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1. Introduction

One major objective of nuclear physics is to understand the elementary structure of mat-
ter and the fundamental forces which are responsible for theobserved phenomena. Since
the first half of the 20th century the proton and the neutron, both referred to as nucle-
ons, together with the electron are considered as the building blocks of everyday atomic
matter. While so far there has been no experimental indication for a substructure of the
electron, deep-inelastic lepton-nucleon scattering (DIS) experiments in the late 1960’s re-
vealed that the proton is composed of even smaller subcomponents. These particles were
first calledpartonsand later identified asquarkswhich were predicted independently by
Gell-Mann [GM64] and Zweig [Zwe64] based on data from hadronspectroscopy. The
experimental as well as theoretical achievements led to theintroduction of theconstituent
quarkmodel, in which the proton and neutron are just two representatives of the so-called
hadronswhich are all composed of quarks.

Two types of hadrons are known today:baryonsandmesons. Baryons (like proton
and neutron) consist of three quarks (qqq) while mesons contain a quark-antiquark pair
(qq̄). To present knowledge there are six different kinds of quarks, also calledflavors
and the corresponding antiquarks:up, down, charm,strange,top andbottom. They are
fermions with spin 1/2 and carry electric charge of either+2/3eor−1/3e, wheree is the
electric charge of the proton. In experiments up to date no substructure of the quarks was
found. Hence, quarks are considered as elementary particles.

As part of the quark model a new quantum number was introduced: thecolor charge.
Each quark carries one of three colors:blue, red or green(antiquarks carry anticolors).
This ensures that baryons which consist of three identical quarks, e.g.∆++ = (u,u,u), do
not violate the Pauli exclusion principle. No experiment sofar was able to observe single
free quarks, which supports the assumption that only color neutral objects1 exist as free
particles in nature.

Hadrons are strongly interacting particles, i.e. the forcethat holds hadronic matter
together and governs the evolution of hadronic reactions isthe fundamental strong in-
teraction. The quantum field theory describing the behaviorof the strong force is quan-
tum chromodynamics (QCD). The theoretical framework was developed in the 1970’s
adopting basic concepts of quantum electrodynamics (QED),the quantum field theory
which successfully describes electromagnetism. For a general review of QCD please re-
fer to [Wil82]. The exchange particles of QCD (also called gauge bosons) which mediate

1The quarks of a baryon each carry a different color, while thequark-antiquark pair of a meson carries
a color and the corresponding anticolor. In both cases the colors add up to white (color neutral).
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6 Chapter 1: Introduction

the strong force between color charged objects are the so-called gluons(g). They are
massless bosons and carry spin 1. A specific characteristic of QCD is that the gluon also
carries color charge. Hence, in QCD the gauge bosons themselves couple to each other
which has far-reaching consequences for the properties of the strong interaction (see Sec-
tion 2.1).2

In the constituent quark model the nucleon (like all baryons) consists of three quarks,
also calledvalence quarks, which were thought to account for all properties of the nu-
cleon (quantum numbers, mass). Although the valence quarksare sufficient to explain
the observed spectroscopic properties (excitation states, decays), DIS experiments at very
high energies have revealed a far more complex structure. Today the composition of the
nucleon is described by valence quarks and a large number of gluons and virtual quark-
antiquark pairs. The virtual quark-antiquark pairs are referred to assea quarks. According
to the energy uncertainty principle quark-antiquark pairscan exist for a short period of
time without violating energy conservation. All these components (partons) contribute to
some extent to the observed properties of the nucleon depending on the energy scale at
which the nucleon is probed. Even after decades of experimental and theoretical work
the structure of the nucleon is not completely understood. Especially the momentum dis-
tribution of the gluons inside the proton is largely unknown. This is due to the fact that
DIS experiments depend on the electromagnetic coupling of alepton to the probed parton.
Therefore such experiments are not directly sensitive to the electrically neutral gluons.

A tool to study the gluon density in the nucleon is provided byparticle production
in ultra-relativistic proton-proton (p+p) collisions which involves the gluon in the initial
state. Especially the production of direct photons has beenrecognized already in the early
1980’s as a tool to access the gluon distribution inside the proton [Pap82]. In high energy
p+p collisions, direct-photon production at large transverse momentapT

3 is described
by perturbative QCD (pQCD). At leading order the gluon contributes to the production
of direct photons via quark-gluon Compton scattering:q+ g → q+ γ. A more general
review of direct-photon production mechanisms in elementary p+p collisions is given in
Chapter 6. By constraining the measurement of direct photons to those photons produced
in quark-gluon Compton scattering the only free parameter in the calculation is the gluon
distribution.

The measurement of the cross section of inclusive direct-photon production in ele-
mentary p+p collisions is of paramount interest not only because of itssensitivity to the
gluon density but also for other reasons. It provides an excellent test of pQCD predictions
and can help to study parton-to-photon fragmentation functions. Moreover, it serves as

2In QED the corresponding exchange particle, the photon, is electrically neutral and therefore photons
do not couple to each other.

3A definition of kinematic variables used in ultra-relativistic reactions is given in Appendix A.
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the baseline for the interpretation of direct-photon data obtained in heavy-ion collisions
(see Chapter 6).

By studying particle production in polarized p+p collisions (i.e. the spins of the
two protons are oriented with respect to their direction of motion prior to the collision)
it is possible to measure the polarized distribution of the gluon inside the proton and
consequently explore what is generally referred to as theproton spin puzzle. In the naive
parton model the proton spin of 1/2 is expected to be the straightforward sum of two
parallel valence quark spins and one antiparallel. However, in the late 1980’s it was
discovered in DIS experiments of polarized leptons on polarized protons that all quarks
(valence and sea) carry only a small fraction of the proton spin [Ash88, Ash89]. Since
then this unexpected result is known as the proton spin puzzle. In the complex parton
model including sea quarks and gluons it is reasonable to assume that the intrinsic spin
of the gluon makes a non-vanishing contribution to the proton spin. While not directly
accessible in DIS experiments, the polarized gluon distribution is directly related to the
spin dependent cross section of particle production in polarized p+p collisions which
involves the gluon in the partonic production mechanism. More precisely the polarized
gluon distribution can be explored by measuring the double helicity asymmetry of the
production cross section, also calledALL (this is described in more detail in Chapter 8).

The analysis of direct photons in polarized p+p collisions provides the cleanest tool
to access the polarized gluon distribution. Another channel which is sensitive to the gluon
distribution is the production of hadron jets, in particular the production of neutral pions
(π0). In pQCD gluon-gluon (g+g → g+g) and gluon-quark (g+q → g+q) scattering
contributes at leading order to jet production. However, the calculation of theπ0 produc-
tion cross section requires the knowledge of fragmentationfunctions which describe the
fragmentation of the scattered partons into neutral pions.This introduces an additional
theoretical uncertainty in the interpretation of the data.Yet the virtue of utilizing theπ0

channel to explore the polarized gluon distribution is the rather simple measurement of
neutral pions compared to direct photons in p+p collisions.

In this thesis two independent analyses are presented: the measurement of the inclu-
sive direct-photon production cross section and the measurement of the double helicity
asymmetry in inclusiveπ0 production both at mid-rapidity in ultra-relativistic p+p col-
lisions at

√
s= 200 GeV. The analyzed data set was collected with the PHENIX detector

in collisions of longitudinally polarized protons at RHIC.For the direct-photon measure-
ment the data were analyzed regardless of the polarization resulting in the spin-averaged
or unpolarized direct-photon cross section. The measurement of ALL , however, explicitly
takes into account the polarization of the colliding protons. While the direct-photonpT-
distribution is measured with a precision unmatched so far at RHIC energies and therefore
allows for the first time a comparison to pQCD predictions over many orders of magni-
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tude, the double helicity asymmetry ofπ0 production demonstrates the first measurement
of this kind in ultra-relativistic polarized p+p collisions at all and allows a first direct
constraint on the polarized gluon distribution.



2. Theoretical Basics

The evolution of p+p collisions is governed by the strong interaction. The strength of
the interaction is described by the coupling "constant" of QCD. The structure of this
"constant" has some important consequences for the potential of the strong interaction
and can be observed in particle spectra measured in ultra-relativistic p+p collisions. The
factorization theorem of pQCD allows the calculation of cross sections for reactions with
large momentum transfer and hence enables high precision tests of QCD.

2.1 The Strong Interaction

2.1.1 The Running Coupling Constant

The force between strongly interacting particles is described by quantum chromodynam-
ics. In each quantum field theory the strength of the force is described by the coupling
constant of the interaction. In QED the strength of the electromagnetic coupling is given
by the fine structure constantα ≈ 1/137. Whileα shows only a weak energy depen-
dence the strength of the coupling in QCD heavily depends on the energy scale at which
the strongly interacting matter is probed, often chosen to be the momentum transferQ2

of the reaction. To first order the coupling constant of QCD,αs, can be written as fol-
lows [Yag05]:

αs(Q
2) ≈ 12π

(33−2Nf) · ln(Q2/Λ2
QCD)

, (2.1)

whereNf denotes the number of contributing quark flavors.ΛQCD is the QCD scale param-
eter and is the one fundamental parameter of QCD. It has to be determined by comparison
of QCD predictions to experimental data and depends on the number of quark flavorsNf

with quark masses� Q2. αs measured in different experiments at different energy scales
is shown in Figure 2.1. It clearly shows the variation ofαs with Q2. Thereforeαs is often
referred to asrunningcoupling constant. For more details refer to e.g. [Yao06].

For calculations in QCD perturbation theory is applicable if αs is small (αs � 1), i.e.
if the strong coupling becomes weak. Equation 2.1 shows thatthis is the case for large
momentum transfer (Q2 � Λ2

QCD). It is an important feature of the strong interaction
that for Q2 → ∞ the coupling between quarks vanishes. Since large values ofQ2 are
equivalent to small distances between the interacting particles, quarks behave as if they
were free when they are very close together. This phenomenonis known asasymptotic
freedom. On the other hand for small momentum transfer (Q2 . Λ2

QCD), equivalent to

9
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0

0.1

0.2

0.3

1 10 102

s

Q  [GeV2 ]2

Figure 2.1: The running coupling constant of QCD as a function of the momentum transferQ2. The

data points represent measurements ofαs at certain energy scales. The lines show central values and the

corresponding uncertainty. For further details refer to [Yao06].

large distances, the coupling becomes very large. Theconfinementof quarks in hadrons
(single free quarks have not been observed yet) is attributed to this characteristic of the
strong interaction and is probably related to the interaction among the colored gluons. A
theoretical description in this strongly coupled domain isdifficult because a treatment in
perturbation theory is not applicable (non-perturbative regime).

2.1.2 Quark-Antiquark Potential

The similarity of charmonium states (a bound system composed of a c c̄-quark pair1) to the
energetic states of positronium (a well-known electromagnetically bound e+e− system)
and the experimental observation that only color neutral objects exist as free particles
in nature suggests the following phenomenological potential of the strong force between
quarks as a function of the distancer [Pov99]:

Vs(r) = −4
3

αs(r)~c
r

+k · r , (2.2)

1E.g. the heavy mesonsJ/Ψ andϒ are charmonium states.
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where the first term is similar to the Coulomb potential and dominates at small distances.
For asymptotically smallr the coupling constantαs(r) → 0 and therefore leads to the
asymptotic freedom. The second term is dominant at large distances. The potential energy
increases linearly with increasing distance between the quark-antiquark pair and hence
describes the confinement. While the field lines of a Coulomb potential reach far into
space (like the field of an electric dipole) the field lines of apotential given byk · r (the
color field between aqq̄ pair) are restricted to a narrow tube (also called astring) because
of the gluon-gluon interaction. Because the field energy within the tube increases linearly
with increasingr removal of a quark from a hadron would require an infinite amount of
energy. Instead, if the field energy reaches a certain threshold it is more favorable to form
two separateqq̄ pairs, i.e. two strings. This process of creating new color neutral hadrons
is referred to ashadronization.

2.2 Nucleon-Nucleon Reactions

Particle production in high energy nucleon-nucleon (N +N) reactions provides a tool to
study the strong interaction. The total p+p cross sectionσp+p

total as a function of the center-
of-mass energy

√
s is shown in Figure 2.2 [Yao06]. At

√
s≈ 10 GeV the total cross

section is roughlyσp+p
total≈ 40 mb and increases only slowly as

√
s increases. The reaction

processes contributing to the total cross section can be subdivided into elastic processes, in
which the total kinetic energy of the colliding nucleons remains unchanged and inelastic
processes, in which the colliding nucleons lose energy. As one can see from Figure 2.2
above a

√
s of a few GeV the p+p reaction is dominated by inelastic processes. In p+p

collisions at high energies the probability for a nucleon tolose a considerable fraction of
its initial energy is large. The deposited energy results inthe production of new particles.
Therefore inelastic p+p reactions are characterized by particle production.

About 80-90% of the produced particles are pions (π±,π0), since they are the hadrons
with the smallest mass. The total number of produced particles is calledmultiplicity. It
has been shown by various experiments that the charged multiplicity2 increases logarith-
mically with

√
sand can be parameterized by [Won94]:

〈Nch〉 = 0.88+0.44· lns+0.118· (lns)2 , (2.3)

wheres is the squared center-of-mass energy in GeV2. For p+p collisions at
√

s =

200 GeV this means〈Nch〉 ≈ 20. Neutral particles produced in the collision are mainly
neutral pions. By assuming that equal numbers ofπ+, π− andπ0 are produced the total
multiplicity in p+p collisions at

√
s= 200 GeV can be approximated by3

2 · 〈Nch〉 ≈ 30.

2The number of charged particles produced in the collision.
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Figure 2.2: Total cross section for p+p reactions as a function of
√

s [Yao06]. Above
√

s≈ 10 GeV the

cross section is dominated by the inelastic cross section which is roughly constant in this energy regime.

2.2.1 Particle Spectra in Nucleon-Nucleon Collisions

Typical pT distributions of charged particles produced in p+p and p+ p̄ collisions at
different

√
s measured by various experiments are shown in Figure 2.3. Such particle

spectra can be divided into two domains in terms of underlying production mechanisms:
the soft regionfor particles with transverse momenta far below 1 GeV/c and thehard
region for particles with transverse momenta far above 1 GeV/c. The shape of thepT

distribution is different in both kinematic regions.

Soft Region

The bulk of particles produced inN + N collisions has small transverse momenta with
a mean given by〈pT〉 ≈ 0.3 GeV/c. The shape of the spectrum belowpT = 1 GeV/c
is well described by an exponential of the forme−αpT , with α ≈ 6 (GeV/c)−1 (see Fig-
ure 2.3). The underlying production mechanisms in this region are characterized by small
momentum transfersQ2 (i.e. Q2 . Λ2

QCD) and are referred to as soft processes. A quanti-
tative analysis of soft processes in QCD is difficult becauseperturbation theory cannot be
applied. Instead a number of phenomenological techniques have been developed to study
processes in the non-perturbative regime qualitatively (e.g. string models). Refer to e.g.
[Won94] for further details.
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Hard Region

As one can see in Figure 2.3 the shape of the particle spectrumat high pT cannot be
extrapolated from the exponential at lowpT. The mechanisms of particle production
in this regime are characterized by large momentum transfers Q2. The collision can be
interpreted as the elastic scattering of "hard" partons offeach other. Hence such processes
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Figure 2.4: Illustration of a hard scattering process with the subsequent hadron fragmentation.

are referred to as hard processes. Since for largeQ2 the strongly interacting matter is only
weakly coupled, the techniques of perturbative QCD can be applied to make quantitative
predictions. Hence, although the probability for particleproduction at highpT is small,
the measurement of particle spectra in this kinematic regime is an important tool for
precision tests of pQCD.

In Figure 2.4 the inclusive hard scattering reaction:

A+B→C+X (2.4)

is depicted where the focus is on the production of the hadronC. The terminclusivemeans
that, although all particles which are produced along the reaction are implicitly included
in X, only particleC is explicitly identified. The underlying process of the reaction is
the hard scattering of partona in A with partonb in B in which a large momentum is
transferred. The scattered partonsc andd lead to the subsequent observation of particle
jets along the direction of the scattered partons.

According to thefactorization theoremin pQCD the inelastic cross section of hard
reactions can be separated into long-distance (largeQ2) and short-distance (smallQ2)
processes. Since pQCD gives only meaningful results for reactions involving large mo-
mentum transfers the long-distance terms are referred to asnon-perturbative while the
short-distance terms are referred to as perturbative. According to [Col85] the inelastic
cross section for a reaction given in Equation 2.4 can be factorized in the following way:

dσhard
AB→C =

∑

a,b,c

fa(xa,Q
2)⊗ fb(xb,Q

2) (2.5)

⊗dσhard
ab→c(xa,xb,zc,Q

2)⊗Dc/C(zc,Q
2) ,

where fa ( fb) is the non-perturbative parton distribution function (PDF) of partona (b) in
hadronA (B) andx is the momentum fraction which is carried by the parton, i.e.parton
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a (b) carries a fractionxa (xb) of the momentum of hadronA (B). dσhard
ab→c is the perturba-

tively computable parton scattering cross section for the reactiona+b→ c+X. AndDc/C

is the non-perturbative fragmentation function (FF) whichdescribes the fragmentation
process of the scattered partonc into the hadronC, which carries a momentum fractionzc

of the parton momentum. Thea,b,c sum is over all partonic channelsa+b→ c+X.

The non-perturbative parts, i.e. the distribution of the partons in the initial state (be-
fore the hard scattering) and the fragmentation process of the scattered partons in the final
state (after the hard scattering) have to be determined experimentally (see Section 8.1.3
for more information on the extraction of PDF’s from experimental data). However, both
parton distribution functions as well as fragmentation functions are assumed to be univer-
sal, i.e. they are the same regardless of the scattering process involved. This means, that
PDF’s and FF’s can be measured in reactions which allow the most precise determination
and are then utilized as input for a given pQCD calculation.

If a photon is produced in the hard scattering (i.e. partonc in Figure 2.4 is substituted
by a photonγ) the calculation of the cross-section does not require a fragmentation func-
tion. Thus the measurement of suchpromptphotons allows a more precise test of pQCD
since the calculation is not subject to uncertainties arising from the fragmentation process
(see Chapter 6 for more details).

The separation of long- and short-distance processes in factorized pQCD introduces
unphysical scales in the computation of cross sections according to Equation 2.5 which
have to be chosen arbitrarily: twofactorization scales, µF andµ′F which are chosen each
to distinguish between the hard and soft components of the cross section and therenor-
malization scale µR which is associated with the running of the strong coupling constant
αs. A typical choice is to set all three scales to the same valueµ which is of the order of
the hard scale given by the momentum transferQ2 or the transverse momentumpT of the
observed hadron3, i.e. µF = µ′F = µR = µ = pT. The scale dependence is often estimated
by additional calculation of the cross section at the scalesµ = 2pT andµ = pT/2. For
more information on factorization in pQCD please refer to e.g. [Col85, Lib78].

3In hard inelastic scatterings the momentum transfer is of the order of the square of the transverse
momentum of the observed leading particle (Q2 ∼ O(p2

T)).





3. The Relativistic Heavy Ion Collider

The idea to build the Relativistic Heavy Ion Collider (RHIC)was first formulated in 1983.
Construction began in 1991 and was completed eight years later in 1999. The scien-
tific objectives of RHIC comprise the study of the highly excited matter created in ultra-
relativistic heavy ion collisions as well as the proton spinstructure by colliding polarized
protons. The collider was built at Brookhaven National Laboratory (BNL)1. It consists
of two separate concentric storage rings with superconducting magnets. The magnets
are cooled down to below 4.6 K using supercritical helium. The two rings are denoted
arbitrarily as the “Blue Ring” (where the beam travels in theclockwise direction) and
the “Yellow Ring” (where the beam travels in the counter clockwise direction). Head-on
collisions of the two beams can be achieved at six intersection regions (IR). At RHIC
particles with an atomic mass number up toA∼ 200 can be accelerated. The availability
of two ion sources and a proton source together with two completely independent storage
rings provides the possibility to accelerate and study collisions of equal (e.g. Au+Au)
and unequal ion species (e.g. d+Au) as well as collisions of protons. The Alternating
Gradient Synchrotron (AGS) as well as other smaller hadron accelerators (Tandem Van
de Graaff, Booster), which already existed at BNL before theconstruction of RHIC, are
used as the injector to the collider rings. Some of the important elements of the RHIC
collider complex are shown in Figure 3.1.

RHIC is designed to accelerate heavy-ion beams up to an energy of 100 GeV per
nucleon and polarized proton beams up to an energy of 250 GeV.Therefore RHIC is able
to achieve center-of-mass energies of

√
sNN = 200 GeV and

√
s= 500 GeV per nucleon-

nucleon pair in Au+Au and p+p collisions, respectively. These energies reach well into
the regime of perturbative QCD and the highly excited mattercreated in central Au+Au
collisions is expected to be in a deconfined state. After the initial engineering tests first
collisions of heavy ions were achieved on June 12, 2000 at a center-of-mass energy of√

sNN = 56 GeV per nucleon-nucleon pair. Collisions of Au ions at thedesign energy
were achieved in the following year on July 18, 2001. In the same year first physics data of
colliding proton-proton beams were accumulated. The design luminosityL for Au+Au
collisions and for p+p collisions isL = 2×1026 cm−2s−1 andL = 2×1032 cm−2s−1,
respectively [Har03].

The collider is operated in a bunched beam mode. The beam in either rings consists
of 120 bunches. A maximum of 112 bunches is filled with heavy ions or protons. Eight

1located on Long Island, New York
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Figure 3.1: Schematic view of the RHIC facility. The illustration is taken from [Büs02].

bunches remain empty for the abort gap in order to ensure safedumping of the beam.
Each bunch contains∼ 1×109 Au ions and∼ 2×1011 protons, respectively.

The basic steps in the acceleration of heavy ions is as follows. A large variety of
ion species can be extracted from a pulsed sputter ion source. The negatively charged
ions are accelerated in the Tandem Van de Graaff. A strippingfoil removes electrons
leaving partially stripped ions with positive charge. Ionsexit the Tandem with a kinetic
energy of∼ 1 MeV per nucleon. After further stripping the highly positively charged ions
are injected into the Booster synchrotron where the beams are captured into six bunches
and accelerated to 95 MeV per nucleon. All but two electrons are stripped at the exit of
the Booster before they are injected into the AGS, where the beams are debunched and
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rebunched into four final bunches. The AGS accelerates the ions to 8.86 GeV per nucleon.
The bunches are then transferred to one of the RHIC rings where they are accelerated to
their colliding energy. On their way to the collider the ionspass the last stripping foil
where they are fully ionized. A more detailed description ofthe acceleration cycle for
heavy ions is given in [Har03].

The acceleration of polarized protons requires a differentsource and involves addi-
tional devices to maintain polarization throughout acceleration. This is discussed in more
detail in Section 3.1.

Four major experiments were designed for RHIC which on the one hand are similar
in some aspects and on the other hand are complementary to each other. This has the
advantage that, while all experiments have some specific objectives, many scientific dis-
coveries can be cross checked by the different experimentalgroups. The experiments can
be divided in terms of size, cost and complexity in two large (PHENIX2 and STAR3) and
two smaller (BRAHMS4 and PHOBOS5) projects. The purpose of each experiment is
described in Section 3.2.

Up to the time of writing of this thesis there have been six completed physics running
periods in which different species at different center-of-mass energies have been acceler-
ated and collided. Table 3.1 shows a summary of the finished physics program at RHIC
up to now. The p+p data presented in this thesis were accumulated during the third RHIC
physics running period.

3.1 RHIC as a Polarized Proton Collider

RHIC is the first and to date only high-energy polarized proton collider. With center-of-
mass energies up to

√
s= 500 GeV the collision of transversely or longitudinally polar-

ized protons can be considered as collisions of polarized quarks and gluons. This provides
the opportunity to study the spin structure of the proton andmight help to shed light on
answers to thespin puzzle(see Chapter 8). The acceleration of polarized protons up to
energies of 250 GeV requires several additional devices that help to maintain, manipu-
late and monitor polarization. RHIC employsSiberian Snakes, Spin Rotators, Spin Flip-
persandPolarimetersto meet these additional requirements [Ale03]. Figure 3.2 shows a
schematic view of the RHIC facility and the pre-acceleration chain from the point of view
of the polarized proton collider.

2PioneeringHigh EnergyNuclearInteraction EXperiment
3SolenoidalTrackerAt RHIC
4BroadRAngeHadronMagneticSpectrometer
5PHOBOS is not an acronym.
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year species
√

sNN [GeV]

Run I July - September 2000 Au+Au 130

Au+Au 200
Run II July 2001 - January 2002

p+p 200

d+Au 200
Run III December 2002 - May 2003

p+p 200

Au+Au 200

Run IV December 2003 - May 2004 Au+Au 62.4

p+p 200

Cu+Cu 200

Cu+Cu 62.4
Run V 2004/2005

Cu+Cu 22.5

p+p 200

p+p 200
Run VI 2006

p+p 62.4

Table 3.1:Summary of completed RHIC physics running periods since thebeginning in 2000 until the day

of writing of this thesis.

