figure 1-4 shows the results of one such global
analysis [21]. The quark contributions are very well constrained as indicated by the
small statistical and systematic uncertainties displayed in the left and center plots.
In contrast, note the large statistical and systematic errors on the best fit for zAg.
By including data from polarized proton collisions subsequent global analyses will

achieve a much higher level of precision for Ag.

Shelicity is the projection of spin onto momentum and approximates spin at high energies.
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Figure 1-3: Several theoretical predictions for A’I’J’Z_'"O"FX. The different predictions

corresponds to different functions of Ag(z, @?) calculated under different assumptions
for the shape of AG. For more details see [27][26][23].
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Figure 1-4: Polarized parton distributions at Q? = 10GeV? by De Florian, Navarro,
and Sassot [21]. The green (yellow) uncertainty band correspond to Ax? =1 (Ax? =
2%.) Note the tightly-constrained quark distributions, left and center, compared to
the loosely-constrained gluon distribution, right.
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1.4.1 The 7°

The 7° is an electromagnetically neutral particle composed of an admixture of u@
and dd quark-antiquark pairs (1° = J5(|u@) — |dd))). The 7°, at ~ 135 MeV/c?, is
the lightest known meson. It decays electromagnetically and has a mean lifetime of
8.4 x 10~'7 seconds, which corresponds to ¢t = 25.1 nm. The primary decay mode,
with a branching fraction of 98.8%, is 7% — 27 [52]. As we will discuss extensively
in Chapter 3, we identify 7%s through this decay channel, by reconstructing both
daughter photons. The lifetime of the 7° is exceedingly small so for our experimental

purposes its decay is approximately instantaneous.

1.5 Structure of This Thesis

In the remainder of this thesis we report a measurement of A7}" ™+X  the double
longitudinal spin asymmetry for inclusive neutral pion production in polarized pp
collisions at /s = 200 GeV center of mass energies with the STAR detector and
then use that result to constrain the gluon polarization AG. Chapter 2 discusses the
experiment in detail, focusing on polarized proton collisions and the subdetectors of
principle interest in this analysis. Chapter 3 describes n° identification as well as
the many simulation tools used throughout the analysis. Chapter 4 focuses on the
inclusive, unpolarized cross section measurement, which will be used to validate our
theoretical framework. Chapter 5 describes the Ar; measurement in all its detail.
The last chapter is reserved for interpretation and discussion. Here we relate measure-
ment to theory and use our results to ascertain the veracity of pQCD as the proper
framework for describing our experiment. Further we use the A;; measurement from

chapter 5 to constrain AG within the theoretical framework described.
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Chapter 2

Experimental Overview

2.1 Relativistic Heavy Ion Collider

The Relativistic Heavy Ion Collider (RHIC) was designed and built at Brookhaven
National Lab (BNL) to probe QCD in two rich programs:

1. The hot, dense state of matter created in the collisions of heavy ions at energies

reaching 100 GeV /nucleon.

2. The spin structure of the nucleon through the collisions of high-energy polarized

protons.

In this work we are concerned solely with the latter program and will examine data
only from polarized proton collisions at a center-of-mass energy (+/s) of 200 GeV.!
RHIC is the world’s only polarized proton collider. RHIC thus provides unique access
to the underlying spin structure of the nucleon. The Solenoidal Tracker at RHIC
(STAR) detector is one of two currently operating experiments at RHIC. We will
focus this chapter on the elements of RHIC and STAR relevant to the spin physics

program.

1The definitions of 1/ and other important kinematic variables can be found in Appendix C.
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The RHIC Complex
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Figure 2-1: The RHIC complex at BNL. The salient features for polarized operations
are identified. STAR is located at the “six o’clock” position at RHIC.

2.2 RHIC and Polarized Protons

Figure 2-1 shows the RHIC complex consisting of a polarized proton source, linear ac-
celerator (LINAC), booster accelerator, Alternating Gradient Synchotron (AGS) and
the RHIC accelerator [30]. Polarized protons are created in an optically pumped po-
larized H~ source (OPPIS). Hydrogen gas is ionized and the unpolarized H* ions are
extracted. The H* ions then acquire polarized electrons from an optically pumped
rubidium vapor. The polarization of the electron is transferred to the proton. The
atoms then attract a second electron, forming an H~ ion. The hydrogen ions, pro-
duced with 80% polarization, are stripped of their electrons then sent through the
LINAC, where they are accelerated to 200 MeV. The proton bunches are injected into
a booster ring where they reach energies of 2 GeV and then into the AGS where they
reach energies of ~23 GeV. Finally, they are split and injected into the two RHIC
rings where they are accelerated to their final energies of 100 GeV.

RHIC consists of two storage rings, referred to as the blue and yellow rings. Each

ring has a total of 120 fillable bunches. During Run 6, 111 of these bunches were
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filled with protons. Nine consecutive bunches are left empty as an “abort gap” to
allow for clean beam dumping. Bunches from the two different rings can collide at
any of six possible interaction regions at RHIC, although during the portion of Run
6 dedicated to 200 GeV running only two of the interaction regions were used. More
information regarding accelerating and storing polarized protons can be found in [5]

and [31].