The polarized proton source installed at RHIC was custom-designed to meet the re-
quired intensity of each bunch. It provides protons that aretransversely polarized with re-
spect to the beam direction. The optically pumped polarizedion source (OPPIS [And79])
produces a pulse that corresponds to∼ 9×1011 polarized H−. Taking into account beam
losses from the source to the storage rings the intensity provided by the source is suf-
ficient to meet the design luminosity goal. The RHIC source was constructed at TRI-
UMF6 [Mor00]. It is an upgrade of the OPPIS source previously usedat KEK7. The
source consists of an electron cyclotron resonance (ECR) ion source in which the unpolar-
ized protons are produced. The protons pass through an optically pumped rubidium vapor
(i.e. an electron spin polarized target) in a weak magnetic field. The spin is transferred
via the hyperfine interaction from the electron to the proton. The polarized hydrogen
atoms then pick up electrons in a sodium vapor yielding H−, which are then transferred
to the LINAC8, where the H− are accelerated to 200 MeV. Before injection into the AGS
Booster the electrons of the H− beam are stripped and the polarized protons are captured

6Tri U niversityMesonFacility in Vancouver, Canada
7High Energy Accelerator Research Facility in Tsukuba, Japan
8Lin earAccelerator
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Figure 3.2: A schematic view of the RHIC facility showing all devices necessary for the acceleration of

polarized protons.

in the Booster in a single bunch. The single bunch is accelerated to 2.35 GeV and then
transferred to the AGS, where it is accelerated to 24.3 GeV. The single bunch is then trans-
ferred to one of the RHIC storage rings. The acceleration process has to be repeated for
all bunches that are to be filled into RHIC. This has the advantage that the polarization of
each bunch is prepared independently in the source. The polarization pattern in both rings
is chosen in a way that collisions with all four combinationsof polarization directions
(↑↑, ↑↓, ↓↑ and↓↓) are established in the same fill. This reduces systematic uncertainties
that would arise from fill-by-fill uncertainties. RHIC is designed to achieve and maintain
beam polarizations up to 70%.

3.1.1 Spin Dynamics and Resonances

In a storage ring like RHIC charged particles are bent on a closed orbit by dipole magnets.
The motion of a proton with chargee and massmp in a vertical magnetic guide field~B is
governed by the Lorentz force equation:

d~v
dt

= −(
e

γmp
)~B⊥×~v, (3.1)

where~v is the velocity vector of the particle andγ = E/mp is the relativistic boost.

In a perfect circular accelerator charged particles would follow a perfect closed loop,
the design orbit. In reality, the guiding magnets suffer from misalignment and imper-
fect manufacture. Because of this the actual particle orbitdiffers from thedesign orbit;
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Figure 3.3: Sketch of thedesign orbitand theimperfect closed orbitin a storage ring of a circular acceler-

ator like RHIC. In addition, a horizontalbetatron oscillationis shown. See text for explanations.

charged particles move on a so-calledimperfect closed orbit(see Figure 3.3). However,
not all particles in a beam move exactly on the imperfect closed orbit but are spread around
it. This results in transverse oscillations, so-calledbetatron oscillationsaround the closed
orbit. There are horizontal and vertical betatron oscillations. Quadrupole magnets are
used to focus the particle beam and keep these oscillations under control. Particles in the
beam not only have a spread of coordinates but also a spread ofenergy around the refer-
ence value. This leads to longitudinal oscillations, referred to assynchrotron oscillations.
The longitudinal focusing is done with electric fields in radio-frequency (RF) cavities,
which push particles depending on their time of arrival at the cavities. The RF cavities
are also used to accelerate the particles to top energy. A keyparameter in the description
of the oscillations (betatron and synchrotron) is thetune Qi . It describes the number of
oscillations a particle completes in one revolution of the orbital motion:

Qi = ωi/ω0, (3.2)

in which ωi is the frequency of the oscillation (i = x,y or s for horizontal, vertical or
synchrotron oscillations) andω0 is the revolution frequency of the particle.
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When accelerating polarized protons, it is not only necessary to control the orbital
motion but also the spin motion of the particle. While the orbital motion is negligibly af-
fected by the particle spin9 the motion of the spin depends crucially on the orbital motion,
because the particle experiences different magnetic fieldsdepending on the actual trajec-
tory. The motion of a spin vector~P of a proton in an external magnetic field is described in
the rest frame of the particle by the Thomas-Bargmann-Michel-Telegdi (Thomas-BMT)
equation [Tho27, Bar59]:

d~P
dt

= −
(

e
γmp

)

[Gγ~B⊥+(1+G)~B‖]×~P, (3.3)

whereG = 1.7928 is the anomalous magnetic moment of the proton and~B⊥ and~B‖ are
the perpendicular and parallel component of the external magnetic field with respect to
the particle’s direction of motion. Note that in Equation 3.3 the contribution from electric
fields is not considered. In a perfect circular accelerator with a uniform vertical magnetic
field the particle spins precess around the vertical axis, i.e. the direction of the guiding
magnetic field. It becomes evident from Equation 3.3 that at high energies (γ � 1) or in a
purely vertical field the parallel component of the magneticfield vanishes. A comparison
to the Lorentz force equation (Equation 3.1) then reveals that the spin precessesGγ times
around the guiding magnetic field vector, i.e. the vertical component~B⊥ of the external
magnetic field which is referred to as the stable spin direction in the accelerator, in one
full revolution of the particle orbit. This number is referred to as thespin tuneνsp = Gγ
and is the most important parameter in the description of spin evolution in accelerators.

The main issue when accelerating polarized protons to high energies (e.g. 250 GeV
at RHIC) is that the beam encounters many depolarizing resonances as the energy is in-
creased. When such a resonance is crossed, the spin vector ofthe particle is perturbed
away from its vertical direction, which results in partial or complete polarization loss.
Such depolarizing resonances are driven by horizontal magnetic fields. They occur be-
cause of magnetic field errors and misalignments and becauseof betatron and synchrotron
oscillations. Resonances that are driven by magnetic field errors and misalignments are
referred to asimperfection resonances(the spin precession is perturbed because of the
horizontal magnetic fields seen on the imperfect closed orbit). Intrinsic resonancesare
driven by horizontal magnetic fields seen in the focusing quadrupoles due to the ver-
tical betatron oscillations (which are “intrinsic” to the collider)10. In the acceleration
of polarized protons a resonance is encountered if the spin precession frequency equals

9The spin of a particle affects the orbital motion by the Stern-Gerlach force. However, at relativis-
tic energies the magnitude of the Stern-Gerlach force dropsoff very rapidly so that the orbital motion is
determined solely by the Lorentz force.

10Resonances due to horizontal betatron and synchrotron oscillations are negligible compared to the
vertical betatron oscillations and therefore are not considered here.
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the frequency (or an integer multiple of it) with which a depolarizing magnetic field is
crossed. In such a case the perturbing spin precessions can sum up coherently resulting in
polarization loss. Usually the resonance conditions are expressed in terms of the spin tune
νsp. The conditions are different for imperfection and intrinsic resonances, respectively.
Imperfection resonances arise whenever the following condition is satisfied:

νsp = Gγ = n, (3.4)

wheren is an integer. Equation 3.5 shows the resonance condition for intrinsic resonances,

νsp = Gγ = kP±Qy, (3.5)

in whichk is an integer,P is the super-periodicity (i.e. the number of identical sections of
the accelerator) andQy is the vertical betatron tune as stated before.

The loss of polarization when a depolarizing resonance is crossed depends on the
resonance strengthε and the crossing rateα and can be calculated analytically using the
Froissart-Stora formula [Fro60]:

Pf /Pi = 2e−
π|ε|2
2α −1, (3.6)

in which Pi andPf are the initial and final polarization. Two border-line cases of Equa-
tion 3.6 are very interesting: if the resonance strengthε is very small, there will be no
depolarization, i.e.Pf = Pi . If, however, the resonance is very strong, there will be
complete spin flip but no polarization loss, i.e.Pf = −Pi . If the resonance strength is
anywhere in between those two scenarios there will be loss ofpolarization. Equation 3.6
suggests two methods to preserve polarization and which areapplied in accelerators of
polarized protons: one can either reduce the resonance strength (ε very small) or cross the
resonance very quickly (makeα very large). The strength of imperfection resonances is
proportional to the distortion of the imperfect closed orbit. The distortion can be reduced
by dipole corrector magnets (harmonic orbit correction), hence minimizing the strength
of the imperfection resonance. The strength of intrinsic resonances is proportional to
the size of the vertical betatron oscillations. By a fast jump of the vertical betatron tune
(using pulsed quadrupoles to rapidly shift the tune and hence makingα very large) the
intrinsic resonances can be overcome. Both techniques wereapplied in the acceleration
of polarized protons in the AGS [Khi89]. However, because ofthe large number of (and
in part) strong resonances (the AGS is a strong-focusing accelerator), these methods are
very tedious, especially when going to even higher energieslike at RHIC. A different
approach to overcome depolarizing resonances is utilized in so-calledSiberian Snakes,
which are employed in the acceleration process of polarizedprotons at RHIC. The basic
idea of Siberian Snakes is reviewed in the following section. A comprehensive overview
on spin dynamics in accelerators can be found in [Man05a, Man05b].
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Figure 3.4: Spin track in Siberian Snakes installed at RHIC [Ale03].

3.1.2 Siberian Snakes and Spin Rotators

Siberian Snakes offer a very elegant solution to overcome all intrinsic and imperfection
resonances at once, at least in principle. The basic idea of Siberian Snakes dates back to
the late 1970’s when Derbenev and Kondratenko proposed to use magnetic fields to avoid
all resonances [Der78]. Theoretically a Siberian Snake is adevice that rotates the spin of a
particle by 180◦ around an axis in the horizontal plane11. This idea is technically feasible
because the spin and orbit rotate through different angles when traversing a magnetic field.
The origin of the name lies in the geographical region where Derbenev and Kondratenko
were working at the time they came up with the idea (Novosibirsk) and the fact that the
particle orbit wiggles like a snake in the magnetic fields. Figure 3.4 shows a simulated
spin track in the RHIC Siberian Snakes. The axis of the Snake is along thes direction.
Illustrated is the orbit as well as the spin evolution as the particle traverses the Snake.

A practical implementation of a Siberian Snake is a solenoidal magnet. The traversing
particle moves along the solenoid axis, hence the Lorentz force vanishes, which means
that there is no orbit distortion. The spin of the particle isrotated around the solenoid axis.
However, for a fixed rotation angle the required magnitude ofthe magnetic field scales
with the momentum of the particle. This means that Siberian Snakes made of solenoids
are basically only practical at low energies because of the required field strength. A
solenoidal Siberian Snake is, for instance, implemented atAmPS12 [Lui97], which is an
electron storage ring that reaches a maximum energy of 900 MeV.

Equation 3.3 implies that at high energies (γ � 1) transverse magnetic fields are more
suitable to manipulate the spin of a particle. It can be shownusing Equation 3.3 that for a
fixed spin rotation angle the magnitude of a transverse magnetic field needs only to scale

11The horizontal plane is defined by the design orbit.
12AmsterdamPulseStretcher in Amsterdam, Netherlands
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Figure 3.5: Stable spin direction in a planar ring with two Siberian Snakes (like RHIC) that are located at

diametrically opposite positions [Man05a].

like β = v/c. Therefore Siberian Snakes utilizing transverse magneticfields can be op-
erated to arbitrarily high energies without requiring unreasonably strong magnetic fields.
Due to the transverse magnetic fields the particle is subjectto the Lorentz force which
bends the particle out of the horizontal plane. However, theorbital excursion scales like
1/γ. Hence at high energies the orbital distortion in the Snake can be neglected. How-
ever, at low energies this distortion places a serious limitation on the design of transverse
Siberian Snakes. At RHIC a very sophisticated design implementing helical magnetic
fields is employed [Ale03]. The scheme of four helical magnets that eliminates orbital
excursions is used to construct Siberian Snakes as well as spin rotators [Pti95]. In a full-
twist helical magnet the field vector is transverse to the axis and rotates 360◦ around the
axis. A system of four such full-twist helical magnets is required to control both spin
rotation angle and rotation axis. The rotation axis always lies in the horizontal plane. If
the parameters of the magnets are properly chosen then the spin is rotated by 180◦ and
the excursions of the orbit vanish automatically (see Fig. 3.4).

At RHIC two Siberian Snakes are installed in each ring at diametrically opposite posi-
tions (see Fig. 3.2). Two Snakes cause the stable spin direction to be vertically up or down
(see Figure 3.5). The rotation axes of the two Snakes in each ring are orthogonal to each
other and in the horizontal plane. Calculations of the spin rotation matrix in an accelerator
with two Snakes show that the spin tune becomes independent of energy:νsp = 1

2. This
is the key property of Siberian Snakes in accelerators. In principle, the resonance condi-
tions of imperfection resonances (Equation 3.4) and intrinsic resonances (Equation 3.5)
can never be met, as long as the vertical betatron tune is not an half-integer. The fact that
with two Siberian Snakes with properly chosen parameters nodepolarizing resonances
are encountered is not entirely true. For strong resonancesthe resonance condition can
be extended over more than one orbital revolution. This leads to additional depolarizing
resonances called Snake resonances [Lee86]. The name is somewhat misleading since
Snake resonances are caused by the same spin-orbit couplingmechanisms as any other
resonance. They are simply higher order resonances. For strong intrinsic resonances,
Snake resonances can cause significant depolarization. However, by careful choice of
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the betatron tunes polarized protons can be accelerated up to 250 GeV without serious
polarization loss in RHIC [Bai05].

In the AGS the beam is accelerated up to 24.3 GeV (Gγ = 46.5). Thus, the polarized
proton bunches encounter 42 imperfection resonances from injection energy to the max-
imum energy in the AGS. With a super-periodicity ofP = 12 there are also 7 intrinsic
resonances in the AGS of which four are strong. As was stated above these resonances
used to be corrected using a harmonic orbit correction method (imperfection resonances)
and a spin tune jump method (intrinsic resonances). However, in recent years a partial
Siberian Snake has been used to avoid imperfection resonances. A partial Snake rotates
the spin by less than 180◦ around an axis in the horizontal plane. In the first three years of
operation at RHIC a warm 5% partial solenoid Snake was used inthe AGS, which means
that the spin was rotated by 9◦ around the solenoid axis. This rotation angle13 is sufficient
to induce complete spin flip at every imperfection resonance(the partial Snake effectively
makes the imperfection resonance stronger [Ros89]). A partial Snake does not eliminate
intrinsic resonances. Therefore, in addition to the the partial Snake a RF dipole is installed
in the AGS which drives the intrinsic resonances, increasing their strength, which then in-
duces complete spin flip at all intrinsic resonances. The longitudinal magnetic field in a
solenoid introduces coupling of the vertical and horizontal betatron oscillations because
of the Lorentz force, which in turn reduces the polarizationdue to coupling resonances.
Therefore, in 2004, a warm helical partial Snake (∼7% partial Snake) was installed in
the AGS, which removes the transverse coupling resonances.In 2005, a superconducting
20% partial Snake was installed in the AGS, which will help toeliminate the intrinsic
resonances in the future making the RF dipole obsolete.

As seen in Figure 3.5 the stable spin direction in RHIC is transverse to the beam
direction (vertically up or down). In order to study collisions of longitudinally polarized
proton collisions the spin must be rotated to the longitudinal direction. This is achieved by
Spin Rotatorswhich are constructed out of four helical magnets similarlyto the Siberian
Snakes, only the chirality and the strength of the magnetic fields have to be adjusted dif-
ferently. The two large experiments STAR and PHENIX have such spin rotators installed
before and after the interaction region in order to have the ability to rotate the spin from
the transverse to the longitudinal direction and back (see Figure 3.2). In order to monitor
the polarization direction both experiments have the capacity to measure the direction of
the beam polarization independently.

13The strength of the imperfection resonances basically determines by how much the spin must be rotated
in the partial Snake in order to avoid depolarization.
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3.1.3 Spin Flippers

In RHIC the chosen polarization pattern (↑↑↓↓ and↑↓↑↓) in both rings ensures that col-
lisions with all four possible combinations of polarization direction occur in the same
beam store, which drastically reduces systematic errors which would arise from different
beam stores. However, a pair of bunches would still cross always with the same polariza-
tion combination during the whole lifetime of a beam store. If there are any correlations
between a bunch and its polarization direction this could introduce additional systematic
errors. In order to minimize such systematic errors a so-called Spin Flipperis installed
in each ring at RHIC. A Spin Flipper involves an alternating current (AC) dipole magnet.
One of the Siberian Snakes is used to detune the spin tune (move νsp away from 0.5)
and the AC dipole is then used to induce complete spin flip at the resonance. The spin
direction of each bunch must be flipped frequently during thelifetime of a beam store in
order to reduce potential systematic uncertainties. The Spin Flipper can also be used to
measure the spin tune of the accelerator.

3.1.4 Polarization Measurement

Polarization of the proton beams is monitored throughout all stages of acceleration and
storage in RHIC and its injection chain. This is necessary tolocate the origin of possi-
ble polarization loss during acceleration. Only the polarimeters installed to measure the
polarization in the two RHIC storage rings will be discussedhere.

Fast (< 10 sec) measurement of the vertical polarization of the two beams is obtained
using a proton-carbon (pC) polarimeter in each ring. The technique is based on the known
analyzing powerApC

p (ApC
p ≈ 0.04 [Ale03]) in the elastic scattering of polarized protons

in a carbon target in theCoulomb-nuclear interference(CNI) region [Jin04b]. This kine-
matic region is characterized by the interference of the electromagnetic (Coulomb) and
hadronic (nuclear) transfer amplitudes in the elastic scattering. A theoretical description
of the CNI in hadronic reactions at high energies can be foundin [Bou77].

The analyzing power is related to a left-right asymmetry of the elastic pC scattering
in the scattering plane perpendicular to the beam polarization. The beam polarizationP
is calculated from the measured number of left and right scattersNL andNR (normalized
by luminosity):

P =
1

ApC
p

NL −NR

NL +NR
. (3.7)

For pC elastic scattering in the CNI region at very high beam energies (above a few
GeV) the proton is scattered in the forward direction at verysmall angles. Since the
measurement of the forward scattered proton would drastically influence the proton beam
it is necessary to measure the recoiled carbon nuclei in order to identify elastic scattering.
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A very thin ribbon carbon target is used at RHIC, so that the low energy (only hundreds
of keV kinetic energy) recoil carbon can leave the target andbe detected in silicon strip
detectors.

Before the 2004 run the pC CNI polarimeters were calibrated at a beam energy of
22 GeV. The AGS E950 experiment [Toj02] measured the analyzing power of pC elas-
tic scattering in the CNI region (based on the analyzing power of elastic p+p scat-
tering) to within±30% accuracy14. The energy dependence ofApC

p is expected to be
small [Tru02]. Hence at 100 GeV beam energy the same analyzing power was applied
(ApC

p (100) ∼ ApC
p (22)). However, since the uncertainty of the analyzing power directly

translates into the uncertainty of the beam polarization the measured polarization could
not be better known then±30%. Therefore in 2004 a polarized proton-jet target po-
larimeter was installed and commissioned at RHIC. This device can measure the absolute
polarization with an uncertainty of±5%. The underlying method is based on elastic p+p
scattering in the CNI region. Since beam and target particles are identical the beam po-
larization can be directly expressed in terms of the target polarization allowing absolute
measurement of the polarization of the proton beam. However, since the interaction rate
in the hydrogen-jet target is very low, the hydrogen-jet polarimeter is not suitable as a fast
polarization monitor. Therefore it is used to calibrate thepC CNI polarimeter which are
used to monitor beam polarization. The measurement of the beam polarization utilized
in the analysis of the double helicity asymmetry inπ0 production presented in this work
(see Chapter 9) depends on the polarized proton-jet target calibration at 100 GeV beam
energy [Jin04a].

In addition to the polarimeters that measure the absolute polarization there are local
polarimeters installed at the two large experiments, PHENIX and STAR, that allow the
experimentalists to set up the spin rotators and to monitor the relative polarization at the
point of collision. The measurement is based on the left-right asymmetry (in the plane
normal to the beam direction) of the production of neutrons at very forward angles in col-
lisions of transversely polarized protons, which was discovered in the 2003 run [Baz03b].
The large analyzing power (∼−0.11) for transversely polarized protons disappears when
the polarization is rotated from the vertical to the longitudinal direction, hence allowing
the experimentalists to monitor the effect of the spin rotators.

3.2 Experimental Program at RHIC

Four major experiments are installed at four of the six intersection regions (IR) at RHIC:
BRAHMS, PHOBOS, STAR and PHENIX. Their locations in RHIC aredepicted in Fig-

14The error combines statistical and systematic uncertainties [Toj02].
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Figure 3.6: Sketch of the BRAHMS detector [Ada03].

ure 3.1 and 3.2. While PHOBOS only conducts heavy-ion physics, all three other ex-
periments also have a dedicated program to study spin physics. A smaller experiment,
PP2PP, was installed in 2002 at the same IR as BRAHMS. Its purpose is to study elas-
tic scattering of polarized protons. In the following a brief description of the layout
and design of BRAHMS, PHOBOS and STAR is given. The PHENIX experiment is
described in more detail in Chapter 4. A summary of the results obtained by the four
collaborations in the first three years of RHIC operation is given in the so-calledWhite
Papers[Ars05, Bac05, Ada05, Adc05].

3.2.1 BRAHMS

The majority of particles produced in heavy-ion and proton-proton collisions have trans-
verse momenta in the soft physics regime, where techniques of pQCD are not applica-
ble for the description of the interaction. The BRAHMS detector is designed to study
the bulk particle production in this kinematic regime to better understand the underlying
physics [Ada03]. A schematic layout of the BRAHMS detector is shown in Figure 3.6.
It consists of two separate spectrometer arms which are independently movable. Even
though both spectrometers have small solid angles a broad coverage in rapidity (y≈ 0−4)
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Figure 3.7: Sketch of the PHOBOS detector [Bac03].

is obtained by systematic repositioning of the two arms. Thespectrometers are equipped
with detectors that provide good particle identification and high momentum resolution.

3.2.2 PHOBOS

The PHOBOS detector is the only experiment that is located inside the RHIC tunnel. It
is designed to study the global event characteristics of ultra-relativistic heavy-ion colli-
sion [Bac03]. In order to achieve this, the detector is equipped with a multiplicity detector
that provides almost complete coverage of the solid angle (pseudorapidity|η| < 5.4 and
almost 2π in azimuth) and two spectrometer arms for the detailed analysis of charged
particles at lowpT with good momentum resolution. A schematic layout of the PHOBOS
detector is shown in Figure 3.7. PHOBOS finished taking data in 2005.

3.2.3 STAR

The STAR detector was primarily designed to study high-density QCD in ultra-relativistic
nucleus-nucleus collisions and to search for signatures ofthe Quark-Gluon Plasma
(QGP) [Ack03]. While this is also true for the PHENIX detector, the design of the STAR
experiment is rather different compared to PHENIX (see Chapter 4). The STAR detector
features subsystems for high precision tracking, momentumanalysis and particle identifi-
cation at mid-rapidity especially suitable for the measurement of hadron production over
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Figure 3.8: Sketch of the STAR detector [Ack03].

a large solid angle. More specifically the STAR physics program focuses on the measure-
ment of global observables on an event-by-event basis and the measurement of high-pT

particles that emerge from hard-scatterings. An event-by-event analysis is possible since
the charged particle multiplicity is very large at mid-rapidity in heavy-ion collisions at
RHIC (dN/dy∼ 1000). In order to accomplish the physics objectives, the key subsystem
of the STAR detector is a large volume Time Projection Chamber (TPC) with a diameter
of 4 m and a length of 4.2 m. The TPC covers almost four units in rapidity (|η| ≤ 1.8) and
full azimuth (∆φ = 2π). A schematic layout of the STAR detector is shown in Figure 3.8.
In addition to the heavy-ion physics program STAR has a dedicated spin physics program.
Its focus is on the detailed measurement of the spin structure of the proton. Especially the
contribution of the gluon spin to the total spin of the protonis investigated. Finally STAR
studies ultra-peripheral nucleus-nucleus collisions, inwhich the nuclei do not collide but
interact via longer ranged forces that couple coherently tothe nucleons.



4. The PHENIX Experiment

The data analyzed in this thesis was accumulated with the PHENIX detector. PHENIX
is the second large scale experiment at RHIC in terms of size and cost besides STAR.
The detector is about∼ 11 m high with a length of∼ 18 m and a diameter of the central
arms of∼ 12 m. In the following, basic information on the PHENIX setupand the major
physics goals as formulated at the beginning of the PHENIX project are outlined. A more
comprehensive overview of the physics motivation and the detector layout can be found
in [Adc03b] and references therein.

4.1 Physics Goals of PHENIX

The PHENIX detector was designed to study several fundamental aspects of the strong
interaction in ultra-relativistic heavy-ion collisions and especially search for signatures of
the QGP. Unlike STAR the focus of PHENIX measurements is not primarily limited to
hadron production. Instead a key feature of the PHENIX detector is the measurement of
leptons and photons with high precision.

From the initial parton-parton collisions, over the onset of deconfinement to the for-
mation of the hadronic phase there are a number of interesting phases in the evolution of
heavy-ion collisions at RHIC. PHENIX is sensitive to hadronjets that are created in hard-
scatterings and which are subject to strong interactions with the surrounding medium and
therefore are sensitive to medium effects. Deconfinement and chiral symmetry restoration
is probed via the measurement of vector mesons, which decay into lepton pairs. The ex-
pansion of the fireball after hadronization is measured by Hanbury-Brown-Twiss (HBT)
correlations. p+p as well as d+ Au collisions are also studied by PHENIX in order to
investigate the contribution of hard scattering and effects of cold nuclear matter. This
information is crucial for the interpretation of the data obtained in heavy-ion collisions.

Direct photons are produced throughout all stages of ultra-relativistic heavy ion-
collisions (refer to [Sta05] for a recent review of direct-photon production in heavy-ion
collisions). Since photons interact only electromagnetically they leave the medium almost
unaltered. Hence they provide unmodified information on allstages of the evolution of
the collisions. Moreover, direct-photon production in p+p provides an excellent tool to
test perturbative QCD and to study the gluon density in the proton (see Chapter 6).

Another major physics goal of the PHENIX experiment is the investigation of the
spin structure of the nucleus. Ultimately, the contribution of the gluon polarization to

33
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the proton spin will be measured via the direct-photon channel. The polarization of an-
tiquarks will be measured via the parity-violating asymmetry of W production beyond
pT = 20 GeV/c.

4.2 PHENIX Detector Setup

In order to tackle the ambitious physics program PHENIX was designed as a diverse hy-
brid detector which incorporates several types of detection techniques in order to measure
both charged and neutral particles in a large multiplicity environment.