2.2.1 Polarization Tools: Siberian Snakes and Polarimeters

Maintaining beam polarization while accelerating proton bunches to 100 GeV is a
nontrivial exercise. We draw particular attention to two integral components that
differentiate “polarized” operations: Siberian snakes and polarimetry.

A Siberian snake is a helical dipole magnet designed to prevent loss of beam
polarization during acceleration and store of proton bunches. A detailed review of
Siberian snakes can be found in [40]. The stable polarization configuration is that
with the spin vector perpendicular (transverse) to the beam direction. Polarization
is lost in depolarizing resonances, when the frequency of the spin procession matches
the frequency of a perturbation of the spin. Such perturbations arise either as a
natural side-effect of acceleration, when the betatron oscillation period matches that
of the spin precession, or out of imperfections in the magnetic field. Snakes protect
against the effects of these depolarizing resonances. They create a magnetic field
that rotates the spin vector 180° in the polar plane so that it exits the magnet with
its transverse component opposite from the way it entered. Thus any depolarizing
effects felt by a proton during one revolution will be cancelled by the effects felt in
the next. A snake that flips the spin vector the full 180° is called a full snake. Figure
2-2 shows the evolution of the spin vector as it passes through a full snake. Partial
snakes rotate the spin vector in the polar plane by some fraction of 180°. In this
case, the polarization vector is flipped over a number of revolutions. Siberian snakes
are unique components in RHIC; they are not installed in other hadron colliders such
as the Tevatron or LHC. In Run 6, due to space considerations, a 15% snake was

used in the AGS and two full snakes were used in each RHIC ring. Special magnets
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Figure 2-2: Precession of the spin vector as it traverses a full Siberian snake. The
blue line indicates the direction of the beam.

called spin rotators rotate the spin vector 90° before entering the IR, and then back
afterward.

We also must be able to accurately measure the polarization of the beams to
interpret our results. RHIC uses two types of polarimeters to measure the abso-
lute polarizations of the beams: a Coulomb-nuclear interference polarimeter and a
hydrogen jet gas polarimeter.

The first polarimeter takes advantage of Coulomb-nuclear interference (CNI) ef-
fects in elastic proton-Carbon (pC) scattering. A schematic of this polarimeter is
shown in Figure 2-3. A thin carbon target is inserted into the beam. Protons scatter
off of carbon atoms, which are collected by six silicon strip detectors surrounding the
beam. A left-right asymmetry, with respect to the beam, in scattered carbon atoms
is sensitive to the polarization of the beam. The main advantage of the measurement
technique is the high event rates observed in the elastic pC scattering. Within ~2
minutes of the strip being inserted in the beam, enough statistics are recorded to make
a +1% measurement of the asymmetry. The speed of this measurement allows for
periodic monitoring of the beam polarization. Both the blue and yellow rings, as well

as the AGS, have their own CNI polarimeters. More details about CNI polarimetry
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Figure 2-3: Left: Schematic of the pC CNI polarimeter used in RHIC. The red dot in
the middle represents the beam whose direction is into (or out of) the page. Right:
Schematic of the pp jet polarimeter. The purple cylinder represents the polarized
H~-jet target.

can be found in [51].

The CNI polarimeter is calibrated by scattering the beam off of polarized protons
in a hydrogen jet (H-jet) target. Figure 2-3 shows a schematic of this polarimeter.
Silicon strip detectors on either side of the beam capture the scattered protons. As
in CNI polarimeters, the left-right scattering asymmetry with respect to the beam
is sensitive to the beam polarization. This is a standard technique in measuring the
polarization of proton beams. Since the target’s polarization is measured with a Breit-
Rabi polarimeter and known in this case, the analyzing power of the interaction can be
measured at the same time as the scattering asymmetry. This allows for an absolute
measurement of the beam polarization to within +3%. Unfortunately, this apparatus
has a low scattering rate due to the low density of the target gas. This makes the H-
jet polarimeter impractical for fill-by-fill polarization monitoring. Instead, we use the
results from dedicated H-jet runs to calibrate the CNI polarimeters. The two types
of polarimetry, taken together, allow real-time absolute polarization monitoring with
5% precision for the entire RHIC run. More information about the H-Jet polarimeter

at RHIC can be found in [41].
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Table 2.1: RHIC Performance in Polarized Operations
RHIC Run L [pb~!] (P)

2 0.35 15%
3 1.0 30%
4 0.4 40%
) 3.4 46%
6 (long.) 75  55%
6 (trans.) 32 5%

2.2.2 Performance

Table 2.1 shows the performance of RHIC in polarized mode over its lifetime. The

uncertainty in Ay is
1

oa,, ~N ———
e pry I Lt

Thus, the figure of merit (FOM) for determining the potential sensitivity of a data

(2.1)

set is

FOM = P* / Ldt, (2.2)

where P is the average beam polarization and the integral term represents the total
integrated luminosity for the data set. From this equation we can see why the Run
6 data set is so promising for a precise asymmetry measurement. The integrated
luminosity (in longitudinal mode) is more than twice that of Run 5 and the average
polarization is increased from 46% to 55%. Since the average polarization is taken to

the fourth power, even a modest increase in polarization yields a large gain in FOM.