The layout of PHENIX as employed in Run III is shown in Figure 4.1 and 4.2. The
detector consists of four spectrometers and a set of global subsystems. Two central spec-
trometers are arranged like a barrel around the beam axis at mid-rapidity (|η|< 0.35) and
cover an azimuthal angle of∆φ = 2×90◦. The subsystems of the central spectrometers
are designed to measure electrons, charged hadrons and photons. Two spectrometers for
the detection of muons are positioned up- and downstream (north and south of the inter-
action point). They cover a pseudo-rapidity range of−2.25 < η < −1.15 (South) and
1.15< η < 2.44 (North) and full azimuth (∆φ = 360◦).
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In the following basic information on the configuration of the PHENIX detector in the
third year of physics running is given.

4.2.1 PHENIX Magnets

Momentum analysis of charged particles in PHENIX requires large magnetic field vol-
umes to cover the pseudo-rapidity and azimuthal range of thedetectors. Three spectrom-
eter magnets were developed for PHENIX: a central magnet (CM) and two muon magnets
(MM) for the north and south muon spectrometers, respectively [Aro03].

The central magnet consists of two sets of circular coils (inner and outer coil -
see black squares in Figure 4.2) in the north and south pole faces that create an axial
field along the beam axis. Although the resulting magnetic field is not as uniform as
a solenoidal field this configuration is preferable since it places no mass in the aper-
tures of the central spectrometer arms. The currents and polarity in the inner and outer
coils can be set independently, so that the magnetic field integral can be adjusted at
0.43 Tm <

∫

BdR < 1.15 Tm in the radial direction (R is the distance from the beam
axis). The design also allows to minimize the magnetic field integral near the beam axis
(R≈ 0 m) which is desirable for detectors in this radial region tomeasure low momentum
electrons. The residual magnetic field integral outside themagnet and the Drift Chamber
(DC) (R > 2.4 m) is less than 0.01 Tm which is important for the performance of the
photomultiplier tubes of theRing Imaging Cherenkov Counter(RICH) and theElectro-
magnetic Calorimeter(EMCal).

The muon magnets create a radial magnetic field that forces charged particles on a
helix-like trajectory. The magnetic field integral is roughly proportional to the polar angle
Θ (
∫

Bdl = 0.72 Tm atΘ = 15◦) which is a desirable feature since the momentum of
muons in the acceptance of the muon spectrometers is also roughly proportional toΘ.
The design of the muon magnets is shown in Figure 4.2. The south magnet is∼ 1.5 m
shorter than the north magnet and movable in order to allow access to other detector
components. The influence on the beam particles is minimal. The muon tracker (MuTr)
is mounted on and inside the muon magnets as shown in Figure 4.2. The back plates of
the two magnets are made of low-carbon steel and are 20 cm and 30 cm thick for the south
and north magnet, respectively. The plates form the first of several absorber layers of the
muon identifier (MuID).

4.2.2 Global Detectors

In the analysis of heavy-ion collisions as well as elementary p+p collisions it is important
to measure the global event characteristics. For instance the point of interaction (vertex)
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and the timing information have to be known. Moreover, the evolution of heavy-ion col-
lisions crucially depends on the geometry of the collision.Thus the impact parameter or
centrality of the collision must be determined. In PHENIX the global event characteristics
are measured by a number of subsystems [All03].

A detector which is common to all four major experiments at RHIC is theZero-Degree
Calorimeter(ZDC) [Adl03a]. It is located along the beam line on both sides of the nom-
inal interaction point (at±18.25 m). These hadron detectors measure spectator neutrons
at very forward angles and provide centrality, vertex and luminosity information.

The Beam-Beam Counter(BBC) in PHENIX measures the time of the interaction
which is crucial for the time-of-flight measurement, provides vertex information and
serves as a minimum bias trigger, which defines an inelastic collision in PHENIX. Com-
bined with signals from the ZDC the BBC also provides information on the centrality of
the collision. The BBC consists of two identical sets of quartz Cherenkov Counters which
are placed on both sides of the interaction point. The counters are positioned at±1.44 m
away from the nominal collision vertex and surround the beampipe. The BBC measures
charged particles in a pseudo-rapidity range of 3.0 < |η| < 3.9.

The Multiplicity/Vertex Detector(MVD) was designed to measure fluctuations in
charged particle distributions and provides global information on charged particle mul-
tiplicity and vertex position. The subsystem consists of silicon strip and silicon pad de-
tectors which together cover a pseudo-rapidity region of|η|< 2.64. However, for the data
set analyzed in this thesis the MVD did not provide any valuable vertex information.

In the measurement of p+p collisions the average multiplicity is considerably smaller
than in Au+Au collisions. Because of this and due to its small acceptance the BBC can
measure only a fraction of the total inelastic cross sectionin p+p. TheNormalization
Trigger Counter(NTC) was designed and installed between the end caps of the MVD and
the central magnet pole tips to increase the coverage of the BBC. The subsystem consists
of two identical fiber-readout scintillation counters located on either side of the interaction
point. The NTC can reduce the error in the total inelastic p+p cross section significantly
but was not used during Run III.

4.2.3 Central Arm Spectrometers

The central detector consists of two independent spectrometer arms (East and West),
which are slightly different in design. The arms comprise subsystems for charged particle
tracking and particle identification (PID). The setup of thetwo central arms as employed
during the third year of RHIC physics running is shown in Figure 4.1.
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Particle Tracking

The PHENIX central arm tracking system utilizes the information provided by three de-
tector subsystems [Adc03a]. It is optimized to track charged particles at low momentum,
where the bulk of charged hadrons is produced.

TheDrift Chamber(DC) is located closest to the point of interaction. It is mounted at
a radial distance of 2.0-2.4 m where the magnetic field of the CM has a maximum strength
of 0.06 T, which is too small to significantly deflect high-energetic charged particles in
the DC. Two identical cylindrically shaped DC systems are located in the west and the
east arm of the detector. They cover a pseudo-rapidity rangeof |η| < 0.35 and 90◦ in
azimuthal direction. Each system comprises 20 identical sectors covering∆φ = 4.5◦ in
azimuth. Each sector consists of a gas volume and different types of wire modules that
provide information for track reconstruction in ther −φ direction. The momentum of a
charged particle is determined by comparing tracks in the DCto the vertex of the colli-
sion. Furthermore, the DC information allows the reconstruction of the invariant mass of
particle pairs and provides position information for pattern recognition.

ThePad Chamber(PC) system consists of three layers (PC1, PC2, PC3) in the west
arm and two layers (PC1, PC3) in the east arm. The layers are mounted outside the
magnetic field, where the tracks of charged particles are straight lines. PC1 is located just
behind the DC. PC2 is mounted behind the RICH in the west arm and PC3 is located in
front of the EMCal. The PC system consists of multiwire proportional chambers which
are composed of anode wires inside a gas volume bounded by cathode planes. One of
the cathode planes is finely segmented into readout pixels that provide good position
resolution. Therefore the PC system provides three-dimensional space points throughout
the PHENIX detector which correlate signals in RICH, TEC andEMCal to momentum
measurements in the DC. Since the PC3 is located in front of the EMCal hits in the PC3
can be correlated to hits in the EMCal which allows the removal of the charged particle
background from the photon sample measured with the EMCal (see Section 7.3.2).

A Time Expansion Chamber(TEC) is installed in the east arm between the RICH and
PC3. It measures all tracks of charged particles that pass through the RICH and EMCal
in ther −φ direction. The PHENIX TEC consists of four sectors each covering ∆φ = π/8
in azimuth. Each sector consists of six multiwire tracking chambers in succession. The
gas volume of a multiwire chamber comprises a drift region and an amplification region.
Beside its tracking capabilities the TEC also measures the energy loss of charged particles
in the gas. The dE/dx signal helps to separate electrons from pions in the momentum
region 0.2 < pT < 2.5 GeV/c. Before Run III the TEC was upgraded by adding radiators
just in front of the drift region. The transition radiation created in the radiators by fast
electrons can help to discriminate electrons from pions up to tens of GeV/c in transverse
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momentum with good efficiency. However, the transition radiation has not been utilized
in PHENIX data analyses yet.

Particle Identification

Besides the TEC two other subsystems contribute to the particle identification in the cen-
tral arms of PHENIX [Aiz03].

The RICH is the primary system for the detection of electronsin PHENIX. Charged
particles emit Cherenkov light in a medium if they have a velocity larger than the speed
of light in that medium. Two RICH systems are installed in thePHENIX detector behind
PC1, one in the east and one in the west arm, respectively. Each system has a gas volume
of 40 m3 and covers the complete acceptance of the PHENIX central spectrometers. The
gas (CO2) in the RICH is chosen in such a way that the threshold for Cherenkov light
emitted by pions is abovepT = 4 GeV/c. The Cherenkov light is focused by spherical
mirrors on photomultiplier tubes in theφ− z direction. The phototubes have magnetic
shielding that allows operation in magnetic fields with a maximum of 0.01 T. The central
magnet is designed to keep the strength of the magnetic field below this limit outside the
DC. By combining the information from RHIC, TEC and EMCal theprobability of false
identification of pions as electrons is kept below 0.01% for transverse momenta below the
pion Cherenkov threshold.

A Time-of-Flight(ToF) counter is used to identify charged hadrons, which carry basic
information of the matter produced in the collision. The ToFsystem consists of ten panels
each divided into 96 segments. Each segment is composed of a plastic scintillator oriented
in ther −φ direction and photomultiplier tubes at both ends. The ToF counter is mounted
in the east arm in front of the PbGl calorimeter and covers a pseudo-rapidity range of
|η| < 0.35 and 45◦ in azimuth. The track of a charged particle is reconstructedusing DC
and PC1 information. The start time is provided by the BBC andthe stop time is measured
by the ToF. The achieved timing resolution is∼100 ps. This allows good separation of
pions and kaons up to 2.4 GeV/c and kaon/proton separation up to 4.0 GeV/c. The
particle identification of charged hadrons is supported by the time-of-flight measurement
of the lead-scintillator calorimeter which covers the remaining acceptance of the central
arms (see Section 5).

Electromagnetic Calorimeter

For the detection of photons the EMCal is installed at a radial distance of about 5 m in the
central arms of PHENIX. The EMCal is crucial for the measurement of direct photons and
neutral pions (π0’s) and is the major detector subsystem which provided the data analyzed
for this thesis. The PHENIX EMCal is described in more detailin Section 5.
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4.2.4 Muon Spectrometers

The production of vector mesons (J/Ψ, ϒ, φ, ...) in ultra-relativistic heavy-ion collisions is
expected to be influenced by the created hot and dense hadronic matter if deconfinement
and/or chiral symmetry restoration are established. Vector mesons can be measured via
their decay into lepton pairs, i.e. e+e− andµ+µ−. Leptons such as electrons and muons
do not interact strongly with the matter and hence provide information without being sub-
ject to strong final state interactions1. While e+e− pairs are measured by the central arm
spectrometers of PHENIX the detection of muons is accomplished by two muon spec-
trometers mounted in the forward rapidity region in the north and south arm of PHENIX
as shown in Figure 4.2 [Aki03]. The muon spectrometers are designed to measure muons
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Figure 4.2: Side view of the PHENIX detector layout in Run III.

in the rapidity range|η| ≈ (1.2−2.4). They provide full azimuthal coverage resulting
in a geometric acceptance of approximately 1 sr. Each spectrometer tracks and identifies
muons while rejecting other hadrons such as pions and kaons with good efficiency. The
spectrometers consist of a Muon Tracker followed by a Muon Identifier.

The MuTr is mounted inside the radial magnetic field of the conical-shaped muon
magnets (see Section 4.2.1). It consists of three so-calledstationswhich all have the
shape of octants. Each station is equipped with multiplane drift chambers. The cathode
planes are designed to provide a spatial resolution of∼ 100µm which facilitates a mass
resolution of muon pairs of 6%/

√
M whereM is the invariant mass of the muon pair in

GeV/c2. This is in principle sufficient to separateρ/ω, φ, J/Ψ, Ψ′, ϒ andϒ′.

1Muons are not only interesting because of the decay of vectormesons into muon pairs. Also the Drell-
Yan process as well as the production of the weak Z and W± bosons can be studied via the detection of
muon pairs and single high-pT muons, respectively.
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Charged pions have a relatively long life time and thereforemay be misidentified
as muons in the muon arms. Because of the copious production of pions in heavy-ion
collisionsπ± constitute the major contribution to the background. The design criterion of
the PHENIX detector for the misidentification of pions as muons is set to 2.5×10−4. In
order to achieve this, the MuID consists of several alternating layers of steel absorbers and
detector planes. The backplate of the MuTr, which is made of 30 cm (north) and 20 cm
(south) steel, respectively, serves as the first absorber layer of the MuID system. Because
of the backplates and the material budget in the central armsand MuTr only muons with
energies> 1.9 GeV/c reach the MuID in the first place. For the muon to penetrate the
MuID completely a minimum energy of 2.7 GeV is required. There are five gaps between
the absorber layers which are equipped with streamer tubes (Iarocci tubes [Iar83]) which
are operated in proportional mode. The tubes are oriented horizontally and vertically in
panels to provide spatial resolution in thex- andy-direction. Each gap is equipped with
six panels (four large and two small ones) which cover the stated geometric acceptance.

The south muon arm was ready for data taking in 2001 for the second period of physics
running, while the north arm was commissioned prior to Run III.



5. The Electromagnetic Calorimeter

A key feature of the PHENIX detector is its capacity to measure photons and elec-
trons with high spatial and energy resolution up to large transverse momenta (pT >

10 GeV/c). This is accomplished by a finely segmented Electromagnetic Calorimeter
(EMCal) [Aph03] which covers the complete geometric acceptance of the central arms of
the PHENIX detector (see Figure 4.1). Originally calorimeters were developed to measure
the total heat of e.g. chemical reactions1. In high-energy physics calorimeters measure
the deposited energy by total absorption of the particle. Electromagnetic particles such
as electrons and photons deposit their energy via electromagnetic showers. Depending
on the type of calorimeter the shower energy is transformed into a measurable quantity
(charge or light) in the active part of the calorimeter. The basic principles of calorimeters
as particle detectors in high-energy physics are describedin Section 5.1 and 5.2.

The EMCal system in PHENIX is divided into eight sectors, each covering an az-
imuthal range of∆φ = 22.5◦ and∆η = 0.7 in pseudo-rapidity. The good spatial resolu-
tion is achieved by the high segmentation in rapidity and azimuthal direction (δη×δφ ≈
0.01×0.01). Two different detector types are utilized in the PHENIXEMCal, six sec-
tors of a lead-scintillator sampling calorimeter (PbSc) and two sectors of a lead-glass
Cherenkov calorimeter (PbGl). The PbSc is installed at a radial distance of∼ 5.1 m be-
hind the PC3 (two sectors in the east and four sectors in the west arm), while the PbGl
is located behind the TOF at a radial distance of∼ 5.4 m (both sectors in the east arm).
The EMCal subsystems are based on different detection principles (see Section 5.2). This
results in differing linearity, response to hadrons and shower shape and hence in differ-
ent systematic characteristics. The advantage of having two calorimeters with different
systematics within the same experiment allows internal cross checks and increases the
confidence in the physics results and corresponding uncertainties.

Besides the measurement of single photons or electrons the characteristics of the
PHENIX EMCal allow the measurement of neutral mesons (such as the neutral pion (π0))
via reconstruction of their invariant mass from photon or e+e− pairs, respectively, since
single showers of the decay products can be identified up to very high pT. This is cru-
cial for the background determination in the analysis of direct photons. Moreover, since
charged as well as neutral particles deposit at least a fraction of their energy in the EM-
Cal the calorimeter can be used to measure the transverse energy ET of the reaction.
The excellent timing resolution of the EMCal, in particularof the PbSc, allows time-
of-flight measurements to distinguish photons and electrons from hadrons. Finally, like

1calor (Latin) = heat

41
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all calorimeters, the EMCal provides fast information on particle energy, shower profiles
etc. and therefore is highly suitable for the trigger system. Data recorded by the EM-
Cal provides the major information for the analysis of direct photons and neutral pions at
mid-rapidity presented in this work.

5.1 Electromagnetic Showers

In order to understand the detection mechanism of photons and electrons in electromag-
netic calorimeters it is important to understand the evolution of electromagnetic showers
in materials with high atomic numberZ. In matter high-energy photons primarily un-
dergo pair production (γ → e+e−, Compton scattering and photo-electric absorption are
negligible in this energy regime). The created high-energyelectrons and positrons pre-
dominantly lose energy in matter via the emission of bremsstrahlung [Fab03]. The cross
sections of bremsstrahlung and pair production depend on the radiation lengthX0 of the
material which depends on the characteristics of the atomicspecies [Yao06]:

X0(g/cm2) ' 716.4 g cm−2A

Z(Z+1)ln(287/
√

Z)
, (5.1)

whereA is the atomic weight of the material.X0 denotes the mean distance over which
a high-energy electron loses all but 1/e of its energy by bremsstrahlung and 7/9 of the
mean free path for pair production by a high-energy photon, i.e. 1− e−7/9 ≈ 54% of
high-energy photons undergo pair production along a track of lengthX0.

An electromagnetic shower is either initiated by an high-energy photon or elec-
tron. The primary particle entering the medium either undergoes pair production or
bremsstrahlung emission. If the energy of the secondary particles is sufficiently large
they continue to undergo bremsstrahlung emission and pair production, respectively, pro-
ducing even more secondary particles with degraded energy.Depending on the energy
of the primary particle, these processes recur many times resulting in an electromagnetic
cascade. The secondary particles in the cascade are referred to as shower particles. Fig-
ure 5.1 illustrates how a typical electromagnetic shower could evolve in a high-Z medium.
At a certain shower depth the number of secondary particles produced per unit path length
reaches a maximum. After this point the number of secondaries decreases quickly. This
change marks the termination of the electromagnetic showerand is characterized by the
critical energyEC in the absorber at which the electrons start losing energy byionization
and atomic excitation rather than generation of secondaries by bremsstrahlung emission.
EC can be approximated in solids byEC ' 610 MeV

Z+1.24 [Fab03]. For leadEC ∼ 7 MeV.
The depth of the shower maximum in units of the radiation length can be approximated
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Figure 5.1: Schematic illustration of an electromagnetic shower cascade in a high-Z medium. The primary

high-energy photon decays into e+e− which subsequently emit bremsstrahlung radiationγbr, etc. Also the

emission of Cherenkov photonsγCh by the charged particles in matter is indicated.

by [Yao06]:
Xmax

X0
' ln

(

E0

EC

)

+C (5.2)

whereE0 is the energy of the primary particle andC = ±0.5, + for photons and− for
electrons/positrons. Eq. 5.2 reflects the logarithmic relation of the primary energy and the
required thickness of the calorimeter to absorb the electromagnetic shower.

The shape of electromagnetic showers, described by the longitudinal and lateral
spread, have characteristic properties that can be exploited to distinguish photons and
electrons from hadrons. Since the spread of the shower depends on the material prop-
erties the length units are usually given in terms ofX0 in order to have a material in-
dependent description. While the longitudinal spread (Equation 5.2) is governed by the
high-energy part of the shower the lateral spread is determined by multiple scatterings of
low-energy electrons away from the shower axis2. The lateral extension of the shower
can be described fairly accurately in terms of theMolière radius RM [Yao06]:

RM ' X0

(

Es

EC

)

, (5.3)

whereEs = 21 MeV is the so-called scattering energy.RM describes the average lateral
deflection of electrons at the critical energy along a path length ofX0. On average 95% of

2The opening angle of e+e− and photons from bremsstrahlung are negligibly small.
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the shower energy is contained in a cylinder with radius 2RM (in homogeneous calorime-
ters). For reasonable position measurements of the shower the size of the segmentation of
the calorimeter must be comparable toRM.

The number of secondary particles created in an electromagnetic shower is directly
proportional to the energy of the primary particle. By measuring the signal produced by
the shower particles the energy of the incident particle canbe determined. Depending on
the type of calorimeter the signal is, for instance, the light produced in a scintillator, the
charge produced in a gas or the number of Cherenkov photons produced in the medium3.

Though strongly interacting particles virtually do not lose energy by bremsstrahlung
they also induce showers as they traverse a medium. However,the shower evolution is
primarily determined by hadronic interactions. Hadronic showers are characterized by
a number of inelastic hadronic interactions of the primary and secondary hadrons with
nuclei of the absorber material from which new particles emerge4. In analogy to the
radiation length the nuclear absorption lengthλa defines the distance after which 1−
e−1 ≈ 63% have suffered an inelastic nuclear interaction. Similar to the Molière radius
the lateral expansion of hadronic showers can be described in terms ofλa: 95% of the
total energy is deposited in a cylinder of radiusλa. The evolution of hadronic showers
is much more complex than that of electromagnetic showers. On the one hand inelastic
hadronic interactions implies a variety of processes such as particle production, spallation,
fission etc. On the other hand charged particles that do not suffer hadronic interactions
lose a small fraction of their energy by ionization, which isdescribed by the Bethe-Bloch
formula. Such charged hadrons are referred to asminimum ionizing particles(MIP). Their
energy loss is constant over a wide range of energy. In addition, the situation is further
complicated by leptonic decays of neutral mesons such as neutral pions and etas which
introduce an electromagnetic part to the hadronic shower. In electromagnetic calorimeters
the nuclear absorption length is usually large compared to the radiation length. Therefore
hadrons deposit only a small fraction of their energy in the calorimeter. Because of the
different scales for electromagnetic and hadronic showersin a specific material (X0 and
λa) electromagnetic showers show significantly smaller spread in longitudinal and lateral
direction than hadronic showers for comparable primary particle energies.

3Cherenkov photons (also indicated in Figure 5.1) are emitted when charged particles such as electrons
and positrons traverse a medium at a velocity larger than thespeed of light in that medium. While the
energy loss by Cherenkov radiation is negligible, the number of Cherenkov photons produced in the shower
is linearly connected to the total track length of electronsand positrons in the cascade, which in turn is
linearly connected to the energy of the primary particle. Hence the number of Cherenkov photons provides
a direct measure of the energy of the primary electron or photon.

4Elastic interactions do not contribute to the shower since they do not produce any secondary particles.



5.2 Types of Electromagnetic Calorimeters 45

5.2 Types of Electromagnetic Calorimeters

There are basically two types of calorimeters: homogeneousand sampling calorimeters.
In homogeneous calorimeters the entire volume of the detector consists of active medium,
i.e. the electromagnetic shower evolves in the same medium which accounts for the sig-
nal generation. Such calorimeters are built from heavy (high-Z) materials which enhance
the development of the electromagnetic shower. The chosen medium is either a scintil-
lator, a gas or a Cherenkov radiator which converts the deposited energy into a signal
that is related to the energy of the primary particle. Homogeneous calorimeters provide
the best possible energy resolution, which is due to the factthat the whole energy of an
incident particle is deposited in the active medium. The intrinsic energy resolution is de-
termined by the statistical fluctuations of the number of shower particles. The resolution
is worsened by effects likeleakageandattenuation. Because of the limited size of the
calorimeter a high-energy photon or electron might not deposit all its energy in the ac-
tive medium (leakage). Scintillation and Cherenkov photons have to travel some distance
in the calorimeter before detection and might be absorbed along the way (attenuation).
Both effects depend on the actual position of the shower in the calorimeter and therefore
affect the energy scale in a non-linear way. Such non-linearity effects have to be consid-
ered in the energy calibration of the data (see Section 7.2.1). Homogeneous calorimeters
are solely employed as electromagnetic calorimeters. The PbGl calorimeter installed in
PHENIX and described in Section 5.3 is a homogeneous Cherenkov calorimeter.

In sampling calorimeters passive and active medium are separated from each other,
i.e. the evolution of the shower cascade mainly takes place in a high-Z absorber (passive
material) and the signal is created in a scintillator, semiconductor, etc. (active medium).
This has the advantage that both materials can be independently optimized for the re-
quirements in the experiment. Hadronic calorimeters are usually sampling calorimeters
because they allow to combine heavy absorbers and very compact design. For the same
reason sampling calorimeters are less expensive than comparable homogeneous calorime-
ters. However, the intrinsic energy resolution of samplingcalorimeters is worse. Since
only a small part of the shower energy is deposited in the active medium, the energy reso-
lution suffers from so-called sampling fluctuations. They arise because the distribution of
the energy deposit among absorber and active medium differsfrom event to event. This
introduces a significant contribution to the uncertainty ofthe energy measurement. Of
course, sampling calorimeters are subject to non-linearity effects just like homogeneous
calorimeters. A conventional design of a sampling calorimeter is implemented in the
PHENIX PbSc where layers of active and passive materials alternate in a sandwich-like
structure (see Section 5.4).
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Figure 5.2: Exploded view of a PbGl supermodule showing all relevant components [Aph03].

A recent overview of calorimetry in high-energy particle physics giving more details
on different designs and energy resolution can be found in [Fab03].