2.3 Solenoidal Tracker At RHIC

The STAR detector is shown in Figure 2-4. It is equipped with various sub-detectors
designed for tracking charged particles, vertexing the event, particle identification,
and calorimetry. A detailed description of STAR and all its components can be
found in [1] and references therein. This section will focus primarily on the sub-

detectors used in identifying mid-rapidity 7°%s, most notably the Barrel Electromag-
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Figure 2-4: A cutaway view of the STAR detector.

netic Calorimeter (BEMC) and Barrel Shower Maximum Detector (BSMD), but also
to a lesser degree the Time Projection Chamber (TPC), Beam-Beam Counters (BBOC),
and Zero-Degree Calorimeter (ZDC).

2.3.1 Barrel Electromagnetic Calorimeter

The BEMC [8], a lead-scintillator sampling calorimeter, is the most important sub-
detector of STAR used in this analysis. It resembles a large hollow cylinder with an
inner radius of ~225 cm and an outer radius of ~265 cm. It sits outside the TPC (de-
scribed in section 2.3.3). The active volume covers an azimuthal angle, 0 < ¢< 2,
and pseudorapidity range, -1 < < 1. Figure 2-5 shows a drawing of the BEMC.
The BEMC is a “fast” detector; the energy depositions it measures are digitized faster

than the bunch crossing rate. BEMC-based triggers are the primary triggers used to
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Figure 2-5: BEMC with no other STAR detectors.

tag rare hard-scattering processes in STAR. The triggers used in this analysis will be

discussed in detail in section 3.2.

The BEMC is divided into equal sized halves, each ~300 cm long along the beam
axis. Run 6 is the first RHIC Run in which the entire BEMC was commissioned
for data taking. Each half barrel is made up of 60 identical modules of dimension
AnxA¢ = 1.0x6°. Each module is further divided into 40 towers, each one projecting
towards the center of the STAR detector. A cross section of two towers side by side
can be seen in Figure 2-6. Two halves with 60 modules and 40 towers per module
yields 4800 towers in the whole BEMC. Each tower is broken up into an inner and
outer tower, separated by the BSMD, which will be discussed later. The inner tower
consists of 5 layers of lead and five layers of Kuraray SCSN82 scintillator. The outer
layer consists of 15 layers of lead and 16 layers of scintillator. Each layer is 5 mm
thick, except the first 2 scintillator layers which are 6 mm thick and make up the
pre-shower detector used for e~ /7 separation. The BEMC sampling fraction fsgmp. is

parameterized as [38]
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Figure 2-6: Cross section of two BEMC towers side by side. The alternating grey and
white bands show the layers of lead and scintillator. The SMD is visible in this cross
section, sits 10 layers up from the bottom.

ramp. = 14.69 — 0.1022 % n + 0.7484 % °. (2.3)

The scintillator layers are read out with an embedded wavelength shifting fiber
which is routed outside the STAR magnet. The light from all 21 layers is gathered and
collected in a single Electron Tube Inc. model 9125B photomultiplier tube (PMT).
The scintillator layers are machined in “megatiles” which are the size of a BEMC
module. A single scintillator layer covers all 40 towers in a module. Optical isolation
between towers is obtained by machining grooves 95% of the way through the scin-
tillator sheet between the individual tiles and filling those grooves with an opaque
epoxy. This ensures that the leakage of scintillator light between tiles in a megatile is
negligible; the level of cross-talk between individual tiles is < 0.5%. Test beam data,

as well as in situ cosmic ray tests have shown the nominal energy resolution of the
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BEMC to be [8]

B _ _U% 159 (2.4)

E W

The BEMC measures the positions and energies of particles traversing its active
layers, analyzing the electromagnetic showers, or cascades, caused by these particles.
Photons interact with the lead layers through electron-positron pair production. The
resultant electrons and positrons will lose energy via bremsstrahlung and the pho-
tons created therein will also pair-produce. This continues until the energies of the
cascading particles are low enough for atomic absorption at which time the shower
will die out. The cascading particles create scintillation photons which are collected
as described above. Showers extend both longitudinally (in the direction of the in-
cident particle) and transversely. Towers are ~21 radiation lengths (Xo) deep and
~9 Moliére radii (Rps) wide (in both n and ¢ directions).? For our energy range,
the large size helps prevent showers from leaking into neighboring towers or exiting
the back of a tower. Unfortunately, the large transverse size of the towers limits the
position resolution of the BEMC and prevents the BEMC from resolving two showers

contained in a single tower. This task is handled by the Barrel Shower Max Detector

(BSMD), which is discussed below.