5.3 The Lead-Glass Calorimeter

The PbGl calorimeter was used successfully in the CERN experiment WA98 before it
was disassembled and shipped to BNL where it was installed inthe PHENIX experiment.
Many design features were chosen to meet the requirements ofboth experiments. The
PbGl calorimeter is a homogeneous Cherenkov calorimeter perfectly suited for the detec-
tion of electromagnetic particles such as electrons and photons. The smallest detector unit
which is readout by its own FEU-84 photomultiplier tube (PMT) is amodule. It is made
of 51% PbO and 49% SiO2. Each module is wrapped with an aluminized mylar foil and
encased in a shrink tube for optical isolation and covers a surface of 4.0 cm×4.0 cm with
a length of 40 cm. 4×6 PbGl modules are packaged together to form a self-supporting
supermodule which is illustrated in Figure 5.2. Thin steel plates on either side at the end
of the supermodule were incorporated during the gluing process. In WA98 this structure
was used to shield the PMT’s. In PHENIX shielding is accomplished by the space frame
so that the steel plates are only required for mounting inside the space frame. In fact
some of the steel plates were shortened to gain space for the readout electronics [Awe97].
Each supermodule has its own readout electronics and reference system and thus can
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Parameter Value

PbGl PbSc

number of sectors 2 6

total number of modules/towers 9216 15552

spatial coverage ∼ 15 m2 ∼ 48 m2

material TF1 (51% PbO + 49% SiO2) 0.4 cm Polystyrene

0.15 cm Pb

lateral segmentation 4.0×4.0 cm2 5.535×5.535 cm2

number of sampling cells — 66

radiation lengthX0 2.78 cm 2.02 cm

nuclear absorption lengthλa 38.1 cm 44.1 cm

active depth 14.4×X0 18×X0

1.05×λa 0.85×λa

Molière radiusRM 3.68 cm —

critical energyEC 16 MeV —

nominal energy resolution 6.0%/
√

E(GeV) 8.1%/
√

E(GeV)⊕2.1%

Table 5.1: Relevant parameters and characteristics of the lead-glassand lead-scintillator calorimeter in

PHENIX.

be regarded as a single independent detector system. This flexible detector structure was
chosen to meet the very different requirements of the WA98 and PHENIX experiment and
made the installation in PHENIX significantly easier. 192 ofsuch supermodules compose
a PbGl sector. The PHENIX EMCal contains two PbGl sectors in the lower part of the
central east arm. This makes a total of 9216 PbGl modules, 4608 modules in each sector.
With a surface of 16 cm2 per module the PHENIX PbGl calorimeter covers a geometric
acceptance of∼ 15 m2. A list of relevant parameters and properties is given in Table 5.1.

An independent reference system using light emitting diodes (LED) is mounted at the
front of each supermodule to monitor and correct the gain factors of each of the 24 mod-
ules [Pei96] (see Figure 5.2). The combination of three LED’s (one blue and two yellow
LED’s) with three different pulse generators is required toreproduce the characteristics
of signals generated by Cherenkov photons. The light from the LED’s is distributed to
the modules by reflection at the inside of the plastic cover. Amirror foil with holes on the
front of the supermodule reduces light absorption and adjusts the amount of light seen by
each module (the LED light intensity seen by each module depends on the location of the
module). The reference system allows to check for gain variations, spectral sensitivity and
linearity of the calorimeter system. In order to monitor theLED intensity a PIN photodi-
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Figure 5.3: Schematic view of a PbSc module: (a) profile of a module revealing the fibers penetrating the

towers and (b) cutaway view of a module and all its relevant components [Aph03].

ode is incorporated in the reference system. The original WA98 calibration of the PbGl
calorimeter system is preserved within 10% using the LED reference system [Aph03].

5.4 The Lead-Scintillator Calorimeter

The PbSc is an electromagnetic sampling calorimeter with a sandwich-like structure. It is
subdivided into individualtowerswith an active depth of 37.5 cm. Each tower comprises
66 cells which each consists of a layer of lead absorber and a scintillator (like a sandwich).
The scintillating medium is an organic scintillator (p-bis[2-(5-Phenyloxazolyl)]-benzene
(POPOP) with p-Terphenyl (PT)). Light from the scintillators is collected by 36 wave-
length shifting fibers that penetrate all 66 cells and is transferred to a FEU115M PMT
at the back of the tower. This structure allows to determine the energy deposit of a par-
ticle at various depth of the detector. Four towers are grouped mechanically together to
form a module5. A cross section and the interior of a PbSc module showing allbasic
elements is shown in Figure 5.3. 6×6 modules are combined in a supermodule which
is held together by welded steel skins giving a rigid structure. Each of the six PbSc sec-
tors comprises 3×6 supermodules. Each sector is composed of 2592 individual towers

5Note that the term module is used differently for the PbGl, where it denotes the smallest detector unit.
To avoid confusion the termtoweris always used in the following as synonym for the smallest detector unit
in either PbSc and PbGl.



5.5 EMCal Online System 49

adding up to a total of 15552 PbSc towers in the PHENIX EMCal. Since each tower has
a cross-section area of 5.535× 5.535 cm2 all six sectors cover an area of∼ 48 m2. A
summary of all relevant parameters of the PbSc is given in Table 5.1. The comparison of
the two calorimeter subsystems in PHENIX reveals that hadrons deposit more energy in
the PbGl. However, since low energy charged hadrons do not emit Cherenkov light but
create scintillation light the PbSc is more susceptible to low energy hadrons.

The reference and monitoring system of the PbSc is based on a ultraviolet (UV) YAG
laser whose light is distributed to each module utilizing a system of optical splitters and
quartz fibers [Aph03]. Thereby the light is transmitted overa distance of approximately
50 m. At each module the light is injected into a plastic fiber that runs along the center
of the module (see Figure 5.3). Light from this “leaky” fiber excites the scintillator stack
in each surrounding tower in such a way that the longitudinalprofile of a∼1 GeV elec-
tromagnetic shower is simulated. The intensity of the laserlight at each supermodule is
monitored by PIN photodiodes. Since there are many steps involved in the light distribu-
tion from the laser to each tower the total efficiency for the conversion of UV light into
photoelectrons in the PMT is very small. Hence a high-power laser is required. The initial
calibration of the PbSc calorimeter was carried out using cosmic muons and test-beams
of electrons and charged hadrons [Dav98]. The reference system ensured an uncertainty
on the energy scale below 5% on day one of RHIC operation.

5.5 EMCal Online System

The PHENIX detector comprises roughly 375,000 read-out channels. The signals of the
various detector subsystems have to be processed in a numberof ways involving i.a.
digitization, filtering and storage of data. This complex task is handled by the PHENIX
Online System which comprises several subsystems. All detector-specific electronics end
with the Front End Modules (FEM’s) which are located on the detector subsystem. The
Front End Electronics (FEE) integrated on the FEM’s is responsible for the conversion
of analog detector signals into digital data packets. The Level-1 (LVL1) trigger system
collects detector signals (via the FEM) and decides if a certain event is interesting based
on programmable thresholds. Upon the receipt of a LVL1 accept instruction the digitized
data packets are passed to the Data Collection Modules (DCM’s). The DCM’s receive
large amounts of unformatted data and perform i.a. compression and formatting. The rest
of the PHENIX Data Acquisition (DAQ) communicates only witha single set of DCM’s.
The compressed data is send to the Event Builder (EvB) where the final stage of event
assembly takes place, i.e. data fragments from each data stream are assembled to form
complete events. The EvB also provides the environment for the Level-2 (LVL2) trigger
system which reduces the data rate in Au+Au collisions to a rate that can be handled by
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Figure 5.4: Block diagram illustrating the EMCal data acquisition in the PHENIX Online System. The

layout for other PHENIX subsystems differ only in detail.

the PHENIX storage system. The LVL2 trigger is a software-based trigger as opposed
to the hardware-based LVL1 trigger system. The compressed event data is passed to the
PHENIX Online Control System (ONCS) for monitoring and is stored on buffer boxes
before they are archived on storage tapes. This rather simplified outline of the PHENIX
Online System is illustrated in Figure 5.4. The FEE of the various subsystems differs
only in detail, i.e. the basic elements are identical for allsubsystems. In the following the
PHENIX data acquisition system and its specifics for the EMCal subsystem are described
in more detail. A comprehensive description of the PHENIX Online System is given
in [Adl03c] and references therein.

5.5.1 PHENIX Timing System

The processing and conversion of the analog signals from thevarious subsystems are
carried out synchronously with the RHIC beam clock. At RHIC bunch crossings occur at a
frequency of 9.43 MHz. This means events have a minimum timing distance of∼ 106 ns.
In PHENIX the timing signal is distributed by the Master Timing System (MTS) to all
FEM’s which participate in the data collection process. Thecorrect allocation of event
data packets to the bunch crossing number is of major importance for the spin physics
program at PHENIX.
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The RHIC clock is provided by the Accelerator Control (AC) group. Two key signals
are sent via optical serial links to the first stage of the PHENIX timing system, the Master
Timing Module (MTM): One is a harmonic of the accelerator clock and the other one
is a reference signal that marks the first bunch crossing and allows absolute numbering.
The MTM sends a copy of the RHIC clock to the Granule Timing Modules (GTM’s) and
the LVL1 trigger system. The GTM’s are the second stage in thetiming system. The
PHENIX detector system is divided into two sets of elements:granulesandpartitions. A
granule denotes the smallest detector unit and can be a subsystem or part of a subsystem.
Granules that share the same busy signals and LVL1 triggers are combined in so-called
partitions. The GTM’s are synchronized by the MTM. They manage busy signals from
the DCM’s, relay them to the LVL1 trigger system and provide the RHIC clock and LVL1
trigger accepts to the granules, i.e. FEM’s. The basic concept of the PHENIX Timing
system is illustrated in Figure 5.4.

5.5.2 Front End Modules

The EMCal readout electronics comprises almost 25.000 readout channels. For both EM-
Cal subsystems 144 individual towers are read out by one single FEM (this corresponds to
2×3 SM’s in case of PbGl and 1 SM in case of PbSc). The FEM’s are identical for PbGl
and PbSc. The RHIC beam clock denotes a bunch crossing and hence a possible collision.
For each bunch crossing the analog signals (negative current pulses) from the PMT’s are
sampled by the FEE. The PMT signals fulfill two functions: first the energy measurement
of the incident particle and second the arrival time of the electromagnetic shower in the
detector (e.g. arrival of Cherenkov photons at the rear end of the module). The energy
and timing signals are processed by custom designed 4-channel ASIC6 chips which serve
4 PMT’s simultaneously. The EMCal timing signal is discriminated and a TAC signal
linearly related to the arrival time is stored in a ring buffer of 64 Analog Memory Units
(AMU’s). The energy signal is amplified in a Variable Gain Amplifier (VGA) by a factor
of 4 - 12 which can be set remotely and independently for each PMT channel. This allows
to compensate for gain variations among PMT’s that share thesame high voltage supply.
The amplified energy signal is then split into alow gainand ahigh gainsignal. Thelow
gain signal is directly stored in one of 64 AMU’s of a ring buffer, while thehigh gain
signal is amplified by a factor of 16 before storage in a similar ring buffer of 64 AMU’s.
The separation into alow gainandhigh gainsignal provides better energy resolution over
the expected range of energies measured with the EMCal (20 MeV - 20 GeV) using a
single 12-bit ADC.

6ApplicationSpecificIntegratedCircuit
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Figure 5.5: (a) Matrix of PMT towers read out by a single FEM. A 2×2 array of PMT towers is served by

a single ASIC chip. Hence 36 ASIC chips are required for the read-out giving a 6×6 array of disjoint 2×2

sums. (b) 36 overlapping 4×4 sums per FEM are formed by combining four neighboring 2×2 sums. At

the boundaries of the FEM the 2×2 sums are relayed to neighboring FEM’s making the trigger effectively

seamless.

In PHENIX there are two methods of digitization. In the first method analog signals
from subsystems such as the EMCal are stored in AMU’s and are digitized upon the
receipt of a LVL1 accept. In the second method the data is digitized in real time and
stored on Digital Memory Units (DMUs) prior to receiving a LVL1 accept. The latter
method is employed in subsystems such as BBC and ZDC. The storage of data in the
AMU’s happens synchronously with the RHIC beam crossings. Since two beam crossings
are 106 ns apart, the 64 AMU’s can buffer the data for approximately 7 µs which is
well above the latency of the LVL1 trigger system which is∼ 4.2 µs or 40 beam clock
ticks. The AMU cells and the ADC units are contained on another custom designed
ASIC chip, where the ADC signals are collected and reformatted before they are sent
to the DCM’s. All functions associated with FEE control suchas LVL1 trigger receipt,
collection and formatting of data, communication of LVL1 accepted data to the DCM’s,
etc. are controlled by a Heap Manager (HM) which is also implemented on the FEM’s.

The EMCal is part of the EMCal-RICH Level-1 trigger (ERT) which is designed to
select events that contain high-energy electrons or photons. The ERT is fired by a pho-
ton if the energy deposit of the electromagnetic shower in the EMCal within some finite
area is above a predefined threshold. The ERT is often referred to as ahigh-pT photon
trigger. In the third year of RHIC physics running the luminosity in p+p was too high
for the PHENIX DAQ to record all events. The use of the ERT ensures that all events
containing a high-energy photon or electron are recorded. Four PMT signals from an
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array of 2×2 towers are processed by each ASIC chip in the FEE. This is shown in Fig-
ure 5.5(a) for one FEM. Each ASIC chip builds the analog sum ofall four PMT signals.
Individual suspicious towers can be masked out remotely. The sum of the 2×2 trigger
tiles is then compared to a programmable threshold by the LVL1 system. A trigger on
disjoint 2×2 sums has the drawback that the effective threshold is position dependent
since not all showers are confined to one single 2×2 tile. Hence some showers require
a much larger energy to satisfy the trigger. To overcome thisproblem the EMCal trigger
is designed to trigger on the sum of overlapping tiles of 4×4 PMT towers. A copy of
the 2×2 sum of each ASIC chip is distributed to three adjacent ASIC chips as illustrated
in Figure 5.5(b). Hence each 2×2 sum is combined with three other neighboring 2×2
sums to form a 4×4 sum. At FEM boundaries the 2×2 sums are relayed to neighboring
FEM’s to ensure seamless trigger coverage. The LVL1 system compares the 4×4 sums to
three different thresholds, which are remotely programmable. Settings of the EMCal ERT
thresholds during the p+p run in year three are summarized in Table 5.2. Thresholds are
set in terms of Digital-To-Analog Converter (DAC) tics. Thevalues given in Table 5.2
are the corresponding nominal energies. The trigger information is only available at the
FEM level, i.e. it is only known which FEM created the trigger. Hence if a trigger tile
becomes noisy the complete FEM needs to be masked off to ensure correct trigger infor-
mation. However, with the help of a pedestal scan noisy tilescould be identified and set
to the highest possible DAC value effectively masking the tile for the trigger. During the
p+p run in year three eight different EMCal-RICH triggers wereused [Bau03]. How-
ever, for the analyses presented in this thesis only data recorded with the ERT_4×4c in
coincidence with the minimum bias trigger (BBCLL1) was usedto extent the analyses to
higherpT (this data set is referred to in the following as theGamma3data sample). The
minimum bias condition is satisfied if at least one PMT in eachBBC fired in a collision
(see Section 7.2.2). A custom designed trigger board summarizes the trigger information
provided by one FEM and relays the information to the LVL1 system. The stored trigger

trigger PbGl [GeV] PbSc [GeV]

ERT_2×2 0.8 (0.4) 0.8 (0.4)

ERT_4×4a 1.4 2.1

ERT_4×4b 2.1 2.8

ERT_4×4c 0.7 1.4

Table 5.2:Nominal EMCal energy thresholds of the different ERT settings for the p+p run in year three.

The 2×2 trigger thresholds were changed during the run.
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information contains only the FEM on which the ERT fired but not the particular trigger
tile.

5.5.3 Level-1 Trigger System

The PHENIX LVL1 trigger system has two purposes: First it defines events in PHENIX
which potentially contain interesting physics and second it reduces the amount of data to
a rate that can be handled by the PHENIX DAQ7. Since in RHIC minimum bias p+p
collisions occur at a rate of∼ 500 kHz the data rate from the detector subsystems must
be scaled down. The LVL1 triggered data is then used as seed for the higher level triggers
(LVL2).

The LVL1 trigger system is divided into two subsystems: the Global Level-1 (GL1)
and the Local Level-1 (LL1) system. The LL1 system communicates directly with the
FEE of the detector subsystems. Input data (PMT sums in case of the EMCal) is processed
by the LL1 algorithms and sent to the GL1 system for every bunch crossing. The GL1
combines the LL1 data and provides the trigger decision to the GTM’s which initiate the
readout of the FEM’s. The GL1 manages busy signals relayed bythe DCM’s as well
as from the trigger and compares the trigger bit pattern to a programmable scaledown
counter in order to reduce the event data rate below the limitof the DAQ.

5.5.4 Data Collection Modules

Approximately 375,000 channels of electronics in PHENIX are simultaneously sampled
and stored in digital or analog memory and upon the receipt ofa LVL1 accept (after a
trigger latency of 4µs) are transferred to the data collection system. At maximumtrigger
rate over 100 GB per second are send to the DCM’s which are designed to handle this
large amount of uncompressed event data fragments and perform several tasks such as
zero suppression, data formatting, buffering and output ofthe compressed data to the
PHENIX Event Builder (EvB). Each DCM board has four paralleldata input streams and
is hence connected to four FEM’s. Since the FEM’s are not designed to perform zero
suppression, compressors within the DCM’s remove ADC values from the data streams
that correspond to zero signals in order to achieve better suppression. Each DCM is
capable of buffering the information of up to five complete events before transfer to the
EvB and is able to control FEM readout via busy flags which can be issued to the GTMs.

7The required time for processing the LVL1 trigger and complete transfer of the data packet to the
DCM’s limits the rate of possible data acquisition to∼ 12.5 kHz.
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5.5.5 Event Builder

The EvB marks the final stage of event assembly. It receives parallel data streams of event
data fragments from the DCM boards, which are assembled intocomplete events. It also
performs LVL2 trigger processing on the events and communicates accepted events to
the PHENIX Online Control System (ONCS). The EvB is able to handle event rates of
about 12.5 kHz achieved in p+p running. Because of the large event size in Au+Au
collisions data rates well above 100 MB/s were already expected in the first few years of
PHENIX operation. Therefore the EvB is designed for data rates up to 500 MB/s. Since
the maximum data storage rate is much smaller, LVL2 rejection is necessary in heavy ion
collisions.

As noted before the PHENIX detector is divided into granuleswhich can be combined
in partitions. To follow this partitioning scheme the EvB isdesigned to read out a con-
figurable collection of input data streams (granules) usingso-called Sub-Event Buffers
(SEB’s). The SEB’s receive and buffer the data from the DCM’s. They are controlled
by the EvB Controller (EBC) which initiates the data transfer of a particular event from
a programmable set of SEB’s to the Assembly/Trigger Processors (ATP’s). The ATP’s
perform the final event assembly and transmit the event data to ONCS for monitoring and
data storage. Processing LVL2 algorithms on the event data takes place in the ATP’s to
reduce the data rate to a rate which can be archived to disk.

5.5.6 Level-2 Trigger

The event size in central heavy ion collisions such as Au+Au can exceed 150 kB. To-
gether with the event rate expected at RHIC design luminosity the LVL1 triggered data
rate can easily exceed rates of 100 MB/s. The rate at which event data can be archived
to disk is well below this rate and hence the LVL1 triggered data set must be further
scaled down. This is achieved by the software driven LVL2 trigger system. C++ coded
LVL2 algorithms, which operate in the ATP’s, are designed toselect events that appear to
contain interesting physics. Unlike the LVL1 trigger the LVL2 algorithms perform more
sophisticated operations such as cluster finding, track matching and invariant mass recon-
struction. The LVL2 triggered data together with a minimum bias sample is then archived
to disk.

The p+p data sample analyzed for this thesis was recorded without any LVL2 trig-
gers during the third year of RHIC physics running. Therefore any corrections or scalers
required for LVL2 triggered data did not have to be taken intoaccount for the analyses
presented in this work.
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6. Direct-Photon Production in p+p
Collisions

Photons created in particle collisions are referred to asdirect photons if they emerge
directly from the collision. This definition excludes all photons coming from hadronic
decays such asπ0 → γγ or η → γγ. In elementary nucleon-nucleon collisions at large
transverse momenta direct photons are produced in hard inelastic scatterings of the point-
like partons. The total emission rate can be calculated using the factorization theorem in
perturbative QCD (see Equation 2.5).

There are a number of incentives for the investigation of direct photons in p+p col-
lisions. The gluon distribution inside the proton is directly involved in the production
mechanisms of direct photons and hence can be probed by the measurement of the direct-
photon cross section. In addition, unlike theoretical calculations of hadron production,
predictions for direct-photon production are less affected by the choice of fragmentation
functions and therefore the measurement of direct photons provides a more direct tool to
test pQCD. Moreover, the distribution of direct photons in p+p serves as a crucial base-
line for the measurement in heavy-ion collisions (A+A) at the same

√
sNN per nucleon-

nucleon pair. In ultra-relativistic heavy-ion collisionsdirect photons are also emitted by
the created QCD medium (thermal radiation). Therefore, thecontribution from hard-
scatterings must be identified in order to be able to quantifythe thermal contribution.

6.1 Mechanisms of Direct-Photon Production in Hard
Parton Scatterings

The inclusive spectrum of direct photons in p+p at large transverse momenta can be di-
vided into two components according to the underlying partonic mechanisms: (1) prompt
photons, which are created directly in the partonic scattering and (2) fragmentation pho-
tons, which are emitted by a scattered parton as part of the fragmentation process. In the
following a basic theoretical survey of the most fundamental processes of direct-photon
production in hard partonic scatterings is given. More detailed descriptions can be found
for instance in [Won94, Gor93, Bae90, Aur88].
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Figure 6.1: Feynman diagrams of prompt-photon production at leading order in pQCD: (a) quark-gluon

Compton scattering and (b) quark-antiquark annihilation.

6.1.1 Prompt-Photon Production

At leading order (LO) in pQCD1 two processes contribute to the spectrum of prompt pho-
tons: (1) quark-gluon Compton scattering, in which a gluon scatters off of a quark (or
antiquark) resulting in a quark (or antiquark) and a photon in the final state (g+q(q̄) →
γ+q(q̄)). The process is analogous to the electromagnetic Compton scattering in which a
photon scatters off of a charged particle. And (2) quark-antiquark annihilation, in which
a quark and an antiquark annihilate resulting in a gluon and aphoton (q+ q̄ → γ + g).
The analogous process in QED is the e+e− annihilation. The corresponding Feynman
diagrams of these two QCD processes are shown in Figure 6.1. Since the photon couples
electromagnetically to the quark (antiquark) the fine structure constant enters the transi-
tion amplitude for the corresponding vertex.

Due to quark-gluon Compton scattering the distribution of the gluon contributes to
the prompt-photon cross section at leading order. Moreover, in p+p collisions the anni-
hilation of quark-antiquark pairs is suppressed due to the small q̄ density compared to the

1In quantum field theory the order of the calculation is given by the number of vertices that contribute
to the process. Each vertex contributes a factor of

√
α to the transition amplitude,α being the coupling

constant of the interaction at play. At lowest order (referred to as leading order) the process comprises only
two vertices and hence the transition amplitude is proportional toα. Higher order processes contain more
than two vertices and therefore are less probable. In QEDα is given by the fine structure constant so that
higher-order contributions soon become negligible. However, in QCD higher-order processes often make
a significant contribution to the total cross section because of the strong coupling and therefore need to be
considered in precise calculations.
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density ofg in the initial state. Hence the production of prompt photonsin p+p is dom-
inated by quark-gluon Compton scattering and thus the measurement of prompt photons
is highly suitable to probe the gluon distribution inside the proton.

Since prompt photons are directly produced in the hard scattering the fragmentation
function required in pQCD reduces to aδ-function. Therefore, the theoretical predic-
tions of prompt-photon production do not depend on the non-perturbative fragmentation
functions which have to be determined experimentally, e.g.for calculations of theπ0

cross section. The measurement of prompt photons thereforeprovides an excellent test of
pQCD without the uncertainty generally introduced by the fragmentation process.

The differential cross section of quark-gluon Compton scattering is related to the dif-
ferential cross section of the well known QED equivalent, the electromagnetic Compton
scattering (γ+q→ γ+q) [Won94]2:

dσ
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(
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. (6.1)

wheremq is the quark mass andeandeq are the electromagnetic charge of the electron and
the quark, respectively.s, t andu are the Mandelstam variables, which are defined in Ap-
pendix A. It can be shown (see e.g. [Won94]) that in ultra-relativistic reactions, when the
rest mass of the quarkmq is negligible, the four-momentum of the photon in the final state
is approximately the same as the four-momentum of the quark in the initial state. There-
fore the quark-gluon Compton scattering at ultra-relativistic energies can be regarded as a
process in which the initial quark is converted into a photonwith approximately the same
energy and momentum.

The differential cross section of quark-antiquark annihilation at leading order can
be derived in a similar way utilizing the differential crosssection of the QED process
e+ +e− → γ+ γ. Quark-antiquark annihilation is related to the processq+ q̄→ γ+ γ
via [Won94]:

dσ
dt

(q+ q̄→ γ+g) =
αs

α

(

e
eq

)2 dσ
dt

(q+ q̄→ γ+ γ) . (6.2)

2The differential cross sections forg+q→ γ+q andg+ q̄→ γ+ q̄ are identical and are not distinguished
in the following discussion.
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Figure 6.2: (a) NLO Feynman diagram of bremsstrahlung emission in whicha photon is radiated by a

scattered quark and (b) emission of a photon as part of the parton-jet fragmentation after LO quark-gluon

scattering.

Using the relation of the differential cross section ofq+ q̄ → γ + γ to the corresponding
QED annihilation process, the differential cross section of quark-antiquark annihilation
can be written in terms of the Mandelstam variables [Won94]:
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Similar to quark-gluon Compton scattering quark-antiquark annihilation can be depicted
in ultra-relativistic reactions as a process in which a quark or antiquark in the initial state
is converted into a photon in the final state with similar energy and momentum.

Equation 6.1 and 6.3 describe the pQCD cross sections of the two leading order mech-
anisms of prompt-photon production. In order to calculate the total emission rates of
prompt photons in hard p+p collisions the momentum distributions of quarks, antiquarks
and gluons inside the colliding protons have to be known and convoluted in the calcula-
tion according to Equation 2.5 (see Section 8.1.3 for a discussion on parton distribution
functions).

At next-to-leading order (NLO) in pQCD processes as the one depicted in Fig-
ure 6.2(a) in which a photon is emitted by a scattered quark contribute to the spectrum
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of direct photons. These photons are referred to as bremsstrahlung and arise as a higher-
order correction to any pure QCD 2→ 2 process which involves a quark in the final state
(such asq+q→ q+q).