The BEMC is not designed to fully contain hadronic showers. The interaction
length (\;) in Pb is ~17 cm, large compared to the active depth of a tower (~10
cm). The amount of material needed to contain a fixed percent of the energy in a
hadronic shower is proportional to the incident energy. In our energy range (O(1 —
10 GeV)), the BEMC would have to be ~10x deeper to contain 95% of the energy
in a hadronic shower [52]. Most hadrons will pass through the calorimeter without
showering and will deposit only a minimal amount of energy in the scintillator layers.
These minimum ionizing particles (MIPs) are used to calibrate the BEMC as will be

discussed later.

2R for Pb = 1.6 cm.
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Table 2.2: BSMD Parameters

Chamber Depth in BEMC ~5Xpatn=0
Rapidity Coverage (single module) Anp=1
Azimuthal Coverage (single module) Ap =6°
Occupancy (p+p) ~ 1%
Chamber Depth 20.6 mm
Wire Diameter 50 pm
Gas Amplification 3000
Signal Length 110 ns
BSMDy Strip Width (Pitch) 1.46 (1.54) cm for |n| < 0.5

1.88 (1.96) cm for |n| > 0.5
BSMDg¢ Strip Width (Pitch) 1.33 (1.49) cm
Strips per Module 300
Modules 120
Total Readout Channels 36000

2.3.2 Barrel Shower-Max Detector

The BSMD [8] is designed to provide fine-grain position resolution for electromag-
netic showers within a single BEMC tower and e~ /7y separation. More specifically
for this analysis, it separately identifies two decay photons from a 7° within a single
tower. It consists of a multi-wire proportional counter with gas amplification and
two-dimensional cathode strip readout. For an electromagnetic shower, the distance
between first interaction and point of maximum transverse extent grows logarithmi-
cally with incident particle energy. The BSMD sits a the nominal point of maximum
transverse extent of an electromagnetic shower (”shower max”). This corresponds to
4.6Xo at n = 0 and 7.1X, at n = 1. A (partial) cross section of the BSMD is shown
in Figure 2-7 and some relevant parameters are shown in table 2.2. In total, there
are 36000 readout strips in the BSMD. A 2 x 2 group of towers, covering 0.1 x 0.1 in
1 — ¢ space contains 15 ¢-strips and 15 7-strips.

The BSMD is filled with a 90/10 mixture of argon and carbon-dioxide gas. Charged
particles leave a trail of ionization electrons as they traverse the detector’s cavity. The
ionization electrons then drift towards the high voltage wires. As they approach the
wires, the strength of the electric field induces secondary ionization and an avalanche

of electrons impinging on the wire. This in turn causes an image charge on the read-
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BSMDP strips: 150 strips (10 patches of 15) parallel to the anode wires

BSMDE strips: 150 strips perpendicular to the anode wires

Figure 2-7: Partial cross section of a single BSMD module

‘m BSMDE (front plane)

BSMDP (back plane)

Figure 2-8: Schematic of the BSMD. The position of EM showers can be reconstructed
by matching signals in both BSMD planes as seen here.
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out strips closest to the wires. The total ionization on the wires is proportional to
the original number of ionization electrons liberated by the charged particle, as is the
image charge on the cathode strip readouts. The inner strips, closest to the beam
line, run in the ¢ direction and are thus sensitive to 1 position of the shower. The
outer strips run in the n direction and are sensitive to the ¢ position of the shower.
Figure 2-8 shows the BSMD using both planes in concert to reconstruct the transverse
profile of an electromagnetic cascade. The readout strips provide much finer position
resolution than possible with the BEMC alone. In the relevant direction, the strips

are separated by ~0.006 rad. Test beam data shows the position resolution, éz to be

or = _56 ® 2.4 mm, (2.5)

E [GeV]

for the inner plane and

oz = _ 8 ® 3.2 mm, (2.6)

VE [GeV]
in the outer plane. The energy resolution of the BSMD has also been measured in a

test beam environment and shown to be

SE/E = _86% 109, (2.7)

E [GeV]

for the inner plane and 3-4% worse for the outer plane [8].

2.3.3 Time Projection Chamber

The large-volume, large-acceptance Time Projection Chamber (TPC) is a gas-filled
cylinder providing charged-particle tracking and momentum determination as well as
particle identification through dE/dz, over An = £1.8 and full azimuthal angle. The
technical details and analytical power of the TPC has been written about extensively
in [6] and [44]. This section will provide only a brief overview of the TPC as relevant
to the 7° analysis. Figure 2-9 shows a drawing of the TPC.

The volume of the cylinder is filled with a 90/10 mixture of argon and methane
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Figure 2-9: STAR TPC [6]

gas. Charged particles traversing the TPC will liberate electrons via ionization. These
electrons drift in the uniform electric field towards readout planes on the endcaps.
Equipotential field cage cylinders maintain a uniform electric field gradient between
the central membrane, which is held at 28 kV, and the TPC endcaps which are held
at ground. The electron drift velocity in the TPC is ~5.5 cm/us, and maximum
drift time from the center to the endcap is 40 us. Readout pads on the endcaps
provide radial and azimuthal position information for the ionization electrons, and
drift time provides axial position information. The TPC can image and reconstruct
the 3-dimensional trajectories of charged particles produced by pp and heavy-ion
collisions.

The TPC’s primary uses in this analysis are for vertex finding and charged particle
vetoing. It reconstructs all of the charged tracks emanating from a collision and
extrapolates the tracks in either direction, locating the event vertex. The uncertainty
on the position of the vertex is less than 1 mm.

The second task of the TPC in this analysis is vetoing charged-particle deposi-
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Figure 2-10: STAR BBC. The “B” in the center represents the beam pipe.

tions in the BEMC. While the BEMC/SMD combination provides excellent energy
and position information for incident particles, they yield little particle identification
information. TPC tracks are extrapolated to the BEMC and associated with energy
signatures in the towers. This allows us to discriminate between charged and neutral
energy signatures. Since this analysis is only interested in photon signatures, particles

with charged tracks reconstructed in the TPC are thrown out.

2.3.4 Beam-Beam Counters

The STAR Beam-Beam Counters (BBCs) are not pictured in Fig 2-4 as they sit
surrounding the beam pipe 374 cm on either side of the interaction point [36]. Each
BBC consists of two sets of hexagonal scintillation tiles as shown in Figure 2-10. The
tiles cover the full azimuthal angle and a 7 range of 2.1 < || < 5.0 (the outer tiles
cover 2.1 < |n| < 3.6 and the inner tiles cover 3.4 < || < 5.0) [35]. Like in the
BEMC, wavelength shifting fibers imbedded in the scintillator tiles carry the signal
to PMTs. An inelastic collision in STAR’s interaction region will yield fragments
that travel down the beam pipe very slightly perturbed from the original beam path.
These fragments will interact with the tiles of the BBCs on either side of STAR.

Coincident signals in the inner tiles of both BBCs signify a collision and are used as
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Figure 2-11: Location of the STAR ZDC (red) with respect to the nominal interaction
point.

an event trigger. The BBCs also monitor luminosity and beam polarization.

2.3.5 Zero Degree Calorimeters

The Zero Degree Calorimeters (ZDC)) [3] are hadronic calorimeters designed to de-
tect neutral beam remnants and measure their energies. They sit 18 meters up- and
downstream of the interaction point on either side of STAR, beyond the dipole mag-
nets that steer the charged beam back into the pipe. Each ZDC consists of three
identical modules of alternating layers of tungsten-alloy and scintillator, tilted at 45°
angle to the beam pipe. The location of the ZDC is shown in Figure 2-11. Most
of the charged remnants are diverted by the beam-line magnets and do not deposit
energy in the ZDCs. The scintillation light from the ZDCs is collected in an array
of PMTs. While they are often used for triggering on collisions, in this analysis the
ZDCs will act as an independent measure of the relative luminosity, providing an

important check on the BBCs.
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Chapter 3

Data Acquisition and 7"

Reconstruction

This chapter details data collection and analysis. We begin by introducing the ter-
minology surrounding data collection at STAR. We discuss the process of converting
raw detector information into meaningful physics data and then detail the myriad se-
lections and optimizations we apply to enhance data quality and reduce backgrounds.
We then introduce the simulation framework used to validate our understanding of
the STAR detector. We describe the analysis algorithm used to identify 7° candidates
in the post-collision environment. Finally, we present a comparison between data and

simulation.

3.1 Run Overview

The 2006 polarized pp run began in February of 2006 and ended in June of 2006. The
data collection was divided into three segments: an initial period of longitudinally-
polarized proton collisions, a middle period of transversely-polarized proton collisions,
and a subsequent second period of longitudinally-polarized proton collisions. All
of the data discussed in these studies were recorded during the second period of
longitudinal running (Long2) which began in May of 2006 and ended at the conclusion
of Run 6.
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The Long2 running period is broken down into shorter time periods called fills and
runs. A fill is the lifetime of a single beam fill in RHIC. At the beginning of a fill new
proton bunches are injected into both rings. As the beams collide their intensities
degrade exponentially over time. Normally a fill will last for six hours before the
beam is dumped and refilled. Fills are further segmented into runs, which demarcate
the time periods when subdetectors are live and taking data. They can last anywhere
from 1 minute to 2 hours, but are optimally 30 minutes long. The triggering system,
described in the next section, selects proton-proton collisions of various topologies.
An event consists of all the information that is digitized following a trigger. The data

used in this study are comprised of ~2.4M triggered events from 306 runs in 39 fills.

3.2 Triggering System

At RHIC, every 109 ns two bunches containing O(10'') protons each cross paths
in the interaction region at the center of STAR. The majority of these events are
rejected. For this analysis we are concerned with the production of high-pr 7%s and
we would like to discard, as early as possible in the data collection stream, any event
that has a low probability of containing one.