6.1.2 Fragmentation Photons

In hard parton-parton scatterings the scattered quark or gluon can fragment into a photon.
These photons are referred to as fragmentation photons and also contribute to the spectrum
of direct photons. Such a process is depicted in Figure 6.2(b). The cross section of the
partonic hard scattering (here:q+g→ q+g) can be calculated at leading order in pQCD.
However, the emission of a photon as part of the parton-jet fragmentation is described
by a non-perturbative parton-to-photon fragmentation function (FF). Hence, unlike the
theoretical description of prompt-photon production the prediction of the fragmentation
component suffers from the additional uncertainty introduced by the only experimentally
accessible FF’s.

The parton-to-photon fragmentation makes a significant contribution to the inclusive
direct-photon spectrum (i.e. prompt+ fragmentation photons) as indicated in Figure 6.3.
The NLO pQCD calculation at

√
s = 200 GeV, provided by W. Vogelsang, uses the

CTEQ6M parton distribution functions [Pum02] and the BFGIIparton-to-photon frag-
mentation functions [Bou98]. As one can see from the figure the contribution from frag-
mentation is significant over the entirepT range covered by the calculation. At low trans-
verse momentum (pT . 2 GeV/c) the direct-photon spectrum is dominated by fragmen-
tation. However, in this kinematic regime the applicability of perturbative QCD already
becomes restricted.

Fragmentation photons are usually accompanied by hadrons also produced in the frag-
mentation process. The same applies for bremsstrahlung, where the scattered quark which
radiated the photon eventually fragments into hadrons. By contrast, prompt photons at
leading order are usually characterized by the absence of any accompanying hadronic
energy since the parton in the final state of quark-gluon Compton scattering or quark-
antiquark annihilation is emitted in the opposite direction of the photon. Prompt photons
are therefore often referred to asisolatedphotons. This feature can in principle be utilized
experimentally to extract the spectrum of prompt photons. Moreover, by disentangling the
prompt and the fragmentation component it is possible to explicitly study the fragmenta-
tion process in direct-photon production.
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Figure 6.3: The fragmentation component as a fraction of the inclusive direct-photon spectrum in p+p at√
s= 200 GeV for three different theory scales (µ= pT/2, µ= pT andµ= 2pT). The pQCD predictions at

NLO use the CTEQ6M parton distribution functions and BFGII parton-to-photon fragmentation functions

(calculations performed by W. Vogelsang).

6.2 Direct-Photon Production inA+A

As was noted earlier the direct-photon cross section measured in elementary p+p col-
lisions is required as a baseline for the interpretation of direct-photon data obtained in
heavy-ion collisions at the same center-of-mass energy pernucleon-nucleon pair

√
sNN.

In order to emphasize the importance of the p+p reference for the interpretation of the
measurement in heavy-ion collisions a short introduction on direct-photon production in
heavy-ion collisions is given in the following. For a recentand more detailed discussion
on this topic please refer to e.g. [Sta05].

In high energy heavy-ion collisions the density in the reaction zone is so large that
quarks and gluons are no longer bound in color-singlet states. Instead the partons can be
considered as free moving particles over an extended regionof space and time. This
highly excited state of nuclear matter is generally referred to asquark-gluon plasma
(QGP). Direct photons provide a unique probe to study the characteristics of a QGP. Since
photons interact only electromagnetically they can leave the strongly interacting reaction
zone almost unaltered and hence carry unbiased informationon the created medium.

In high energyA+ A collision direct photons are not only created in the early hard
parton scatterings. If a strongly interacting medium such as the QGP is developed in
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the collision its constituents are thermalized, i.e. the quarks and gluons are in thermal
equilibrium. Such a medium creates thermal radiation. At lowest order the underlying
processes that lead to the emission of thermal photons are the same as for prompt-photon
production, i.e. quark-antiquark annihilation and quark-gluon Compton scattering. For
the calculation of the thermal emission rates the parton distributions in the medium are re-
quired. They are given by the Fermi-Dirac (quarks and antiquarks) and the Bose-Einstein
(gluons) statistics, respectively. As thermal photons arepredominantly produced in the
early hot phase of the fireball evolution, their measurementcan help to constrain the initial
temperature of the reaction zone (a concise description of thermal radiation in heavy-ion
collisions can be found in [KB04a]). Calculations indicatethat in central Au+Au colli-
sions at

√
sNN = 200 GeV thermal radiation from a QGP could be the dominant source

of direct-photon production for 1 GeV/c < pT < 3 GeV/c [Tur04]. However, the direct-
photon signal in thispT range is very small. Therefore, a precise measurement of the
contribution from hard scatterings in thispT range is crucial in order to be able to extract
a significant thermal signal.

In order to constrain the contribution from initial hard scattering to the total spectrum
of direct photons (or to any other particle spectrum) measured inA+A the yield obtained
in p+p can be extrapolated using the so-calledbinary collision scaling. In a simple
approach a collision of two nuclei at relativistic energiescan be pictured as a superposition
of individual hard nucleon-nucleon (N + N) scatterings. By assuming that eachN + N
collision in a heavy-ion reaction can be taken as an elementary p+p collision the expected
yield of particle production inA+ A collisions is simply given by the measured yield
in p+p scaled by the number of binaryN + N collisions in A+ A. The assumptions
made for binary scaling are justified because at large momentum transfer the partons
can be considered as asymptotically free and each hard scattering occurs on a very short
time scale so that multiple scatterings of the same nucleon do not affect each other. At
large transverse momenta (pT > 5 GeV/c) direct-photon production inA+ A collisions
is dominated by hard scattering. Binary collision scaling can be tested by calculating the
so-callednuclear modification factor:

RAB =
dN/dpT|AB

〈Ncoll〉AB ·dN/dpT|NN
, (6.4)

where the numerator is the yield measured in collisions of nuclei A andB and the denom-
inator is the scaled yield measured in p+p. 〈Ncoll〉AB is the average number of inelastic,
binaryN+N collisions in theA+B reaction. It was shown by PHENIX that direct-photon
production in Au+Au at

√
sNN = 200 GeV is consistent with binary scaling in the range

pT = 4− 13 GeV/c [Adl05b]. This is illustrated in Figure 6.4. It shows the nuclear
modification factor for direct photons in central Au+Au collisions at

√
sNN = 200 GeV.

However, the calculation utilizes a NLO pQCD prediction as reference, which introduces
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Figure 6.4: Nuclear modification factor for direct photons in central Au+Au collisions at
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an additional theoretical uncertainty (indicated by the dash-dotted lines).

The nuclear modification factor for particle production is also studied to quantify pos-
sible effects introduced by the nuclear environment or the medium created in the colli-
sion. According to Equation 2.5 cross sections in pQCD depend on the parton distri-
butions and fragmentation functions. If the initial partondistribution is modified in the
nucleus prior to the collision (initial state effect) or thescattered parton is affected by
the medium prior to fragmentation (final state effect) the nuclear modification can depart
from unity. In fact, one of the most striking observations atRHIC is the strong suppres-
sion of hadrons in central Au+Au collisions at

√
sNN = 200 GeV as compared to the

binary scaled yield in p+p [Adc02, Adl02, Adl03d]. This suppression, which is usually
referred to as jet quenching, can be explained by the energy loss of hard scattered quarks
and gluons via gluon bremsstrahlung induced by the surrounding medium of high color
charge density [Gyu03]. As photons are not subject to the strong interaction they are
not sensitive to final state effects. Therefore, the absenceof suppression in direct-photon
production in Au+Au (Figure 6.4) supports the theoretical explanation that the observed
suppression is caused by the medium created in the collision.



6.3 Earlier Results of Direct-Photon Production inN+N Collisions 67

Tp

]3 c⋅
-2

G
eV

⋅
   

[m
b

p3 d
σ

3
d

E

10
-9

10
-8

10
-7

10
-6

10
-5

data
T

 = pµpQCD

/2
T

 = pµpQCD

T
 = 2 pµpQCD

 [GeV/c]

4 5 6 7 8 9

Figure 6.5: Inclusive direct-photon spectrum in p+p at
√

s= 200 GeV measured by PHENIX [Adl05c].

6.3 Earlier Results of Direct-Photon Production in
N +N Collisions

The inclusive direct-photon spectrum in p+p collisions at
√

s= 200 GeV has been mea-
sured by PHENIX in the second physics running period (Run II p+p) [Adl05c]. The
cross section is shown in Figure 6.5. The integrated luminosity accumulated in PHENIX
Run II p+p allowed the extraction of only three significant data points in the range
5.5 < pT < 7 GeV/c. Therefore the spectrum is not suitable to serve as reference for
the calculation of the nuclear modification factor (see Figure 6.4). However, the good
agreement between the data points and NLO pQCD calculationssupports the usage of the
theoretical prediction in the calculation ofRAA (at least in thepT region covered by the
p+p data).

Besides PHENIX at RHIC, which started its physics program in2000, a number of
other experiments have extensively studied the productionof direct photons in nucleon-
nucleon collisions at various center-of-mass energies since the 1980’s. While fixed-
target experiments measured direct photons in p+p as well as p+ p̄ collisions up to√

s = 63 GeV [Ana82, Bal98, Apa04], collider experiments studieddirect-photon pro-
duction only in p+ p̄ collisions in the energy range 546 GeV<

√
s< 1.96 TeV [Alb88,

Ali91, Abe94, Aba06]. A selection of this world data is shownin Figure 6.6 together
with a comparison to a recent NLO pQCD analysis [Aur06]. It should be noted that the
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figure comprises isolated (prompt) photon as well as inclusive direct-photon spectra. The
data spans two orders of magnitude in collision energy and agrees with theoretical pre-
dictions over nine orders of magnitude, except for the direct-photon result obtained by
the E706 collaboration in p+p at Tevatron fixed target energies (

√
s = 38.8 GeV and√

s= 31.6 GeV). As one can see in the figure the NLO pQCD prediction underestimates
the data forpT < 7 GeV/c. The E706 collaboration has put forward the so-calledkT en-
hancement, which is a phenomenological approach to explain the discrepancy between
the E706 data and pQCD predictions [Apa04]. In this model thepartons in the initial
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state lose energy via soft gluon radiation. This non-perturbative process is parameterized
in terms of an effective transverse momentum (kT) which is added to the incoming par-
tons. AkT enhanced NLO pQCD calculation provides a much more improveddescription
of the E706 data. Although it has been claimed recently that most of the existing world
data from fixed-target as well as collider experiments are well described by pure pQCD
predictions [Aur06] there have been global analyses (see e.g. [Hus95]) which indicate
that the theoretical description of direct-photon production, especially at fixed-target en-
ergies, requireskT enhancement. The question whetherkT enhancement is necessary is
still an open question and more data is required to settle it.





7. Measurement of Direct Photons in
p+p Collisions

As discussed in Chapter 6, the analysis of direct-photon production in elementary p+p
collisions at RHIC energies is interesting for a number of reasons, e.g. it gives access to
the gluon distribution in the proton (the extraction of the polarized gluon distribution via
the measurement of direct photons is addressed in Chapter 8), provides the baseline for
the interpretation of direct-photon data from heavy-ion (A+ A) collisions, and above all
tests the predictions of perturbative QCD.

The major part of the analysis work presented in this thesis is the systematic study of
inclusive direct-photon production in p+p collisions. The data were acquired with the
PHENIX detector (especially with the EMCal) in the third RHIC beam time at a center-of-
mass energy of

√
s= 200 GeV. The spin-averaged (and hence unpolarized) direct-photon

cross section is presented, i.e. the analysis does not take into account the different bunch
spin patterns (see Section 3.1). Thus this analysis does notallow any conclusion on the
polarized gluon distribution. In this chapter the analysisof direct-photon production in
p+p collisions using the so-calledcocktail methodis described in detail.

7.1 Analysis Method

The measurement of direct photons is very challenging and tedious, because of the small
direct-photon production cross section and the large background of decay photons. Var-
ious analysis techniques have been developed to extract thesmall direct-photon signal.
The method utilized for this thesis is the cocktail method. The basic idea of this technique
is rather simple: starting point is the measured inclusive photon spectrumγincl which is
composed of direct photons and decay photons (the cocktail). The background of decay
photons is mainly due to two-photon decays ofπ0’s andη’s. The background is estimated
in a fast Monte-Carlo simulation utilizing the measured neutral pion spectrum. The mea-
sured ratio of inclusive photons and neutral pions,(γincl/π0)meas, is compared to the ratio
of simulated decay photons and neutral pions,(γdecay/π0)sim. Thisdouble ratio,

Rγ =
(γincl/π0)meas

(γdecay/π0)sim
, (7.1)

71
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quantifies the excess of photons, and a ratio above unity indicates a direct-photon signal
which can be extracted as a fraction of the measured inclusive photon yield:

γdirect = γincl − γdecay=

(

1− 1
Rγ

)

· γincl . (7.2)

Equation 7.2 is easily verified usingRγ = γincl/γdecay. There are two reasons for using the
γ/π0 ratio: First, the ratio ofγdecay/π0 is easily simulated in a fast Monte-Carlo simulation
using the measured neutral pion spectrum; and second, sincethe inclusive photon and
the neutral pion spectrum are determined from the same data sample many systematic
uncertainties cancel in the ratioγ/π0, notably the uncertainty on the global energy scale
(see Section 7.4.1).

The simulation of decay photons is based on the neutral pion spectrum measured in
the same running period with the PHENIX detector [Bat05b, Bat05a]. Theπ0 analysis
is not discussed in detail for the direct-photon analysis. However, more information on
the invariant mass analysis to reconstruct neutral pions from the EMCal data is given in
Section 9.8 as part of the double helicity asymmetry analysis.

Both analyses of direct photons and neutral pions are completely consistent: they
are based on the same data set with identical energy calibration, the same suspicious or
deficient EMCal modules were excluded and identical photon identification cuts and the
same Monte-Carlo code for the simulation of geometric acceptance and reconstruction
efficiency were applied. This ensures that systematic uncertainties which arise in the
analyses are identical for theπ0 and inclusive photon measurement to a large extent and
thus lead to the cancellation in theγ/π0 ratio mentioned above.

7.2 Data Selection and Correction

Before the direct-photon spectrum can be extracted from themeasured data set a number
of preparatory steps are required. The raw data recorded during the data taking period
is formatted offline and condensed to save disk space and analysis time. The data set is
filtered to meet certain quality criteria, suspicious events are excluded and the remaining
data is allocated to particular analysis classes. Also suspicious or malfunctioning parts of
the EMCal are removed from the analysis. Details on the various analysis steps are given
in the following.
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7.2.1 Data Summary Table

The EvB (see Section 5.5.5) assembles data in the PHENIXRaw Data Format(PRDF).
Data collected during a physics Run1 is not stored in a single output file but split up into
individual runs2. A single run is subdivided into several run segments. Each segment
contains events usually collected over a time period of 30 minutes up to 2 hours. The
EMCal raw data is saved in terms of ADC values and tower coordinates3. However, in
PHENIX analyses are not conducted on the raw data but on so-called Data Summary
Tables (DST’s). DST’s contain actual physical quantities which in case of the EMCal are
hit position, cluster energy, time-of-flight etc. This information is reconstructed from the
raw data during the offline DST production and stored for eachrun in individual DST
files. Not all EMCal information stored in the DST is relevantto the presented analysis.
Only the reconstruction and correction of the required information is briefly described in
the following.

Tower Energy Calibration

A crucial part in the reconstruction of EMCal data is the conversion of the raw tower infor-
mation into calibrated energy and timing information. The energy calibration requires the
application of calibration factors which reflect the energyequivalent of one ADC chan-
nel. These calibration factors emerge from the initial calibration of the system and are
corrected for time dependent changes of the reference system and changes in the readout
electronics. Moreover, additional corrections for which the reference system could not
account for are applied. A more detailed description of the tower energy calibration can
be found in [KB04a, Büs02]. Eventually, a list of calibratedtowers is stored in the DST’s.

Energy Corrections

The calibration process described in the previous section does not take into account the
non-linearity effects mentioned in Section 5.2. Light attenuation and leakage in the
calorimeter lead to a non-linear reduction of the signal output of the detector. This is
corrected to some extent during the offline production. A finetuning of the energy scale,
however, is done during the analysis of neutral pions. Sincethe measured mass of the
neutral pion is directly connected to the energy scale, it can be used to tune the energy
calibration. The procedure to correct the energy scale using theπ0 peak is described in
Section 7.2.5.

1The p+p Run in year 3 of PHENIX operation accumulated data over a time period of∼ 5 weeks.
2The termrunused in this context must not be confused with, e.g. p+p Run, which denotes the complete

running period.
3Data from other subsystems are saved in a similar way.
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Cluster Information

A typical electromagnetic shower in the EMCal is spread overmore than one tower. A
group of adjacent towers that belong to the same shower is called acluster. The efficient
identification of clusters is also a vital part in the reconstruction process. The cluster
algorithm is designed to find individual clusters and identify the local maximum, which is
a tower with an energy above a threshold of 80 MeV and with the maximum amplitude in
a 3×3 region. If a cluster consists of more than one local maximumthen the single cluster
is split into separate clusters taking into account position and amplitude of the maxima.
However, the cluster splitting routine is limited as it efficiently separates overlapping
showers fromπ0 two-photon decays only up topT = 10 GeV/c (15 GeV/c) in the PbSc
(PbGl). The separation of two photons fromπ0 decays can be extended to higherpT by a
shower profile analysis. This is described in Section 7.3.3.For each identified cluster the
first and second moment of the tower position distribution within the cluster is calculated.
The first moment of the cluster which is identical to the center-of-gravity of the cluster is
calculated as follows:

(x̄,ȳ) =

(∑

i Eixi
∑

i Ei
,

∑

i Eiyi
∑

i Ei

)

, (7.3)

where the tower coordinates are given by(xi,yi) and the weight is the corresponding tower
energyEi . What is needed in the analysis is the impact position of the electromagnetic
particle on the EMCal (also referred to as hit position). If the angle of incidence is not
zero (i.e. the incidence is not perpendicular to the surface) the center-of gravity does not
correspond to the impact position. Moreover, the center-of-gravity and the impact position
is influenced by the finite size of the towers. Both dependencies4 are taken into account
during production and the impact position is calculated from the center-of-gravity. For
each cluster the impact position and the tower with the highest energy is stored in the
DST. The latter one is needed for the identification of dead orsuspicious towers (see
Section 7.2.6). The second moment of the cluster which is referred to as the dispersion
D describes the lateral extension of the shower in the EMCal. In one dimension the
dispersion is calculated by:

D =

∑

i Eix2
i

∑

i Ei
−
(∑

i Eixi
∑

i Ei

)2

. (7.4)

Due to the finite size of the towers the calculated dispersiondepends on the impact posi-
tion within the tower [Sch94]. To account for this the dispersion is corrected with the first
moment of the cluster (Equation 7.3):

Dcorr = D− (|x̄|− x̄2) . (7.5)

4The angular dependence and the influence of the finite tower size is determined using test beams and
simulations.
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The corrected dispersion (inx- andy-direction) of each cluster is stored in the DST only
for the PbGl.

For the PbSc a different quantity is calculated during production and is used for photon
identification. The distribution of the energy deposit in electromagnetic showers was
studied using test beams and simulations yielding a parameterization of the average shape
of electromagnetic clusters in the PbSc [Baz99]. The measured shower shape is compared
to this parameterization and the deviation is expressed in terms ofχ2, which is stored in
the DST. More details are given in [KB04a]. How the dispersion andχ2 are utilized for
photon identification is described in Section 7.3.1.

Micro- and NanoDST’s

The complete set of DST’s that represents the p+ p data sample of Run III requires a
large amount of disk space. However, not all quantities stored in the DST’s are needed for
physics analyses. This led to the introduction ofmicroDST’s. This data format represents
a reduced set of quantities to save disk space, e.g. in case ofthe PbSc all information on
the calibrated towers has been removed. The microDST framework is designed to allow
the implementation of so-calledafterburners. The idea is that required corrections which
were not known during offline production can be applied by theanalyst himself prior to
the actual analysis. In this process the existing set of information in the microDST is
replaced by the corrected quantities. For instance a bug in the cluster splitting algorithm
in the production code of the Run III p+p PbGl data necessitated the use of an afterburner.
Fortunately the calibrated tower information had not been dropped in case of the PbGl and
so a fixed cluster splitting algorithm and subsequentreclustering(cluster identification)
could be applied [Büs06].

MicroDST’s contain the information of all detectors in one file. In order to achieve
further reduction of the file size thenanoDSTframework was introduced. Since particular
analyses do not require the same data sets in terms of detector subsystems and trigger
information it is reasonable to divide the data into separate output files. Hence for each
PRDF up to 27 individual nanoDST’s are produced5. To further reduce the data size
certain threshold cuts have been applied which were tested during the analysis of the
microDST’s, e.g. a minimum cluster energy cut. The direct-photon results presented in
this thesis are based on the analysis of nanoDST’s.

7.2.2 Analyzed Data Sets

For the analysis of direct photons two data sets satisfying different trigger conditions were
analyzed:Minimum Biasevents andGamma3events. In PHENIX, a minimum bias event

5For each PRDF one DST and one microDST is produced.
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in p+p is defined by at least one hit in each of the BBC’s. Minimum bias events represent
the least biased events in the experiment: only the limited BBC acceptance and efficiency
introduces a bias to the measured data sample (see Section 7.3.3). Because of the limited
DAQ rate at which data could be processed in Run III a prescalefactor was applied to
reduce the amount of minimum bias data.

In order to enhance the measurement of highly energetic photons, a data set satisfying
the Gamma3 high-pT trigger was recorded (see Section 5.5.2). Because the Gamma3
trigger requires a coincidence of the BBCLL1 and ERT_4×4c trigger, the high-pT photon
enriched sample is a subset of the minimum bias data set. However, since no prescale
factor is applied for the Gamma3 triggered events (i.e. all events that fired the Gamma3
trigger are recorded) the number of underlying minimum biasevents exceeds the number
of actually stored minimum bias events (see Section 7.2.4).For the Gamma3 trigger not
only the efficiency of the minimum bias trigger but also the efficiency of the ERT must be
considered (see Section 7.3.2).

7.2.3 Run Selection

Before the actual analysis the data sets are subject to certain quality checks in order to
remove runs that for instance exhibit suspicious deviations from the average behavior of
the complete data sample. These quality checks involve e.g.the analysis of hit multi-
plicities and mean hitpT in the EMCal as a function of the run number. Moreover, runs
which exhibit abnormal behavior in the BBC and ZDC response are removed from the
data sample. In addition, runs in the ERT triggered data set that have too high or too
low rejection factors6 are removed from the sample [Bau03]. Furthermore, the Gamma3
data set contains only runs with the same FEM acceptance, i.e. only runs are considered
in which the same set of FEM’s was active during data taking. After the removal of all
suspicious runs the list ofgoodruns comprised runs from 88115-92446. A complete list
of analyzed runs for the two data sets is given in Appendix B.1.

7.2.4 Event Selection

Only events with az-vertex of±30 cm around the nominal vertex as measured by the
BBC, ZDC and MVD7 were analyzed. This minimizes the background of scattered parti-
cles and excludes regions that are shadowed by the pole tips of the central magnet.

6The rejection factor indicates how many minimum bias trigger counts are obtained per selected special
trigger like the ERT.

7In the data production thez-vertex of the event is reconstructed separately using information from the
BBC, ZDC and MVD. If for one subsystem the vertex could not be reconstructed the corresponding vertex
information is missing in the DST. During the analysis it is always tried first to retrieve thez-vertex as
measured by the BBC. If this fails the vertex given by the ZDC and then by the MVD is utilized.
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For the analysis all events are subdivided into four analysis classes each referring to
a particular set of trigger conditions. For two classes a special analysis requirement was
applied in order to keep the ERT efficiency under control (FEMflag). This FEM condi-
tion is satisfied if the cluster with the maximal energy of theevent lies on the FEM for
which the Gamma3 trigger has fired (the FEM requirement is described in more detail in
Section 7.3.2). The different analysis classes are summarized in Table 7.1. All minimum

Name BBCLL1 Gamma3 FEM flag

MB1 yes no no

MB2 yes yes no

ERT1 yes yes yes

ERT2 no yes yes

Table 7.1: Analysis classes used in the analysis. The BBCLL1 denotes the minimum bias trigger and

Gamma3 the ERT_4×4c trigger in coincidence with the minimum bias trigger. Theanalysis condition

FEM flag is described in more detail in Section 7.3.2.

bias events are contained in classes MB1 and MB2 and are extracted from the minimum
bias data sample. Classes ERT1 and ERT2 comprise all high-pT events that are extracted
from the Gamma3 triggered data sample. Only Gamma3 events that satisfy the FEM
condition are analyzed. Table 7.2 gives the number of eventsNevt in both data sets that
were analyzed for the direct-photon analysis. The analysisclasses MB1 and MB2 can be

Data Sample Classes Nevt

MB MB1 + MB2 25.24 million

Gamma3 ERT1 + ERT2 45.12 million

Table 7.2:Number of analyzed events in the two data sets.

used to calculate the total rejection factorf gamma3
reject of the Gamma3 trigger for the analyzed

data set. As illustrated in Table 7.2 the sum of events in MB1 and MB2 gives all events
in the minimum bias data set (Nmb

evt ). MB2 alone denotes those events in the minimum
bias data set which also satisfy the Gamma3 trigger (Nmb∧gamma3

evt ). Hencef gamma3
reject can be

calculated as follows:

f gamma3
reject =

Nmb
evt

Nmb∧gamma3
evt

=
NMB1

evt +NMB2
evt

NMB2
evt

(7.6)
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The rejection factor allows the calculation of the number ofunderlying minimum bias
eventsÑmb

evt for the Gamma3 data sample from the number of recorded Gamma3events
Ngamma3

evt :
Ñmb

evt = f gamma3
reject ·Ngamma3

evt (7.7)

The total rejection factor of the Gamma3 trigger for the analyzed data set calculates to
f gamma3
reject ≈ 109 and therefore the number of measured Gamma3 events corresponds to

Ñmb
evt ≈ 4.93 billion events.