STAR employs a set of triggers to filter out unwanted events. These trigger
conditions are based on information gathered in STAR’s fast detectors, including
the BEMC and BBCs! [10]. Digitized signals from these detectors are sent through
a decision tree encoded with the logic for all trigger conditions. The decision tree
outputs a 16 bit signal indicating which, if any, trigger conditions are satisfied and
how the rest of the Data Acquisition System (DAQ) should proceed in collecting the
event data.

The entire trigger decision process occurs at a rate faster than the bunch crossing
frequency (~10MHz). In Run 6, the maximum rate that events could be written to

tape was ~100Hz,? limited by electron drift time in the TPC. Thus, the trigger system

1Also the Endcap Electromagnetic Calorimeter, Central Trigger Barrel, Time-of-flight, and For-
ward Muon Spectrometer, not discussed in this thesis.
2As of Run 9, upgrades to the DAQ allow for up to 1000Hz.
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must reduce the data stream by a factor of 10° so it can be managed. Common triggers
can be “prescaled” such that only one event out of a specified number satisfying
the trigger is written to tape. This prevents common triggers from dominating the
bandwidth and allows rare events to be recorded in full. While STAR. uses a number
of different triggering algorithms to select interesting events, two are of particular

interest to this analysis: the minimum bias and level-2 gamma, triggers.

3.2.1 Minimum Bias Trigger

The minimum bias (MB) trigger condition is the most inclusive of the triggers em-
ployed in Run 6. It accepts any event that causes BBC signals coincident in time.
After a collision, beam fragments and forward scattered particles travel in the direc-
tion of the beam pipe until impinging on BBC tiles. Coincident signals in both the
east and west BBCs indicates a collision has occurred. The BBC coincident cross
section has been measured by Van der Meer scan [48] to be 26.1 £ 0.2,,,, + 1.84ys.
mb. In Run 6 a pre-scale factor was applied to the MB trigger. Only a fraction of
events satisfying MB were written to tape, allowing more bandwidth to be conserved

for rarer triggers.

3.2.2 Level-2 Gamma Trigger

The MB trigger will by design accept the majority of events in which there is a
collision. We need, in addition to MB, a trigger that will select the rare events
containing high-pr n°%s. The level-2 gamma (L27) trigger was designed to be a high-
pr 7° and photon trigger.

For an event to satisfy the L2y trigger condition it must satisfy the MB condition
plus two energy requirements in the BEMC. First, at least one tower in the BEMC
must have an energy deposition greater than a set threshold. Second, the 3x3 tower
patch, centered on the central high tower, must have an energy deposition greater
than a second, larger, threshold. A schematic of the trigger conditions can be seen

in fig 3-1. This trigger is better able to identify events where the energy of the 7°
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Single Tower Energy > 3.8 GeV
+ B8 Tower + Patch Energy > 5.2 GeV

Figure 3-1: 3x3 tower “trigger patch” showing configuration of L2 trigger condition.

decay photons is spread over more than one tower. Over the first ~100 runs of the
Long2 period, the tower and patch thresholds were adjusted to optimize the trigger
rates. Values of 3.8 GeV (tower) and 5.2 GeV (patch) were settled on as the optimum
thresholds.

3.3 The STAR Simulation environment

The STAR collaboration developed a sophisticated Monte Carlo (MC) simulation
suite to determine efficiencies of our detector and reconstruction algorithms. We use
this MC suite to correct our data so our results can be meaningfully compared those
from other RHIC Runs and other experiments.

The cornerstones of the STAR simulation (STARSIM) package are the PYTHIA
event generator [47] and the geometry and tracking software, GEANT [16], both
standard tools in high energy physics. PYTHIA simulates the QCD interactions that
underly the pp collisions in RHIC and the particles produced therein. GEANT simu-
lates the passage of those particles through the STAR detector using a detailed soft-
ware model of STAR. GEANT simulates physical processes such as bremsstrahlung,

Compton scattering, and ionization, and has the ability to accurately reproduce elec-
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tromagnetic showers and the passage of charged particles through gaseous detectors.
GEANT tracks and records the energy depositions from simulated QCD events in
all of the various subdetectors within STAR. With these two pieces of highly-tuned
software we are able to accurately simulate the detector response and data collec-
tion process at STAR. Simulated events are subjected to the same reconstruction
algorithm, described in 3.4, as the data.?

This analysis uses a filtering system in PYTHIA designed to more efficiently utilize
STAR’s computing resources. Events generated in PYTHIA (“true” events) are sent
through a filter to check for the presence of a high-p; 7°. Any true event without at
least one 7° with pr > 3 GeV is aborted before being sent to GEANT and our recon-
struction algorithms (“reco” events), which are the most computationally expensive
part of STARSIM. The filter cutoff is set at 3 GeV, well below the trigger threshold,
to avoid turn-on effects that would introduce a bias in the simulation. With this
method, STAR can simulate orders of magnitude more high-pr 7% than previously

available, significantly reducing the statistical uncertainty in “reco” MC events.