7.2.5 Energy Scale Correction

The energy scale of the calorimeter has a direct impact on themeasured invariant mass
of neutral pions. Because the energy resolution of the detector is limited the measured
mass follows a Gaussian around a mean value. The position of this π0 peak can be used
to tune the absolute energy scale of the EMCal. The nominal invariant mass of theπ0 is
mπ0 = 134.9766±0.0006 MeV/c2 [Yao06]. However, due to the finite energy resolution
of the EMCal and the fact that theπ0 pT-distribution is a steeply falling spectrum, the
measured mass of theπ0 is expected to be shifted to higher masses. The position of theπ0

mass peak can be predicted using a fast Monte-Carlo simulation that realistically models
the energy response of the EMCal. The comparison of the simulated to the measured
peak position provides the correction needed to shift the energy scale of the EMCal to the
correct position. Since the same fast Monte-Carlo code is used to compute the reconstruc-
tion efficiency (see Section 7.3.2), only details that are relevant for theπ0 peak calibration
are described here. The limited energy resolution of the detector is implemented in the
fast Monte-Carlo simulation by an energy smearing of the cluster energy. The energy is
smeared randomly according to a Gauss distribution around the original cluster energy.
TheσE of the Gaussian is given by:

σE

E
=

C1
√

E/GeV
⊕C2 , (7.8)

where⊕ denotes a quadratic sum. The EMCal has a nominal energy resolution (see
Table 5.1) which was determined in test beam studies [Aph03]. However, since the prop-
erties of the detector can alter with time it is desirable to determine the energy resolution
specifically for each running period of the experiment. Therefore the energy dependent
(C1) and constant (C2) parameters in Equation 7.8 are fixed by comparing theπ0 peak
width obtained in the simulation to the measured width as a function of pT in the current
data set. This is done for each EMCal sector individually. The parameters that are applied
in the simulation are given in Table 7.3. Each sector is namedin the analysis. Sectors
of the east arm have the name Ex while sectors of the west arm are named Wx (with
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Figure 7.1: The figure illustrates the naming of the eight EMCal sectors used in the analysis.

x = 0, 1, 2, 3). The naming of the eight EMCal sectors used in the analysisis illustrated
in Figure 7.1. Thereby the two sectors E0 and E1 represent thePbGl and the remaining
six sectors the PbSc. The comparison of the measuredπ0 peak width to the tuned simula-
tion for the combined PbGl and PbSc sectors, respectively, show excellent agreement over
the entirepT range (see Figure 7.2). As soon as the energy resolution of the EMCal is
correctly reproduced in the fast Monte-Carlo, the simulated π0 peak position gives access
to the expected correct energy scale of the EMCal. For the measurement of direct photons

Sector C1 [%] C2 [%]

E0 8.5 6.0

E1 8.5 5.8

E2 8.2 5.0

E3 8.2 6.0

W0 8.2 5.0

W1 8.2 5.0

W2 8.2 5.0

W3 8.2 5.7

Table 7.3:Energy smearing parameters used in the fast Monte-Carlo forall eight sectors of the EMCal in

Run III p+p.



80 Chapter 7: Measurement of Direct Photons in p+p Collisions

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

minimum bias

Gamma3 triggered

fastMC

p  [GeV/c]
T

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

minimum bias

Gamma3 triggered

fastMC

p  [GeV/c]
T

PbGl PbSc

Figure 7.2: Comparison of the measured and the simulatedπ0 peak width using the smearing parameters

given in Table 7.3 for the PbGl (left) and the PbSc (right), respectively.

it is desirable to correct the energy scale for single photons. Therefore, for the calibration
study the energy asymmetryα of π0 decays, which is defined as follows:

α =

∣

∣

∣

∣

E1−E2

E1+E2

∣

∣

∣

∣

, (7.9)

whereE1 andE2 are the energy of the two decay photons, is restricted in the analysis as
well as in the simulation to small values (α < 0.2). This restriction selects decay photons
with similar energiesE1 ≈ E2. With this requirement theπ0 peak position can be studied
as a function of the mean photon energyE = E1+E2

2 and hence allows to draw conclusions
for the energy scale of single photons. The ratio of the simulated and the measuredπ0

peak position directly reflects the energy scale correctionto be applied to the data. The
empirical form of this linearity correction is given by:

Ecorr

E
= (a1+a2 ·ea3·E), (7.10)

whereE is the cluster energy stored in the DST andEcorr is the cluster energy after the
linearity correction. The correction parametersai (i=1, 2, 3) are obtained for each sector
of the EMCal individually. They are listed in Table 7.4. After correction of the energy
scale the measuredπ0 peak position agrees well with the expected peak position obtained
in the fast Monte-Carlo simulation. This is illustrated in Figure 7.3 for the PbGl and
PbSc, respectively. It must be noted that neutral pions which decay in some distance to
the collision vertex lead to a shift of theπ0 mass peak to lower values because the opening
angle of theπ0 two-photon decay is not reconstructed correctly. Neutral pions that are
produced in the collision decay directly at the vertex because of their very short life time
of τ = 8.4 · 10−17 s [Yao06]. However, the strange mesonK0

s , which is also produced
in ultra-relativistic p+ p collision, has a mean life time ofτ = 8.953·10−11 s [Yao06].
This life time is long enough for theK0

s to decay considerably far away from the collision
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Figure 7.3: The comparison of the simulatedπ0 peak position and the measuredπ0 peak position after the

energy scale correction for the PbGl (left) and the PbSc (right), respectively.

vertex. K0
s have a decay channel into two neutral pions (K0

s → π0π0) with a branching
ratio of approximately 31%. Hence a small fraction ofπ0’s that is measured by the EMCal
do not come exactly from the vertex and shift the measured invariantπ0 mass peak. In
the fast Monte-CarloK0

s decays are not considered and therefore the energy scale is not
reflected correctly by the simulation. In order to account for the impact of these so-
callednon-vertexdecays on the energy scale a non-vertex correction is introduced in the
fast Monte-Carlo. Because this correction is applied within the efficiency correction it is
described in more detail in Section 7.3.2.

Another aspect which considerably influences the energy scale is the alignment of the
EMCal sectors. By analyzing electron tracks it was found that the PbGl and PbSc sectors
might be misaligned to some extent compared to the originally surveyed position [Per05].
For instance the PbGl appears to be closer to the beam line while the PbSc appears to be

Sector a1 a2 a3

E0 1.015 -0.03 -0.727

E1 1.01 -0.037 -1.773

E2 0.996 0.07 -1.772

E3 1. 0.06 -1.217

W0 0.998 0.05 -1.03

W1 1. 0.04 -0.671

W2 0.98 0.05 -0.652

W3 1. 0.03 -0.893

Table 7.4:Parameters of the empirical energy scale correction based on theπ0 peak position.
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Figure 7.4: Hit distributions in sector E1. The distributions show the hit frequency per tower for two

different energy ranges: (a)E ≥ 0.2 GeV and (b) 3 GeV< E < 4 GeV. Black entries represent good towers

while grey entries are excluded as bad towers.

further away. In addition, the analysis suggests a shift in beam direction and a tilt around
some non-negligible angle. All this would lead to an incorrect reconstruction of theπ0

mass and hence results in a miscalibration if theπ0 peak position is used. However, the
suggested corrections for theπ0 and photon spectra were not applied, since the alignment
analysis was not completely accepted within the PHENIX collaboration.

7.2.6 Identification of Bad Towers

In the measurement of direct photons it is crucial that all towers of the EMCal that do
not work properly are excluded from the analysis. Especially at high transverse momenta
(pT > 5 GeV/c) where only few direct photons are produced in the collisiona malfunc-
tioning tower could easily distort the measured spectrum. On the one hand towers that
do not contribute to the energy signal at all are denoted asdead. A common reason for
dead towers are faulty photomultipliers that produce no signal at all. Furthermore, PMT’s
that are known to behave in an unphysical way are switched offprior to data taking. A
dead tower within a cluster reduces the measured cluster energy. Hence, clusters which
deposit a significant amount of their energy in a dead tower must be removed from the
analysis. On the other hand towers which are not dead but showa strong deviation from
the mean behavior (in terms of energy spectra and hit distributions) are denoted asbad.
A tower that fires unusually more often than others even without any physics input can
be identified accidentally as a direct photon, thus affecting the measured spectrum, which
would be especially problematic at highpT as already mentioned.

During data production known dead/bad towers are marked in the DST’s. However,
since for the production only a limited number of quality checks are conducted, the list
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of bad towers8 in the DST is not complete. Therefore, prior to the actual analysis of
direct photons the EMCal data must be analyzed with respect to bad towers. This was
done as part of the neutral pion analysis described in [Bat05b, Bat05a]. The basic idea of
the method is to study the hit-per-tower distribution within each EMCal sector separately
and to look for individual towers which show significant deviations from the averaged
parameters of the measured distribution. The hit position thereby is defined by the tower
with the highest energy within the cluster. A typical hit distribution obtained with the
PbGl sector E1 is shown in Figure 7.4. The mean and the root mean square (RMS) of
the distribution are calculated and towers which show a significant deviation from the
mean (the threshold depends on the RMS of the distribution) are excluded (grey entries
in Figure 7.4). This procedure is done iteratively since towers which are far off from the
mean increase the RMS and hence influence which towers are excluded. The analysis of
bad towers is carried out for different cluster energy ranges. This improves the probability
to find bad towers which only show up at higher energies (note the different scale of the
x-axis in Figures 7.4(a) and (b)).

All identified bad towers together with the towers marked during data production are
summarized in abad tower map. The analysis is confined to hit distributions which are
acquired during the complete p+ p running period. Therefore a static bad tower map
is obtained which excludes towers for the complete data set.Figure 7.5 shows the bad
tower map of the PbGl sector E1 obtained with the Run III p+ p data set. Note that
some deficient FEM’s were excluded completely from the analysis. They are visible as
rectangular white areas in Figure 7.5. About 42% of all towers in sector E1 are excluded.
Table 7.5 shows the percentages of excluded towers for all sectors of the EMCal. The
bad tower maps for all eight sectors are shown in Appendix C. In the photon analysis a
cut on the position of the cluster is applied. If the tower with the largest energy within a
cluster coincides with a bad tower in the bad tower map the cluster is removed from the
analysis. All first order neighbors of a bad tower are also excluded from the analysis (i.e.
the 3×3 area surrounding a bad tower) since an electromagnetic cluster usually spreads
over more than one tower. In addition all edge towers of a sector as well as the first order
neighbors (only for the PbGl sectors to account for the finer granularity) are excluded
from the analysis to minimize leakage effects (see Figure 7.5).

7.3 Measurement of Inclusive Photons

As described in Section 7.1 the basic idea of the cocktail method is to extract direct pho-
tons from the measured inclusive photon spectrum on a statistical basis (cf. Equation 7.2).

8In the following the termbad towersis used for both, dead and bad towers.
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Hence the first step in the analysis is the determination of the inclusive photon spec-
trum utilizing the EMCal data. The inclusive photon spectrum comprises all photons that
emerge from the collision region and all photons that are created in subsequent particle
decays. All these photons produce clusters in the EMCal if they hit the detector. How-
ever, charged particles (e.g.π±, e±) as well as neutral particles (e.g. neutrons) also form
clusters in the EMCal which can be misidentified as photons. Afraction of these non-
photonic clusters can be removed from the data set by the application of so-called particle
identification (PID) cuts (see Section 7.3.1). The remaining spectrum can be regarded as
the photon-like cluster spectrum∆Nclusteras measured with the EMCal. In order to deter-
mine the inclusive photon yield from∆Ncluster a number of corrections are necessary as
illustrated in the following equation:

d2Nincl
γ

dpTdy
=

(1−Xn n̄) · (1−Xch)

εγ ·aγ · (1− pconv)
· ∆Ncluster

∆pT∆y
, (7.11)

whereXn n̄andXch are the fraction of neutral hadrons and charged particles, respectively,
remaining in the sample of photon-like clusters even after the PID cuts. Since the EMCal
does not have full azimuthal coverage an acceptance correction aγ has to be applied. Fur-
thermore, the efficiency of the photon reconstructionεγ determined mainly by the limited
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Sector Bad Towers in %

E0 39.1

E1 42.1

E2 37.0

E3 45.6

W0 25.8

W1 23.8

W2 33.7

W3 47.3

Table 7.5:Fraction of towers which are excluded from the analysis for each EMCal sector. The numbers in-

clude not only bad/dead towers but also edge towers and first order neighbors which are also not considered

in the analysis (see text for details).

energy resolution but also by the efficiency of the PID cuts istaken into account. Finally,
photons which convert into e+e− pairs are removed by theXch correction and hence must
be added back to the sample. The probability of photon conversion is given bypconv. All
required corrections are described in more detail in Section 7.3.2. Equation 7.11 shows
the differential form of the inclusive photon yield. It is determined per unit rapidity∆y
and transverse momentum∆pT. Multiplying Equation 7.11 by the factor 1

2πpTNevt
gives

the fully corrected Lorentz invariant yield of inclusive photon production.

7.3.1 Photon-Like Clusters

Photon Identification

As described in Section 5.1 the lateral extension of the shower in the EMCal can be used
to enhance photon identification and remove hadronic showers from the data sample.
Different cuts on the shower shape are applied in the photon analysis for the PbGl and
PbSc data, respectively.

For the PbGl the extension inx- andy-direction in terms of the dispersion is calcu-
lated during data production and stored in the DST for each cluster (see Section 7.2.1).
Electromagnetic showers spread over a smaller area than hadronic showers. Hence an
upper limit on the dispersion can be utilized to exclude hadronic clusters. An optimized
threshold was derived in [KB00] via simulations:

Dcut(θ) = 0.27−0.145·θ+0.00218·θ2. (7.12)
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Figure 7.6: Spectra of photon-like clusters measured in PbGl and PbSc with and without PID cuts for the

two different data samples.

The cut depends on the angle of incidenceθ (given in degrees in Eq. 7.12) of the incoming
particle (with increasing incident angle the shower spreads over an increasing number of
towers). In the analysis the maximum of the dispersion inx- andy-direction is compared
to the threshold.

Clusters in the PbSc are characterized by aχ2 which indicates the probability for the
cluster to be an electromagnetic shower (see Section 7.2.1). Clusters withχ2 > 3 are
removed from the data sample in the photon analysis. More information on theχ2 cut can
be found in [KB04a].

Besides the cut on the shower shape of the cluster which is themain tool for the
identification of photon-like clusters a loose cut on the cluster energy is applied (Ecluster<

200 MeV). This threshold mainly removes noisy channels but does not notably improve
photon identification.

Spectra

As mentioned above all hits in the EMCal that are not removed by the PID cuts form the
so-called photon-like cluster spectrum. ThepT spectra are divided intopT bins in which
the corresponding number of clusters are counted. Figure 7.6 shows the measured cluster
spectra derived from the minimum bias and the high-pT filtered data sample for the PbGl
and PbSc, respectively. The ERT spectrum extends to far higher transverse momenta.
Furthermore, the effect of the PID cuts on the spectra is shown: PID0 denotes no cut
(solid line) while PID3 represents all applied cuts, namelythe cut on the cluster energy
and on the shape of the cluster. The logarithmic scale somewhat hides the considerable
difference in the corresponding spectra. However, the explicit numbers of photon-like
clusters perpT bin (see Tables in Appendix D) reveal the effect of the PID cuts. The
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photon-like cluster spectra have to be corrected for several effects. Theses corrections are
described in detail in the following section.

7.3.2 Corrections of the Photon-Like Cluster Spectrum

The fully corrected inclusive photon spectrum is determined from the photon-like cluster
spectrum as described by Equation 7.11. The raw spectrum is still contaminated with
clusters produced by charged hadrons and electrons as well as neutral particles such as
neutrons and antineutrons. Moreover, highly energetic photons which traverse matter
have a certain probability to suffer pair production. All this directly influences the cluster
spectrum and must be taken into account and corrected. The invariant yield of inclusive
photons is calculated per unit rapidity at mid-rapidity andfor full azimuth. However,
the geometric acceptance of the EMCal is limited at mid-rapidity due to the incomplete
azimuthal coverage (see Section 5) of the central arms and because of the large number
of bad towers that are excluded from the analysis. Therefore, the number of measured
clusters must be extrapolated via a geometric acceptance correction. The limited energy
resolution of the EMCal smears the measured energy. The effect is simulated and cor-
rected with the so-called reconstruction efficiency9. The finite position resolution, the
efficiency of the PID cuts and the non-vertex correction (seeSection 7.2.5) are also taken
into account in the reconstruction efficiency. Finally, a correction of the limited ERT
efficiency must be applied to the high-pT filtered data sample in order to account for pho-
ton losses at the trigger threshold. All these corrections are described thoroughly in the
following.

Geometric Acceptance

The acceptance correction as well as the reconstruction efficiency described in the next
section is determined with a fast Monte-Carlo simulation. The same code was used in
the neutral pion analysis of the same data set [Bat05b, Bat05a] and was originally devel-
oped by [Rey03a]. It simulates the geometry and the detectorproperties as accurately as
possible.

The simulation of the geometric acceptance of the EMCal for single photons in a
certain phase space is rather simple. It is given by the number of particles that hit the
active area of the detector compared to the number of photonsemitted in the considered
phase space. For the photon analysis the phase space is givenby the rapidity interval of
−0.45< y < 0.45 and complete azimuthal coverage∆φ = 2π. In the simulation photons

9The namereconstruction efficiencyhas its origin in theπ0 analysis. The finite energy resolution affects
the reconstruction of the neutral pion via the two-photon decay [Bat05b].
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Figure 7.7: Rapidity distribution used in the fast Monte-Carlo to simulate single photons in the rapidity

range−0.45< y < 0.45. The shape follows a Gaussian around zero withσ = 3.0 and therefore appears to

be almost flat.

are created randomly within this phase space. The transverse momentumpT of the sim-
ulated photons are chosen to be uniformly distributed (0.5 < pT < 40 GeV/c) to have the
same statistics over the entirepT range. Thez-vertex is assumed to be uniformly dis-
tributed and is restricted to|zvertex|< 30 cm as this cut is applied in the analysis of the real
data. While the azimuthal direction is a flat distribution over 2π the rapidity distribution
is chosen to have a Gaussian shape which is illustrated in Figure 7.7. The Gaussian is
chosen to be distributed around zero with aσ = 3.0, which makes the distribution rather
flat in the rapidity range−0.45< y < 0.45. The geometric acceptance is calculated by
dividing thepT distribution of photons that hit the EMCal by thepT distribution of gener-
ated photons. The result is shown in Figure 7.8. Since only the active part of the EMCal
contributes to the geometric acceptance the same map of bad towers which is used in the
analysis of the real data (see Section 7.2.6) is included in the fast Monte-Carlo. The sim-
ulated geometric acceptance reveals a drop with increasingtransverse momentum. This
is due to the fact that the depth of an electromagnetic showerdepends on the energy of
the incident particle. Therefore, for a particle that hits the detector surface with a large
angle of incidence the impact position and the tower of maximum energy in the cluster
differs from each other. This leads to leakage effects at theedges of the EMCal. The
probability for a photon to leak out of the detector increases with increasing energy. In
the fast Monte-Carlo the relation between the maximum towerposition and the angle of
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incidence is parameterized (for a photon in the Monte-Carloonly impact position and an-
gle of incidence are simulated) and the observed drop in Figure 7.8 indicates the expected
leakage effect.

Reconstruction Efficiency

The measurement of a particle spectrum is modified by detector specific effects and the
application of cuts in the analysis. Therefore the measuredspectrum of inclusive pho-
tons f (pT)measureddeviates from the true input spectrumf (pT)true. The reconstruction
efficiencyεreco is defined as the ratio of the two:

εreco(pT) =
f (pT)measured

f (pT)true
. (7.13)

The main factor which makes the efficiencyεrecodeviate from unity is the limited energy
resolution in combination with the steeply fallingpT distribution. For a flatpT distribu-
tion the same number of particles are shifted out of a certainbin as are shifted into it.
Therefore the effect of the finite energy resolution on the measured number of particles in
a certainpT bin would cancel by itself. However, in case of a steeply falling spectrum the
shift from lower to higherpT bins is always considerably larger then vice versa. Hence
the spectrum is shifted towards higher transverse momenta which leads to an efficiency
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Parameter PbGl PbSc

c0 [mm] 28.0 20.0

c1 [mm] 6.73 8.35

c2 [mm] 1.61 0.15

Table 7.6:Parameters describing the position resolution in PbGl and PbSc, respectively. The parameterc0

corresponds to the radiation length in the detector material (see Table 5.1).

εreco> 1 for mostpT bins. As was discussed in Section 7.2.5 the limited energy resolution
of the detector is incorporated in the simulation by a smearing of the cluster energy. The
parameters are fixed with the help of theπ0 peak width (see Table 7.3).

Another detector effect that influences the measured spectrum is the finite position
resolution of the detector. The hit position is required forthe reconstruction of the particle
pT and therefore any shift of the hit position also shifts thepT distribution. Like the
cluster energy the impact position of the particle is smeared according to a Gaussian in
the fast Monte-Carlo. The sigma of the Gaussian distribution comprises to components:
σθ=0◦

xy which describes the resolution for zero incident angleθ andσθ
xy which describes

the angular dependence. The two components are given by:

σθ=0◦
xy =

c1
√

E/GeV
⊕c2 , (7.14)

σθ
xy = c0 ·sin(θ) .

The overall sigma describing the total angular dependent position resolution is given by
the quadratic sum of the two components:

σxy(θ) = σθ=0◦
xy ⊕σθ

xy. (7.15)

σxy(θ) is given in mm. The parameters are specified in Table 7.6 and are based on the
nominal position resolution given in [Aph03]. The parameters c1 andc2 for the PbSc are
taken from the PbGl. In order to account for the different granularity in the two EMCal
subsystems the PbSc position resolution is scaled by the ratio of the tower dimensions in
PbGl and PbSc. The parameterc0 corresponds to the radiation length in the two subsys-
tems.

As mentioned above the reconstruction efficiency (also referred to as efficiency cor-
rection) corrects not only for detector specific effects butalso for cuts applied in the
analysis. The shower shape cut (see Section 7.3.1) has a limited efficiency (i.e. also pho-
tons are removed by the cut) which must be taken into account in the analysis. In the fast
Monte-Carlo only the tower which is hit by the particle is known, i.e. no cluster is simu-
lated. This has the drawback that the shower shape cut cannotbe applied in the simulation
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in the same way as in the analysis of the real data. Instead theefficiency of the shower
shape cut is realized in the fast Monte-Carlo as a survival probability pγ

survival of single
photons. The survival probabilitypγ

survival can be determined from theπ0 raw yields ob-
tained from the same data set [Bat02]. The procedure is the following: the rawπ0 yield is
determined with and without shower shape cut for each sectorindividually. The constant
ratio of the two spectra gives the probabilitypπ0

survival to lose aπ0 due to the shower shape
cut as a function ofπ0 energy. By applying a strong asymmetry cut (α < 0.2) the ratio
of theπ0 yields can be plotted as a function of the mean photon energyE = E1+E2

2 . The
advantage of this method is that the reconstruction of neutral pions via the invariant mass
analysis ensures that only photons constitute the spectrum. Thus together with the strong
asymmetry cut the survival probability for photons can be simply derived as follows:

pγ
survival =

√

pπ0

survival. (7.16)

pγ
survival is derived for each sector and the average is calculated for the two EMCal subsys-

tems. The survival probability for single photons due to theshower shape cut is(98±2)%
for the PbGl and(98+2

−4)% for the PbSc, respectively.

The energy PID cut is reproduced in the fast Monte-Carlo by applying a cut on the
smeared energy of the simulated particle. However, since the energy threshold is very low
the PID cut has only a minor influence on the reconstruction efficiency.

As was mentioned in Section 7.2.5 a non-vertex correction isrequired in order to
take into account measured neutral pions which did not decayat the vertex. These non-
vertex decays shift the measuredπ0 peak and hence influence the energy scale which
is determined using the measuredπ0 peak position. The reconstructed peak position of
neutral pions which do not come from the vertex is at a lower invariant mass. Since the
linearity correction of the energy scale is determined by the ratio of the simulated (which
does not include any non-vertex decays) to the measuredπ0 peak position the corrected
scale is shifted towards higher energies. It was shown in simulation studies that this
shift is described by an offset of 0.7%± 1.0% independent of the energy [Baz03c]. In
order to correct for this the same offset is introduced in thecalculation of the efficiency
correction in the fast Monte-Carlo, i.e. the particle energy is shifted by+0.7%. By
applying the efficiency correction to the measured spectrumthe effect of non-vertexπ0’s
is hence corrected.

Equation 7.13 implies the knowledge of the true inclusive photon spectrumf (pT)true.
However, since the efficiency correction is needed to determine the true spectrum, the
latter is in principle not known at the beginning of the analysis. Therefore, the efficiency
correction must be determined in an iterative way. In the first iteration an assumed spec-
trum, e.g. based on the raw cluster spectrum or some earlier measured spectrum, is used
as input to the simulation. This approach results in a first approximation of the efficiency
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correction which is applied to the raw cluster spectrum, providing a new input distribution.
This process is repeated until convergence of the reconstruction efficiency is achieved. In
the simulation a parameterization of the measured inclusive photon yield dN/dpT is used.
This parameterization is composed of a low and a high-pT part to account for the differ-
ent physics mechanisms which are responsible for particle production in the differentpT

regions (see Section 2). The shape of the distribution at lowpT is well described by a
Hagedorn function:

dNHag

dpT
=

A
(p0+ pT)m . (7.17)

At high pT the distribution follows a power law:

dNPower

dpT
=

B
pT

n . (7.18)

A, B, p0 andn are free parameters of the parameterizations. In order to ensure a smooth
transition between the two regions a Woods-Saxon type function (with free parametersa1

anda2) is used as a weight for both contributions:

dN
dpT

= aWS·
dNHag

dpT
+(1−aWS) ·

dNPower

dpT
, (7.19)

with aWS =
1

1+exp
(

pT−a1
a2

) .