3.4 Event Reconstruction

Once an event satisfies a trigger condition, the detector information is recorded on
disk. The details of the DAQ are discussed thoroughly in [39]. Analog signals from
the detectors are read out and digitized by the front end electronics. Detector in-
formation such as ionization signals in gaseous detectors or the PMT voltages in
calorimeters is collected and converted to digital form and written to tape. The
STAR reconstruction team then analyzes these raw DAQ files and converts them to
the Micro Data Summary Tape format (MuDST). This file format stores and gives
access to physical event-level quantities such as TPC tracks, interaction vertices, and
calorimeter information. Raw digital spectra (in what are called analog-to-digital

conversions or ADCs) are also saved in the MuDSTs. This information is integral to

3The data itself is also subject to the simulated, or software, trigger algorithm. Hot and cold
towers are masked in the software trigger, removing “false” triggers caused by hardware malfunctions.
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offline calibration and detector QA efforts.

3.4.1 BEMC Calibration

The BEMC is the most vital detector for this analysis. We rely on the BEMC to
detect the daughter photons from 7° decays and accurately reconstruct the energies
and positions of these photons along with any other collision product that interacts
electromagnetically. Before any data from the BEMC can be used for physics, the
detector needs to be properly calibrated. We determine the relationship between ADC
count and deposited energy for each of the 4800 individual towers. This task, which
is done in situ, is made difficult by a number of factors. There is limited test beam
data for the BEMC. The high-voltage settings on the BEMC PMTs were changed
between Runs 5 and 6 to increase the dynamic energy range of the towers. Thus, the
Run 6 calibration procedure was unable to iterate on previous efforts and had to start
from scratch. Finally, the number of calibration “standard candles,” such as J/4s,
Ts and Z bosons, in this data set is insufficient for calibration purposes.

The first step in calibrating the BEMC is setting the high-voltage for each of the
tower PMTs. The desired full-scale energy was changed from 30 GeV in run 5 to
60 GeV in Run 6. Each tower’s high voltage setting is initially determined using
reference LEDs. The high-voltages are then adjusted in an iterative process designed
to equalize the energy response of all of the towers to the LED pulse. The ADC
spectrum is recorded for each tower and then fit, in a window above the pedestal
peak, to a falling exponential function. The slope of this fit is used to measure

the tower’s gain. The high-voltages of the towers are adjusted to equalize slopes.

1

—5, where 6 is the polar angle measured from the beam pipe, is

Finally a factor of
applied to each tower to obtain a constant transverse energy response (ET) across the
barrel. This procedure is repeated iteratively until the towers converge on uniform
Er response.

Offline, an absolute calibration is performed using physics data [19]. The proce-

dure makes use of two probes, MIPs and electrons, to test and correct the energy

response of the individual towers. MIPs are charged hadrons that do not shower in
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Figure 3-2: Typical pedestal subtracted ADC spectrum for MIPs in a single tower.
The MIP peak is fit to a gaussian+background and the mean is extracted.

the BEMC, but instead passes through it depositing a predictable amount of energy
(250-300 MeV) from ionization loss. The energy signature of a MIP is independent
of the true energy of the particle and has been measured for the BEMC in test beam
experiments. Because they are abundantly produced in pp collisions, MIPs are an
excellent tool for calibrating the BEMC at low energies [20]. MIPs are identified as
isolated tracks in the TPC associated with BEMC energy depositions. Figure 3-2
shows a typical MIP ADC spectrum. The MIP peak is fit to a gaussian plus back-
ground distribution. The MIP spectrum is measured for each tower and the gains are
adjusted to equalize all the towers’ energy responses within an eta ring. The MIPs
are only used as a relative calibration tool. Towers within an eta ring are adjusted to
have identical energy responses to MIPs but the absolute scale of the response is set

later.

A second step in the calibration is required to set the absolute scale of the towers’

energy response. This method uses electrons, which are identified by their dE/dx
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signature in the TPC. Electrons, which are produced in the semi-leptonic decays of
heavy flavor quarks as well as in photon conversions in the TPC, are less abundant
than MIPs but they shower fully in the BEMC, providing a calibration benchmark in
the 1-10 GeV energy range. In the case of ideal calibration for both the TPC and the
BEMC the ratio of electron energy to its momentum (£/p) would be unity. In this
way, we can use the TPC, previously calibrated, to calibrate the BEMC. There are
a number limits to this approach. First, the number of high-pr electrons produced
is small, not nearly enough for a tower-by-tower calibration. Second, electron show-
ers that begin in a single tower may leak into neighboring towers, which introduces
uncertainty in the energy measurement, especially when the towers are in different
modules. Also, detector material between the event vertex and the BEMC can induce
the creation of secondary electrons. To combat these effects, towers are grouped in
rings of constant 7 and the leakage is modeled in simulation and corrected for. For
each 7 ring, the F/p distribution is plotted and fit to a gaussian. An example plot
showing F/p for one 7 ring is seen in Figure 3-3. The same correction factor is applied
to all the towers in each eta region. The uncertainty on the gain calibration for the

BEMUC is estimated to be ~2%.%

3.4.2 Clustering

Ultimately, 7%s are identified by their decay photons that shower and deposit energy
in the BEMC. These showers usually deposit energy in multiple BSMD strips and
sometimes in multiple towers. Signals from multiple channels and detectors are an-
alyzed and combined to reconstruct incident photons (“clustering”). This clustering
algorithm is also responsible for splitting closely spaced clusters, resolving ambiguities
in detector combinatorics, and identifying multiple photons in a single tower.