The fit of the two individual parameterizations to the data isshown in Figure 7.9(a). The
data points represent the fully corrected inclusive photonyield measured in the PbGl
which was used to extract the direct-photon signal. The Hagedorn and the power law
were fitted in the region below and abovepT = 6 GeV/c, respectively but plotted in the
entirepT range. In order to point out deviations between the fitted parameterization and
the data points the relative difference is illustrated in Figure 7.9(b). The open circles
show that the Hagedorn fails to describe the data abovepT ≈ 5.5 GeV/c, while the power
law (closed circles) do not describe the data well belowpT ≈ 5.5 GeV/c. The transition
between the two functions is smoothed by the Woods-Saxon type function that is shown
in Figure 7.9(b) (in arbitrary units). It must be noted here that the measured spectrum
of inclusive photons is distorted by the so-calledcluster merging effect. This must be
taken into account in the determination of the fit parameterswhich are needed to describe
f (pT)true. A detailed description of the cluster merging effect and its correction is given
in Section 7.3.3.

The input spectrum is simulated employing the same assumptions for single photons
as for the acceptance correction, e.g.|zvertex| < 30 cm, flatpT distribution etc. However,
because the shape of thepT-distribution has a major impact on the efficiency correction
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shown as a black line (Woods-Saxon type function) in arbitrary units.

each particle is weighted according to itspT at creation. This procedure has the advantage
that the same accuracy is achieved over the entirepT range. The efficiency correction is
then determined simply by using Equation 7.13, i.e. by dividing the pT distribution of
accepted and smeared photons by the spectrum of input particles that hit the detector.
Figure 7.10 shows the reconstruction efficiency after the final iteration for the PbGl and
PbSc, respectively. The efficiency is determined with and without particle identification
cuts. The application of the energy and shower shape cut (PID3) leads to a reduction
of the efficiency since they remove real photons from the datasample. The difference
between PID0 and PID3 is primarily caused by the limited efficiency of the shower shape
cut (the cut removes about 2% of real photons). It should be noted at this point that the
term “reconstruction efficiency” suggests a correction less than unity. However, since for
single photons the reconstruction efficiency primarily corrects for the energy smearing
of the detector (which shifts particles from low to highpT) the corrections rise above
unity and must be considered as a correction rather than an efficiency (hence the term
"efficiency correction").

Charged Particle Background

As was mentioned above even after the shower shape cut a fraction of charged hadrons
(primarily charged pions) remains in the spectrum of photon-like clusters. Also electrons
and positrons which emerge from vector meson decays or pair production (γ → e+e−)
distort the inclusive photon spectrum. In order to identifythese charged hits and remove
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Figure 7.11:(a) The PC3 is located directly in front of the EMCal and therefore is ideally suited as a charged

particle veto (CPV) detector for charged hits in the EMCal. (b) Schematic illustration of the projection of

the charged PC3 hit onto the EMCal surface.

them from the EMCal data one of the pad chambers is utilized. As described in Sec-
tion 4.2.3 the pad chambers are part of the charged particle tracking system in PHENIX.
The PC3 has the advantage that it is positioned directly in front of the EMCal (see Fig-
ure 7.11(a)). Charged particles create a signal in the PC3 (in the following also referred
to as a charged hit) before they create a cluster in the EMCal.By correlating charged
hits with clusters in the EMCal the fraction of charged particles in the photon-like cluster
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spectrum can be determined. A correlation between EMCal clusters and charged hits in
the PC3 is established by defining a veto radius. All EMCal clusters that have a charged
hit projection within the chosen veto radius are removed from the sample. However, the
background subtraction is not done hit-by-hit but on a statistical basis. The method was
already applied in previous photon analyses, e.g. in the Au+Au direct-photon analysis
using PHENIX Run II data [KB04b]. The approach is the following: Each charged par-
ticle hit in the PC3 is projected onto the EMCal surface by using the straight line from
the vertex to the charged hit. This is illustrated in Figure 7.11(b). In a next step for each
hit in the EMCal the distancedCPV

min to the nearest charged hit projection in the same event
is calculated. This is done for each EMCal hit in the photon-like cluster spectrum for
different pT ranges and for the minimum bias and ERT filtered data set separately. A
typical distribution ofdCPV

min is shown in Figure 7.12(a) for 2.8 GeV/c < pT < 4.2 GeV/c
for hits in the PbGl. EMCal clusters can be correlated to charged hits ifdCPV

min is below
some threshold (the veto radius). Hence all charged hits liein the "peak" visible at small
values ofdCPV

min in Figure 7.12(a). The threshold depends on the consideredpT range and
must be adjusted to the data.

Although the multiplicity in p+p collisions is small, uncorrelated EMCal clusters
and charged hit projections randomly yield minimum distances below the chosen thresh-
old and thus would misleadingly contribute to the charged background. This so-called
combinatorial backgroundcan be determined using the so-calledmixed eventtechnique
(hence the distinction betweenreal andmixed eventsin Figure 7.12(a)). In this method
thedCPV

min distribution for uncorrelated pairs is determined by mixing EMCal clusters and
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charged hits from different events thereby ensuring that all formed pairs are completely
uncorrelated. Because the statistics of real and mixed pairs are different, the background
of mixed pairs must be scaled to the distribution of real pairs. This is done using the
ratio of thedCPV

min distribution of real and mixed events. The constant fit to theratio at
large distances as shown in Figure 7.12(b) is used as the scaling factor. The combinatorial
background in the distribution of real events is well reproduced by this technique (see
Figure 7.12(a)). At large transverse momenta the statistical fluctuations become larger
and a reliable constant fit to the ratio is not possible. In this case the integrals of the real
and the scaled mixed distribution are calculated in a range at largedCPV

min and the scaling
factor is determined as the ratio of the two integrals.

After the subtraction of the combinatorial background fromthe distribution of real
events the integral under the peak up to the chosen veto radius (the veto radius decreases
with pT and ranges from 30 cm at low to 6 cm and highpT) represents the number of
EMCal hits that can be correlated with a charged hit in the PC3(Ncharged

cluster ). This number
is compared to the total number of EMCal hits in the samepT range (Ntotal

cluster) and yields
the fraction of charged hitsXch in this pT bin:

Xch =
1

εPC3
· Ncharged

cluster

Ntotal
cluster

. (7.20)

Equation 7.20 takes into account the limited efficiencyεPC3 of the PC3. On the one
hand the PC3 does not cover the complete EMCal acceptance. Onthe other hand the PC3
has areas which were inactive during the data taking period and therefore did not con-
tribute to the charged signal. Either aspects worsen the efficiency of the PC3 within the
EMCal acceptance. Strictly speaking the PC3 efficiency can be regarded as a geometric
acceptance matched to the EMCal acceptance.10 Therefore the PC3 efficiency was esti-
mated by projecting the PC3 acceptance onto the EMCal surface and by identifying areas
in the PC3 which show unusual low activity compared to the average. The procedure is
the following: so-calledveto mapsfor each EMCal sector were filled with EMCal hits
that have an associated charged hit in the PC3, i.e. the EMCalhit has a PC3 hit projection
within a radius of 4 cm. This very tight condition was chosen because a single pad in
the PC3 covers approximately an area that corresponds to a circle with radius of 4 cm.
Figure 7.13 shows the veto map (open boxes) together with theEMCal hit map (colored
boxes) for the PbGl sector E0. White areas indicate bad towers in the EMCal which are
not considered in the analysis (see Section 7.2.6). By comparing the EMCal hit map and
the veto map there are already some areas in the active part ofthe EMCal visible in which
no or only a few corresponding charged hits can be found. Thisbecomes more obvious
in the ratio of the veto and the EMCal hit map, which is also shown in Figure 7.13. Blue

10The intrinsic efficiency of the PC3 was assumed to be 100%.
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middle of the EMCal sector is caused by a gap in the PC3 due to its mechanical structure.

areas in the ratio indicate areas in the EMCal which have significantly less corresponding
charged hits in the PC3. There is a blue region along they-direction atz= 46±1 modules
which can be found for all EMCal sectors. This region can be ascribed to a gap in the
PC3 coverage which is due to the mechanical structure of the pad chamber. A cut on the
ratio was introduced which defined active and inactive regions in the PC3. The threshold
was chosen in such a way that the physical gap in the PC3 coverage in the middle of each
EMCal sector was removed by the cut, i.e. was defined as inactive. A constant fraction of
0.09 was found to be suitable for all sectors. Figure 7.14 shows the area of the PC3 which
is defined as inactive in the acceptance of the EMCal sector E0by the cut on the ratio. The
ratio of the EMCal area in which the PC3 is defined as inactive and the full active EMCal
acceptance gives the PC3 efficiency. The efficiency is determined for each EMCal sector
separately. Also a very small run dependence of the PC3 efficiency was found. In order to
account for this, the data sets were divided into two segments (one covering the first and
the other one covering the second half of Run III) and the efficiency was estimated for
both segments separately. The average of both segments was then calculated by weighting
with the number of events in the corresponding segment. The average PC3 efficiency for
the PbGl and the PbSc was then calculated by weighting with the number of active towers
in the corresponding sectors. Table 7.7 shows the estimatedefficiencies of the PC3 in the
acceptance of the PbGl and PbSc, respectively.

The PC3 efficiency was also estimated following a different approach. Instead of di-
viding the veto and the EMCal hit map the distribution of hitsper tower in the EMCal that
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Figure 7.14:Dead map of the PC3 matched to the acceptance of the PbGl sector E0. The inactive area is

defined by a cut of 0.09 on the ratio of the veto and the EMCal hitmap shown in Figure 7.13.

have a corresponding hit in the PC3 (i.e. within a radius of 4 cm) was studied for each
sector separately. A threshold was chosen to cut out towers which showed significantly
less entries than the average in the same sector. The efficiencies derived in this method
for the PbGl and PbSc were found to be similar to the values given in Table 7.7 with an
uncertainty of±5%. It must be emphasized that both methods only represent anestima-
tion of the PC3 efficiency. However, within the errors the derived values are believed to
be reasonable.

The fraction of charged particlesXch in the spectrum of photon-like clusters (with PID
cuts) was calculated for the minimum bias and the ERT filteredevent sample separately.

PC3 efficiencyεPC3

PbGl 79%±5%

PbSc 92%±5%

Table 7.7: Estimation of the PC3 efficiency in the acceptance of the PbGland PbSc, respectively. The

intrinsic efficiency of the PC3 was assumed to be 100%. The errors were estimated by following two

different approaches to determine the efficiency (see text for more details).
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Figure 7.15: Fraction of charged particlesXch in the photon-like cluster spectrum (PID3) derived for the

two data samples and for the PbGl and PbSc, respectively. Because of the small statistics the fraction is

extrapolated to largerpT by a constant fit.

Xch is shown in Figure 7.15 as a function of the photonpT for the two data sets and for the
PbGl and PbSc, respectively. The large contribution of charged particles at low transverse
momenta is due to charged hadrons, which were not removed by the shower shape cut.
Charged hadrons deposit only a small fraction of their energy in the EMCal since both
subsystems have only a depth of about one nuclear absorptionlength (see Table 5.1).
Also the different response to hadrons in the PbGl and PbSc isobvious, i.e. the PbSc as
a scintillator is more susceptible to hadrons (see Section 5.4). The fractionXch levels off
at a constant value abovepT ≈ 2 GeV/c. This is expected since forpT > 2 GeV/c the
main contribution to the charged background originates from the conversion of photons
(γ → e+e−) and therefore is determined by the conversion probabilitypconv. Since the
statistical fluctuations become large at highpT the data is replaced by a constant fit. The
fit region was chosen for each data set and subsystem individually and ranged frompmin

T =

1.8−2.6 GeV/c to pmax
T = 16 GeV/c. The charged fraction above 3 GeV/c is about 14%

in the PbGl and about 13% in the PbSc.

Photon Conversion

High-energy photons traversing a material with high atomicnumber have a non-negligible
probabilitypconv to convert into e+e− pairs. Since most photons that hit the EMCal orig-
inate at the collision vertex they have to pass through all the material between the vertex
and the EMCal in the PHENIX detector. Electrons and photons from pair production
that takes place in front of the PC3 contribute to the chargedparticle fractionXch and are
therefore removed from the data sample. Conversions that take place between the PC3
and the EMCal do not have to be considered. Because of the small distance between
PC3 and EMCal any created e+e− pair will form one single cluster in the EMCal which



100 Chapter 7: Measurement of Direct Photons in p+p Collisions

is identified as a photon cluster with the full energy of the original photon. In order to
correct for photons that convert on their way to the EMCal theconversion probability in
the material from the vertex up to the PC3 is calculated.pconv can be derived from the
high-energy limit of the total e+e− pair-production cross section as given in [Yao06]:

pconv = 1−exp(−7
9
·
∑

i

Xi

X0
) , (7.21)

where the material budget of subsystemi is given in terms of the radiation length (Xi/X0).
Table 7.8 lists the material budget of the relevant subsystems which were installed in
Run III p+p. The calculated conversion probabilities are given in Table 7.9 for photons
that hit the PbGl and PbSc, separately. Since this approach to estimate the conversion
probability does not take into account any detector specificeffects a conservative uncer-
tainty of±0.02 is applied to the probability. The total material budget is different in the
east and west arm of PHENIX, hence the conversion probability is calculated for PbGl,
PbSc East and PbSc West separately. The average conversion probability for the PbSc is
calculated by weighting with the number of PbSc sectors in the east and west arm.

Neutral Background

Besides the charged background in the photon-like cluster spectrum also neutral particles
remain in the spectrum after the shower shape cut. Neutral particles comprise primar-
ily neutrons and antineutrons. The fraction of neutral particles in the photon-like cluster
spectrum, after the subtraction of charged particles, was determined in simulations of
Au+Au collisions for different centralities [KB04a]. The efficiency of the EMCal for

X/X0

Material PbGl PbSc East PbSc West

beam pipe, air, DC, MVD 0.013 0.013 0.013

PC1 0.012 0.012 0.012

RICH 0.021 0.021 0.021

PC2 — — 0.024

TEC/TRD 0.064 0.064 —

Air 0.003 0.003 0.003

Total 0.113 0.113 0.073

Table 7.8:The material budget in terms of radiation lengthX0 used in the analysis to determine the conver-

sion probability in front of the PC3. The values are taken from [d’E04].
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pc

PbGl 0.084

PbSc East 0.084

PbSc West 0.055

PbSc (mean) 0.065

Table 7.9:Estimation of the photon conversion probabilities betweenthe collision vertex and the PC3 using

the material budget from Run III p+p determined separately for the PbGl, PbSc East and West. Themean

for the PbSc is calculated by weighting with the number of PbSc sectors in each arm.

neutrons and antineutrons is determined via the embedding of simulated particles into
real events. These merged events are then analyzed within the same analysis framework
as the real data and the influence of the detector as well as thethe various analysis cuts
on the measured spectrum can be studied. The flux of neutrons and antineutrons into
the acceptance of the EMCal is determined with a GEANT simulation of the PHENIX
experiment. Knowing the detector efficiency and the input spectrum the response of the
EMCal to neutrons and antineutrons can be determined. For the input spectrum of neu-
trons and antineutrons a parameterization of the measured proton and antiproton spectrum
in PHENIX is employed. This approach is justified under the assumption that the produc-
tion of nucleons does not depend on the isospin. More detailson the efficiency calculation
can be found in [KB04a].

The derived spectrum of neutral particles is compared to themeasured photon-like
cluster spectrum in the EMCal, after subtraction of the charged background. This com-
parison gives the fraction of neutrons and antineutrons to the cluster spectrum. Figure 7.16
shows the contribution of neutrons and antineutronsXn n̄ in peripheral Au+Au colli-
sions11 after the employment of the shower shape cut in the two EMCal subsystems.
Above pT ≈ 2 GeV/c the neutral contribution becomes negligible. The error bars shown
in Figure 7.16 are systematic errors. More details on systematic uncertainties due to the
various corrections are given in Section 7.3.4.

Geometric ERT Efficiency

Events in the Gamma3 data set required an energy deposition in a sum of 4×4 towers
(i.e. a 4×4 trigger tile) in the EMCal above a certain threshold (see Section 5.5.2 and
Table 5.2). All clusters in the EMCal for such a high-pT event are recorded and written to
disk. In principle, the geometric ERT efficiencyεGamma3

γ corrects for photons that are lost

11Peripheral Au+Au collisions can be taken as a good approximation for p+p reactions.
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Figure 7.16:Fraction of neutrons and antineutrons in the photon-like cluster spectrum, after subtraction of

the charged background. The shower shape cut is applied to the EMCal data and considered in the efficiency

calculation of neutrons and antineutrons.

for two reasons: First, single suspicious trigger tiles or even whole FEM’s were masked
off during data taking or in the offline analysis. EMCal clusters in such areas might
not fire the trigger although they deposit enough energy. Andsecond, events containing
only low energy photons are not recorded because the energy deposit does not exceed
the threshold and hence do not fire the trigger. Both effects reduce the efficiency of the
high-pT trigger. However, by calculating and applying the ERT efficiency the loss of these
photons is corrected. At largepT, i.e. well above the trigger threshold, the geometric ERT
efficiency is determined solely by the number of inactive trigger tiles in the acceptance of
the EMCal. This so-calledgeometric limitcan be calculated as follows:

εGamma3
γ (geo. limit) = 1− Nmasked

tower

Nactive
tower

, (7.22)

whereNmasked
tower denotes the number of active EMCal towers which are located in masked

trigger tiles (and hence do not contribute to the trigger) and Nactive
tower is the number of active

towers in the EMCal acceptance. Since all EMCal towers in masked trigger tiles are
removed from the analysis (and are corrected by the geometric acceptance correction
described above) the geometric limit of the ERT efficiency is100% by construction, i.e.
Nmasked

tower = 0.

The geometric ERT efficiency for single photons over the entire pT range can be de-
termined directly from the data by comparing the photon yields obtained in the minimum
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Figure 7.17: The geometric ERT efficiency simulated with the fast Monte-Carlo for the PbGl and PbSc.

The trigger threshold distribution is determined by a fit to the measured turn-on curve shown here for the

PbSc (open circles). The statistics of the minimum bias sample becomes very low above a fewpT leading

to the large statistical errors on the data points in the geometric limit.

bias data sample and the Gamma3 data sample. This so-calledturn-on curveis shown in
Figure 7.17 for the PbSc data (open circles). However, sincethe statistics of the minimum
bias sample drops off rather quickly after the geometric limit has been reached the ERT
efficiency is not well defined by the data in the geometric limit (although the data already
indicate a geometric limit of 100% betweenpT = 3− 4 GeV/c). Therefore instead of
extracting the trigger efficiency directly from the data theturn-on curve is used to de-
termine the effective trigger thresholds of the ERT. Although Table 5.2 implies constant
trigger thresholds they are in fact better described by the sum of two Gaussians around
the nominal value of the threshold which account for the Gaussian-like ADC-threshold
distribution and the asymmetric non-Gaussian tails of the gain-factor distribution. This
was studied thoroughly as part of the neutral pion analysis in Run III p+p [Bat05b]. The
parameters of the effective trigger threshold distributions in PbGl and PbSc, respectively,
are derived by fitting the integrated distribution to the corresponding measured turn-on
curve. These trigger thresholds are then used as input in a fast Monte-Carlo simulation
to simulate the geometric trigger efficiency with equal statistical accuracy at allpT. The
result is also shown in Figure 7.17 for the PbGl and PbSc. The comparison of the turn-on
curve derived from the PbSc data and the corresponding simulated ERT efficiency shows
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Figure 7.18: Fraction of partner photons inπ0 decays which are lost due to the FEM requirement even

though their energy is sufficient to fire the ERT trigger. Above pT ≈ 3 GeV/c less than 1% of partner

photons are lost. Only the PbSc was simulated because a single FEM of the PbSc covers a larger area than

a FEM of the PbGl because of the larger granularity of the PbSc. Therefore the effect is expected to be

smaller in the PbGl.

very good agreement in thepT range where the trigger turns on. The simulated ERT
efficiency is used to correct the Gamma3 data.

In the fast Monte-Carlo only single photons are simulated, i.e. the derived geometric
ERT efficiency is valid only for the case that at most one photon per FEM and event fired
the trigger (the trigger board for each FEM stores only the informationif the ERT trigger
fired on this FEM but not in which specific trigger tile and how many times). In order
to keep the ERT efficiency under control the so-calledFEM requirementis introduced in
the analysis of the Gamma3 filtered data. This condition accepts a photon in a Gamma3
event only if it lies on a FEM for which the ERT trigger is set and if the photon has
the maximum energy on this FEM in this event. Due to this requirement the accepted
photon is very likely the photon that fired the ERT trigger. Photons that do not meet
these conditions are removed from the sample but are added back by the ERT efficiency
correction. The FEM requirement is based on the assumption that only one photon per
event fires the ERT trigger on one specific FEM. Because of the low multiplicity in p+p
collisions this assumption is likely to be true for uncorrelated photons since the probability
that uncorrelated photons hit the same FEM and fire both the ERT trigger is negligible.
However, decay photons e.g. originating from high-energetic π0 decays are correlated
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and both could have, in the case of a symmetric decay, a transverse momentum above the
trigger threshold. Since the opening angle of the decay photons decreases with increasing
pT both decay photons might hit the same FEM. In this case the FEMrequirement would
remove one of the trigger photons (the less energetic one) but the ERT efficiency would
not correct for this (the removed photon has apT in the geometric limit where the ERT
efficiency is 100%). In order to investigate the size of this effect π0 decays were simulated
in the fast Monte-Carlo. Only suchπ0 decays were studied, where at least one decay
photon fired the trigger. The two decay photons were subdivided into thetrigger photon,
which is the more energetic photon and fires the trigger and the partner photon. It was
then studied how many partner photons hit the same FEM and have sufficient energy
to fire the Gamma3 trigger. Because of the smeared trigger threshold distribution it is
also possible that the less energetic photon is the trigger photon while the more energetic
photon does not fire the trigger. This case is also taken into account in the simulation.
The result is shown in Figure 7.18. AbovepT ≈ 3 GeV/c the loss of partner photons is
less than 1%. This was deemed to be negligible. The loss of partner photons was not
simulated for the PbGl since the finer granularity of the PbGltowers leads to a smaller
area covered by one single FEM. Thus the effect will be even smaller than in the PbSc.

7.3.3 Fully Corrected Inclusive Photon Spectrum

The corrected yield of inclusive photon production∆Ñcluster
∆pT∆y is calculated taking into ac-

count all corrections described in the previous section. The Lorentz invariant form of the
yield is achieved by multiplication with a factor:

1
2πpTNevt

·
d2Nincl

γ

dpTdy
=

1
2πpTNevt

· ∆Ñcluster

∆pT∆y
, (7.23)

where
d2Nincl

γ
dpTdy gives the fully corrected number of photons in the rapidity range∆y at

mid-rapidity and in the transverse momentum interval[pT −∆pT/2, pT +∆pT/2]. The
spectrum is derived from the minimum bias and the ERT filtereddata sample indepen-
dently. The final spectrum is a combination of the two with thetransition chosen to be
at pT = 3 GeV/c, i.e. the minimum bias spectrum is used forpT < 3 GeV/c and the
Gamma3 spectrum is used forpT > 3 GeV/c.12 In order to normalize both samples to
the same number of minimum bias events the ERT spectrum needsto be scaled down by
the rejection factorf gamma3

reject derived in Section 7.2.4. A couple of additional corrections

12Note that the Gamma3 spectrum is only used in the geometric limit of the ERT trigger. In thispT range
the application of the ERT trigger efficiency is not crucial.However, the ERT spectrum belowpT < 3 GeV/c
(where the trigger efficiency quickly declines) was used forcomparison reasons to assure consistency of the
minimum bias and the Gamma3 data sample.
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Figure 7.19:Probability that the EMCal clustering routine can separatethe two decay photons of aπ0 decay

as a function ofπ0 pT. The EMCal clustering starts having problems at apT of ∼ 10 GeV/c and∼ 15 GeV/c

for the PbSc and PbGl, respectively. The plot is taken from [Bat05b].

are required to calculate the fully corrected Lorentz invariant cross section of inclusive
photon production which is described in the following.

Shower Merging Correction

As mentioned in the discussion of the reconstruction efficiency the measured inclusive
photon spectrum is distorted by the so-calledcluster (or shower) merging effect. The
opening angle between the two decay photons of aπ0 decay decreases with increasing
transverse momentum of the neutral pion. At large transverse momenta theπ0 decay
photons cannot be separated efficiently by the EMCal clustering routine resulting in so-
calledmerged clusters. Figure 7.19 shows the probability that the twoπ0 decay photons
can be separated by the clustering routine as a function of theπ0 pT. The probability was
determined in a fast Monte-Carlo simulation which takes into account the shape of the
measured neutral pion spectrum, the geometry of the EMCal and a parameterization of the
electromagnetic shower profile obtained from test beam data(see [Bat05b]). Moreover,
an energy asymmetry cut of 0.8 was applied in the simulation.The figure illustrates that
shower merging in the PbSc (PbGl) becomes significant above atransverse momentum
of pT > 10 GeV/c (15 GeV/c). In the PbGl the effect is less severe because of the finer
granularity.
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in the consideredpT range because of the finer granularity.

Because of the large lateral extension of merged clusters for π0 pT below 20 GeV/c
(compared to single electromagnetic showers at the samepT), all merged photons are
efficiently removed by the shower shape cut in the analysis. Hence, all merged photons are
missing in the photon-like cluster spectrum. In order to quantify the bias of the inclusive
photon spectrum due toπ0 shower merging in conjunction with the shower shape cut the
probability for aπ0 decay photon to merge with its partner photonpmerging

γ is required

as a function of the photonpT. pmerging
γ was determined with the same fast Monte-Carlo

code as was used to derive the separation efficiency shown in Figure 7.19. The result is
shown in Figure 7.20 for the PbGl and PbSc. As one can see in thefigure the loss of
decay photons due to shower merging in conjunction with the shower shape cut becomes
significant for photonpT & 8 GeV/c (pT & 12 GeV/c) in the PbSc (PbGl).

It should be noted thatη decay photons also tend to overlap with increasing trans-
verse momentum. Theη meson decays into two photons with a branching ratio of ap-
proximately 40%. However, the opening angle of a two-photonmeson decay increases
with the invariant mass of the meson. Since theη meson is almost four times heavier
than the neutral pion shower merging ofη decay photons can be neglected completely for
pT < 16 GeV/c.