Initial clustering takes place in each of the three detectors® separately. For each
event a list of the energies recorded in each channel (tower or strip) is created. The

algorithm searches for channels, starting with the most energetic, that are above a

4The derivation of this uncertainty is found in Appendix B.
5Each BSMD plane is considered a separate detector for these purposes.
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Figure 3-3: E/p spectrum for electron response in a single eta ring. The spectrum
is fit to a gaussian and the mean is extracted. From this mean a gain correction is
calculated and applied to the towers in that ring.

Table 3.1: Clustering Parameters

Detector FEieeq [GeV] FEoua [GeV] Npas

Towers 0.4 0.05 4
BSMDn 0.4 0.005 5
BSMD¢ 0.4 0.005 5

user-defined seed threshold (E,e.q). Once a cluster has been identified, the algorithm
searches for any adjacent channels with energies that are above a second, lower,
threshold (Eqqq). For each BSMD, an adjacent channel is simply the strip directly on
either side of the seed strip. For the two-dimensional tower plane, adjacent channels
are any towers sharing a border with the seed tower. Strips and towers are added
iteratively in this manner until either 1) the adjacent channel energy falls below
FEodd, 2) the adjacent channel energy is greater than it’s neighbor’s, or 3) the cluster
size reaches its user-defined maximum size, N,,,,. Table 3.1 lists relevant clustering
parameters. The resultant channels make a fully formed cluster, with characteristic

energy and position, and are subsequently removed from the list.

The clustering algorithm is iterated until all clusters are found in all subdetectors

for an event. The next step is to combine clusters from different subdetectors to
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Figure 3-4: Problematic point-making situation. Clearly ¢; could be mapped to
either 7, or n SMD clusters; and the same for ¢,. The clustering energy asymmetry
is used to disentangle these states and match proper clusters into points [43].

create single photon candidates we call BEMC points. Points are rejected unless
they contain clusters from the BEMC, BSMD-7, and BSMD-¢. For the range of 7°
momenta we are interested in, the minimum separation between decay photons is
smaller than the size of a tower and both decay photons regularly strike the same
tower. Requiring proper clusters in both BSMD planes allows us to separate and
identify both photons in a single tower.

Combining clusters into points is a nontrivial exercise in the case where one tower
cluster can be mapped to more than one cluster in either (or both) BSMD planes. A
problematic clustering state is illustrated in Figure 3-4. Clearly, the either BSMD-n
cluster could be mapped to either BSMD-¢ cluster. The algorithm calculates the

energy asymmetry,
— |E17 - E¢|

A er - I
energy En+E¢

(3.1)

for all possible combinations of E, and E4. Since a single photon should deposit
roughly the same energy in both planes, the algorithm form points for the combination

that minimizes this asymmetry.

58



The algorithm splits the tower cluster energy according to the fractional contri-

bution to the total SMD energy from each point. That is for a single point i,

Em' + E,ﬁ

E; = Ejpper * )
e Y By + X; By

(3.2)

where Ejoyer is the sum of the energies in all of the towers in the tower cluster. The
position of each point in 7(¢) is given by the energy weighted average of SMD-(¢)
strips. For a point with j strips in 7 and k strips in ¢ the position & = (7, ¢) is given

by

"= E—ElE—E—” (3:3)
J
and
6= ;_%E%ab, (3.4)
¥ R}

Finally, the algorithm must veto events from charged particles that shower in the
BEMC and would otherwise mimic a photon response. This is done by applying a
charged track isolation. Any BEMC point with an associated TPC track is thrown
out as a photon candidate. A TPC track is considered associated to a BEMC point

if
JAR? + Ag? < .04, (3.5)

where AN = Nyrack — Mpoint A0d AP = Gyrack — Ppoint-

3.4.3 7% Candidates

Lastly, the photons are associated into 7° candidates. Candidates are formed from all
photon pairs in an event. Many photons are produced in each event, thus 7%s cannot
be directly identified. Instead 70 are counted statistically using the 7y invariant mass,
which manifests itself over many runs and fills as a narrow and intense peak above a
wide background. The invariant mass M;,, of a pion is calculated from its two decay

photons as

Miny = \/ BrE5(1 = cos ), (3.6)
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Figure 3-5: Typical two-photon invariant mass spectrum. A tall narrow 7° mass peak
centered around .135 GeV/c? emerges from a broad background distribution. Also
visible is the mass peak for the 7 meson, centered around .550 GeV/c?.

where E,, are the energies of the two decay photons and 1 is the opening angle
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