The cluster merging effect is taken into account at two different points in the photon
analysis:
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1. In the simulation of the reconstruction efficiency for single photons,

2. in the simulation of background photons fromπ0 decays.

The simulation of the reconstruction efficiency depends on the shape of the true inclusive
photon spectrumf (pT)true (see Equation 7.13).f (pT)true is determined iteratively from
the measured inclusive photon spectrumf (pT)measuredin which merged clusters fromπ0

decays are missing. Therefore the shape of the inclusive photon spectrum used in the
simulation of the reconstruction efficiency is biased due toπ0 shower merging. In order
to correct this bias, the merging probabilitypmerging

γ , the simulatedγ/π0 ratio forπ0 decay
photons (see Section 7.5) and the measuredπ0 spectrumπ0

meas, taken from [Bat05a], are
used to calculate the number ofπ0 decay photons∆γmergingwhich are lost due to shower
merging and the shower shape cut as a function of photonpT:

∆γmerging=
[

(γπ0
/π0)sim− (γπ0

/π0)
w/o
sim

]

·π0
meas. (7.24)

As will be discussed in more detail in Section 7.5(γπ0
/π0)sim is simulated in a fast Monte-

Carlo simulation using the measuredπ0 spectrum as input.(γπ0
/π0)

w/o
sim is the same sim-

ulation, however, with all merged photons removed according to the calculated merging
probabilitypmerging

γ . ∆γmerging is calculated as a function of photonpT and is added to the
measured photon spectrum (f (pT)measuredin Equation 7.13). The shape of this corrected
spectrum is used as input to the simulation which thus yieldsthe unbiased reconstruction
efficiency for single photons.

Note that the shower merging corrected inclusive photon spectrum is not used to ex-
tract the direct-photon signal. Instead(γπ0

/π0)
w/o
sim , which is utilized in the correction of

the reconstruction efficiency, is also used in the double ratio Rγ (see Equation 7.1) or
more precisely in the simulated background cocktail from hadronic decays. Section 7.5
describes the details of the background simulation and how the effect of shower merging
is taken into account.

Minimum Bias Trigger Efficiency

The Lorentz invariant cross section is related to the Lorentz invariant yield (Equation
7.23) via the total inelastic cross section in p+p collisionsσinel

pp :

E
d3σ
d~p3 =

1
2πpTNevt

·
d2Nincl

γ

dpTdy
·σinel

pp . (7.25)

Because of the low multiplicity in p+p collisions the minimum bias trigger condition (at
least one PMT in each BBC must fire in a minimum bias event) is not satisfied in each
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inelastic collision. Due to this limited efficiency of the minimum bias triggerεMB
trig in p+p

events the measured number of eventsNevt does not correspond to the actual number of
inelastic p+p collisionsNinel that occurred in the experiment:

Nevt = εMB
trig ·Ninel . (7.26)

This can also be expressed in terms of the total inelastic cross section: the minimum bias
trigger efficiency limits the fraction of the total inelastic cross section that is seen by the
BBC’s in p+p collisions. The actually measured BBC cross section is given by:

σBBC = εMB
trig ·σinel

pp . (7.27)

The BBC cross section in Run III p+p was extrapolated from p+p data recorded in
Run II to beσBBC = (23.0±2.2) mb [Baz05]. An extrapolation of world p+p data to√

s= 200 GeV results in a total inelastic cross section ofσinel
pp = 42.2 mb and hence a

trigger efficiency ofεMB
trig ≈ 55%, i.e. the minimum bias trigger records only half of all

inelastic p+p collisions.

At the same time the limited minimum bias trigger efficiency effects the number of
measured photons by the EMCalNincl

γ . However, althoughεMB
trig is only about 50% the

fraction of photons which hit the EMCal (εγ) is 79.0%. This is due to the fact that events
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that do not trigger the BBC’s are likely to emit less photons at mid-rapidity. The fraction
of photons which hit the EMCal from events that satisfy the minimum bias trigger is as-
sumed to be equal to the fraction of neutral pions which hit the EMCal under the same
conditions, i.e.εγ = επ0. επ0 was determined as part of the neutral pion analysis [Bat05b]
using EMCal data recorded with the ERT_4×4b trigger (see Section 5.5.2) in coinci-
dence with the minimum bias trigger as well as without minimum bias condition. The
comparison of the measuredπ0 yields obtained with these two data sets is used to extract
επ0. Figure 7.21 shows the ratio of the twoπ0 yields (ERT in coincidence with minimum
bias/ERT only) summed over all eight EMCal sectors and reflects how manyπ0’s that
hit the EMCal are from events that also satisfy the minimum bias trigger. The ratio is
independent ofpT and can therefore be approximated by a constant fit ofεπ0 = 0.785.

The ERT_4×4b data sample was recorded without vertex information, i.e. no vertex
cut can be applied, so that thez-vertex of ERT_4×4b events is only limited by the central
magnet nose cones which effectively allows collision vertices of|zvertex| < 40 cm. Since
in the minimum bias and Gamma3 data sample a vertex cut of|zvertex| < 30 cm is applied
(see Section 7.2.4)επ0 obtained from ERT_4×4b data must be corrected to account for
this. An analysis of BBC hit multiplicities as a function of the collision vertex described
in [Baz05] yielded the value stated above (επ0 = 0.79±0.02).

Both aspects of the limited minimum bias trigger efficiency bias the measurement
and therefore must be taken into account in the calculation of the Lorentz invariant cross
section of inclusive photon production. The unbiased form of Equation 7.25 is given by:

E
d3σincl

γ

d~p3 =
1

2πpTNevt
·

εMB
trig

εγ

d2Nincl
γ

dpTdy
·σinel

pp (7.28)

=
1

2πpTNevt
· 1

εγ

d2Nincl
γ

dpTdy
·σBBC . (7.29)

Bin-Shift Correction

The pT distribution of inclusive photons is a steeply falling spectrum. The yield is cal-
culated inpT bins of a certain finite size. Simply placing the data points in the middle
of each bin would not be correct, since the center of a bin doesnot represent the center-
of-gravity of the steeply falling distribution within the bin. Instead the data points can
be shifted in the vertical direction by calculating the truevalue of the distribution at the
bin center13. Since the true distribution is not known the shift must be calculated itera-
tively. The true distributionf (pT)true is approximated by the parameterization given in

13Alternatively the data points can be shifted horizontally,in the pT-direction, to the true center-of-
gravity within the bin. However, for the comparison of spectra it is advantageous to have the data points in
the middle of each bin.
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Figure 7.22: (a) The cross section of inclusive photon production in p+p collisions at
√

s = 200 GeV

in PbGl and PbSc. (b) The ratio of the spectra shows that the PbGl spectrum is 15-20% higher than the

spectrum in the PbSc. This discrepancy is covered by the systematic uncertainty assigned to the energy

scale (grey boxes). No shower merging correction is appliedleading to a larger discrepancy between the

spectra in the two EMCal subsystems with increasing transverse momentum.

Equation 7.19. In the next step the ratio of the average yieldof f (pT)true in a givenpT bin
[pc

T−∆/2,pc
T +∆/2] and the value off (pT)true at the center of the binpc

T is calculated:

r =
1/∆ ·

∫ pc
T+∆/2

pc
T−∆/2 f (pT)truedpT

f (pc
T)true

. (7.30)

The ratior represents the yield correction and is applied to the measured yield in the given
bin:

dN/dpT|shifted=
1
r
·dN/dpT . (7.31)

If f (pT)true would be the true distribution the correction shown in Equation 7.31 would
shift the data points to the true yield in the middle of eachpT bin. However, in the first
iteration the parameterization is only an approximation and the first correction shifts the
data points closer to the true distribution. The process must be repeated with a new fit to
the shifted spectrum. After a couple of iterations the correction r becomes negligible. The
total correction is of the order of a few percent and increases with increasing bin width
and steeper falling spectra.

Inclusive Photon Cross Section

Figure 7.22(a) shows the cross section of inclusive photon production in p+p collisions
at
√

s= 200 GeV at mid-rapidity. Tables listing the inclusive photon cross section in the
PbGl and PbSc can be found in Appendix E.1. Note that all corrections are applied except
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for shower merging which is only used to derive the unbiased reconstruction efficiency
and is instead implemented in the simulation of the background γ/π0 ratio (see Section
7.5.2). Therefore the effect of shower merging leads to the increasing deviation of the
inclusive photon spectra in PbGl and PbSc with increasingpT. The PbGl spectrum is
some 15-20% higher than the spectrum in the PbSc which is illustrated on a linear scale
by plotting the ratio of the two spectra (Figure 7.22(b)). Aswill be discussed later only
the uncertainty due to the energy scale is considered to be uncorrelated between PbGl
and PbSc. Since only uncorrelated uncertainties can account for the difference observed
between the two EMCal subsystems only the energy scale uncertainty is shown as grey
boxes in the PbGl/PbSc ratio. The discrepancy is covered by the systematic uncertainty
assigned to the spectra. A detailed description of the systematic uncertainties of the in-
clusive photon analysis is given in the next section.

7.3.4 Systematic Uncertainties of the Inclusive Photon Spectrum

The corrections discussed in Section 7.3.2 which are necessary to derive the inclusive
photon spectrum from the raw cluster yield are all afflicted with uncertainties which have
to be propagated to the final corrected spectrum. The dominant sources of systematic
uncertainties are listed in Table 7.10 for the PbGl (PbSc). The relative uncertainty on
the inclusive photon yield is given for three differentpT bins. There are two types of
systematic uncertainties (referred to as type A and B in the following) in the analysis
of direct photons14. Even though all errors are correlated inpT, i.e. they all move in
the same direction within the uncertainty, for type A errorsthe magnitude of the shift
can change point-by-point while for type B errors all data points are moved by the same
factor. Type B errors thus represent a normalization (or scaling) error and therefore are
not shown for each data point separately. In fact, in the direct-photon analysis presented
in this thesis only the uncertainty of the BBC cross sectionσBBC is considered as a
normalization error and therefore is displayed separatelyat the bottom of Table 7.10. All
other systematic uncertainties are considered to be of typeA and are added in quadrature.
In the following all systematic uncertainties listed in Table 7.10 are described in more
detail.

Reconstruction Efficiency: The result of the efficiency calculation is dominated by
the energy resolution of the detector. The uncertainty of the reconstruction efficiency
is therefore determined by the uncertainty of the energy smearing applied in the fast
Monte-Carlo (see Equation 7.8). As described before the energy resolution of the detector
is estimated by adjusting the simulatedπ0 peak width to the measured width. It was

14In fact this is also true for the neutral pion analysis.
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Systematic Error of the Inclusive Photon Spectrum in PbGl (PbSc)

pT indep. 5-5.5 GeV/c 9.5-10 GeV/c 14-16 GeV/c

efficiency 3.7% (3.5%) 3.5% (3.1%) 3.6% (3.4%)

global energy scale 10.7% (10.8%) 10.6% (10.6%) 10.6% (10.8%)

acceptance 2.5% (2.5%)

photon conversion 2.0% (2.0%)

charged background 1.0% (1.0%)

neutral background 1.0% (1.0%)

εγ 2.5% (2.5%)

quadratic sum 12.2% (12.3%) 12.1% (11.9%) 12.1% (12.2%)

σBBC 9.7% (9.7%)

Table 7.10:Systematic uncertainties of the inclusive photon yield in the PbGl (PbSc) in three differentpT

bins. The analysis demonstrated that there is only a minorpT-dependence. The uncertainty on the measured

BBC cross sectionσBBC is considered to be a normalization error while the remaining errors cause the data

points to move in the same direction, but not necessarily allby the same factor. The normalization error is

not included in the quadratic sum.

shown in the neutral pion analysis of Run II Au+Au that an additional smearing of 2%
is required to observe a clear disagreement between the measured and the simulated peak
width of neutral pions. Hence the influence of the energy smearing uncertainty on the
photon yield was studied by changing the constant termC2 in Equation 7.8 by additional
2%. The additionally smeared spectrum from the simulation was then compared to the
simulated yield obtained with the default energy resolution15. The relative error on the
yield due to the uncertainty of the energy smearing in the fast Monte-Carlo is shown in
Figure 7.23 for the PbGl and PbSc. The uncertainty indicatesonly a smallpT-dependence
abovepT = 4 GeV/c. The dotted line represents a polynomial adapted to the simulated
data points. The systematic error is< 4% for all transverse momenta.

Global Energy Scale:The energy scale of the EMCal is determined using the measured
position of theπ0 peak. The uncertainty of the energy scale arises from the fact that the
actual alignment of the EMCal is not perfectly known. The size of this uncertainty was
estimated as part of the Run II neutral pion analyses by comparing the energy calibration
obtained from different sources:π0 peak position, MIP peak position of charged hadrons
andE/p ratios of electrons [Baz03c, Rey03b]. These studies resulted in an uncertainty of

15The photon spectrum is simulated in the fast Monte-Carlo by generating single photons with a flatpT

distribution which is subsequently weighted by the measured spectrum. The energy and position of photons
in the acceptance of the detector is then smeared according to the parameters given in the fast Monte-Carlo.
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Figure 7.23:Relative error of the inclusive photon yield due to the uncertainty of the energy resolution in

both subsystems of the EMCal. The error is estimated by changing the constant term of the energy smearing

in the fast Monte-Carlo. The dotted line represents a polynomial fitted to the simulated data points.
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Figure 7.24:Relative error of the inclusive photon yield due to the uncertainty of the energy scale in PbGl

and PbSc. The error is estimated by changing the global energy scale in the fast Monte-Carlo by 1.2%. The

dotted line represents a polynomial fitted to the simulated data points.

1% on the energy calibration. Theπ0 peak position and thus the energy scale is affected
by non-vertexπ0 decays (see Section 7.2.5). An uncertainty of 0.7% was assigned to the
corresponding correction applied in the efficiency calculation [Bat05a].

Both uncertainties are added in quadrature resulting in an overall error on the energy
scale of 1.2%. This uncertainty was propagated to the yield by changing the energy scale
in the fast Monte-Carlo by 1.2%. The simulated photon yield based on the changed
energy scale was compared to the yield obtained with the default energy scale. The
comparison is illustrated in Figure 7.24 for the PbGl and PbSc. AbovepT = 4 GeV/c the
uncertainty is a constant of approximately 7%. The dotted lines indicate a polynomial
fitted to the simulated data points. However, the comparisonof the inclusive photon
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spectra in PbGl and PbSc (see Figure 7.22) indicates a possible underestimation of the
systematic uncertainty. Therefore the systematic uncertainty due to the global energy
scale was increased by 8% on the photon yield added in quadrature16 which covered the
remaining discrepancy observed in the comparison of the inclusive photon spectra.

Geometric Acceptance:The geometric acceptance is in principle a well known quantity.
However, the parameterization used in the fast Monte-Carloto describe the difference
between the position of the tower with the maximum energy within the cluster and the
impact position of the photon (maximum tower parameterization, see Section 7.3.2)
introduces an uncertainty on the acceptance correction. Intheπ0 analysis this uncertainty
was estimated with the help of a full PISA simulation, which does not depend on
such a parameterization. Comparisons with the result of thefast Monte-Carlo yielded
an uncertainty of 3.5% on the yield. The acceptance of neutral pions depends on the
kinematics of two decay photons. For single photons the uncertainty on the acceptance
is therefore assumed to be smaller. Therefore an uncertainty of 2.5% on the yield
was assigned to the acceptance correction of the inclusive photon spectrum. Tests in
which the corresponding parameters of the maximum tower parameterization in the fast
Monte-Carlo were changed confirmed this uncertainty.

Photon Conversion: As was stated in Section 7.3.2 the absolute uncertainty on the
conversion probability was estimated to be±0.02 for both PbGl and PbSc. Because of
the small conversion probability compared to unity this translates to an relative error on
the photon yield of approximately 2%.

Charged Background: The uncertainty on the charged correction is determined by the
uncertainty of the PC3 efficiency (see Table 7.7). The uncertainty due to the combinato-
rial background in theXch analysis can be neglected. An uncertainty of∆εPC3= ±5%
was assigned to the PC3 efficiency by comparingεPC3 obtained with the two methods
described in Section 7.3.2. Translating the uncertainty∆εPC3 to the photon yield results
in an relative uncertainty of approximately 1%.

Neutral Background: The correction of neutrons and antineutrons is based on simu-
lations (see Section 7.3.2). Since the correction is very small abovepT = 3 GeV/c the
uncertainty has only a very minor effect. However, comparison of the simulation results
employed in this analysis to simulations used in [Aki05] imply an uncertainty on the

16The possible misalignment of the EMCal found in [Per05] justifies this additional systematic uncer-
tainty in Run III (see Section 7.2.5).
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Figure 7.25:The Lorentz invariant yield of neutral pions and inclusive photons measured with the PbGl and

PbSc in Run III p+p. The data points of theπ0 spectrum are taken from [Bat05a]. The dotted lines represent

fits to theπ0 spectrum. The parameterization of the neutral pion spectrum is also given by Equation 7.19.

yield due to the neutral background correction of the order of 1%.

BBC Cross Section and Trigger Bias:The uncertainty on the BBC cross sectionσBBC

in Run III was determined to be 9.7% [Baz05], while the fraction of photons in minimum
bias events that hit the EMCalεγ is known with an accuracy of 2.5% [Baz05]. Since both
corrections enter the cross section calculation as scalingfactors the relative uncertainty
can be directly translated to the yield uncertainty. Note that the same uncertainties are
employed in the neutral pion analysis of Run III p+p.

7.4 The Measuredγ/π0 Ratio

The analysis of direct photons presented in this thesis is based on the cocktail method, in
which the direct-photon signal is determined as a fraction of the inclusive photon spectrum
(see Equation 7.2). The determination of inclusive photonsfrom the raw cluster spectrum
measured with the PHENIX EMCal was described in detail in Section 7.3. The fraction of
direct photons in the yield of inclusive photons (also called the photon excess), however,
is not derived from the inclusive photon spectrum directly.Instead the yield of inclusive
photons is calculated per neutral pion in the samepT bin. This has the advantage that
many systematic uncertainties which have the same origin inthe photon and neutral pion
analysis cancel in theγ/π0 ratio (this will be described in more detail in Section 7.4.1).

In order to calculate the inclusive photon production perπ0 the measured inclusiveπ0

spectrum must be known. The spectrum of neutral pions in Run III p +p was determined
in an independent analysis using the same data set [Bat05b, Bat05a]. Neutral pions are
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measured via their decay into two photons with a branching ratio of 98.8%. Neutral pions
are reconstructed from the data via the determination of theinvariant mass of measured
photon pairs. The photon analysis presented in this thesis and the neutral pion analysis are
related in many ways: they utilize the same energy calibration of the EMCal, employ the
same fast Monte-Carlo code for the calculation of the geometric acceptance and recon-
struction efficiency, apply the same PID cuts and exclude thesame bad towers from the
analysis. This ensures that many of the systematics of the analyses are similar and cancel
to some extent in the ratio of the spectra. Figure 7.25 shows the Lorentz invariant yield
of neutral pions and inclusive photons as measured with the PHENIX EMCal in Run III
p+p. The data points of theπ0 spectrum are taken from [Bat05a] and are listed in Ap-
pendix E.2. Only statistical uncertainties are shown (visible only at the highest transverse
momentum in PbGl). Systematic uncertainties will be discussed in Section 7.4.1. Unlike
the distribution of inclusive photons theπ0 spectrum shown in Figure 7.25 is corrected for
shower merging. The dotted lines in Figure 7.25 represent a fit to the measured neutral
pion spectrum. Analogous to the inclusive photon spectrum the shape of thepT distribu-
tion is well described by a combination of a Hagedorn function at lowpT and a power law
at highpT (see Equation 7.19). When calculating the measuredγ/π0 ratio the inclusive
photon spectrum is divided by the parameterization rather than the data points. By doing
this the statistical uncertainty of the measured neutral pion spectrum is propagated to the
systematic uncertainty of the fit (see Section 7.4.1). The measuredγ/π0 ratios for the
PbGl and PbSc are shown in Figure 7.26. Only statistical uncertainties (i.e. the statistical
uncertainty of the measured inclusive photon spectrum) areshown. If only decay pho-
tons would contribute to the inclusive photon spectrum theγ/π0 ratio would level off at
a constant (see Section 7.5) determined by the power of the power law that describes the
spectrum of the decaying particle at large transverse momenta. Figure 7.26 indicates a
rise of the spectrum towards highpT implying an excess of photons due to direct photons.

7.4.1 Systematic Uncertainties of the Measuredγ/π0 Ratio

The total systematic uncertainty of the measuredγ/π0 ratio includes besides the system-
atic errors of the inclusive photon spectrum discussed in Section 7.3.4 also the systematic
errors of the neutral pion analysis. Table 7.11 lists all dominant sources that contribute
to the total systematic uncertainty of the measuredγ/π0 ratio. The uncertainty due to
the π0 peak extraction and theπ0 shower merging correction are directly adopted from
the π0 analysis [Bat05a]. The uncertainties due to the charged andneutral background
are unique to the photon measurement and are therefore identical to the uncertainties
specified in Table 7.10. The strength of usingγ/π0 ratios is the fact that some systematic
uncertainties of the analyses cancel in the ratio. This is particularly true for the global
energy scale. However, in the ratio of the photon andπ0 spectra the linearity of the
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Figure 7.26: The measuredγ/π0 ratio in the PbGl and PbSc. For theπ0 spectrum the parameterization

is used rather than the data points. The error bars representthe statistical uncertainties of the measured

inclusive photon spectrum.

energy scale becomes important. The estimation of the various systematic uncertainties
of the measuredγ/π0 ratio is discussed in the following. Table 7.11 summarizes the
estimated uncertainties for the PbGl and PbSc in three different pT bins. All systematic
errors of theγ/π0 ratio are considered to be of type A (see Section 7.10).

π0 peak extraction and shower merging: Both uncertainties are adopted from the
Run III p+p neutral pion analysis. While the uncertainty of theπ0 yield due to theπ0

extraction method shows only a smallpT-dependence but is significant for allpT, the
uncertainty due to the shower merging correction becomes significant only at the largest
pT bin, which is due to the negligible shower merging correction at smallerpT. More
details can be found in [Bat05b, Bat05a].

π0 Parameterization: Instead of theπ0 data points a parameterization of the form given
in Equation 7.19 is used in the calculation of the measuredγ/π0 ratio. The parameters of
the functional form are determined by fitting Equation 7.19 to the measured data points
of the neutral pion spectrum taking the statistical uncertainties into account as weights.
Since the statistical point-by-point fluctuations are smoothed out by using a fit to the data
points the statistical uncertainty of the neutral pion spectrum must be propagated to the
systematic uncertainty of the parameterization.
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Systematic Errors of the Measuredγ/π0 Ratio in PbGl (PbSc)

pT indep. 5-5.5 GeV/c 9.5-10 GeV/c 14-16 GeV/c

peak extraction 2.2% (2.2%) 2.1% (2.1%) 2.1% (2.1%)

π0 merging 0.0% (0.0%) 0.0% (0.0%) 2.1% (5.9%)

π0 fit 1.8% (1.2%) 6.2% (3.3%) 11.0% (5.9%)

efficiency 1.9% (1.1%)

global energy scale 0.2% (0.2%) 0.2% (0.1%) 0.6% (0.5%)

non-linearity 7.0% (7.0%)

acceptance 0.5% (0.5%)

photon conversion 2.0% (2.0%)

charged background 1.0% (1.0%)

neutral background 1.0% (1.0%)

quadratic sum 8.2% (7.9%) 10.1% (8.5%) 13.7% (11.4%)

Table 7.11:Systematic uncertainties of the measuredγ/π0 ratio in the PbGl (PbSc) in three differentpT

bins. All errors are considered to be of type A. Some errors like theπ0 peak extraction or the charged

background are unique to the neutral pion respectively photon analysis and are therefore identical to the

uncertainty of the corresponding spectrum. Other errors like the global energy scale which have the same

origin in theπ0 and photon analysis cancel to some extent.

The error propagation was done according to the procedure described in [Bat05c] for
the PbGl and PbSc spectrum separately. When fitting a parameterization to a spectrum
of measured data points, where the statistical errors are used as weight, the errors of
the fitted parameters reflect the statistical uncertaintiesof the measured spectrum. How-
ever, assuming a parameterization implies the knowledge ofthe functional form of the
measured spectrum. Hence the uncertainties of the parameters are expected to become
smaller than the actual uncertainties of the data points. A slightly modified parameteriza-
tion compared to Equation 7.19 with six free parameters was used. In order to estimate
the uncertainty of the parameterization in a certainpT bin each parameter was changed
according to its error given by the default fit in the positiveand negativey-direction. Only
one parameter was changed and fixed at a time and the fit was repeated with the other five
parameters as the free parameters of the fit. This procedure results in twelve additional
fits. The deviation of these fits to the default one is illustrated in Figure 7.27 for the PbGl
and PbSc. The black solid lines are the twelve fits with changed parameters divided by
the default fit. The grey histogram denotes the envelope of the ratios which indicates the
propagated statistical error from the data points to the parameterization. The statistical
errors of the data points allow point-by-point fluctuations, i.e. they can be considered as
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Figure 7.27:Error propagation of thepT-uncorrelated statistical uncertainty of the measured neutral pion

spectrum to a systematicpT-correlated uncertainty of theπ0 parameterization (grey histogram) for the PbGl

and PbSc. The black solid lines represent the ratio of the twelve fits to theπ0 spectrum with one changed

and fixed parameter and the default fit. The grey histogram is the envelope of the twelve ratios.

pT-uncorrelated. However, due to the assumption of a functional form that describes the
spectrum the statistical errors are propagated into apT-correlated systematic uncertainty,
i.e. all points move in the same direction but not necessarily by the same amount (type
A).

The result of the error propagation shown in Figure 7.27 was checked with a slightly
different approach. Rather than changing the fit parametersthe data points of theπ0

spectrum were shifted randomly by their statistical errorsin the positive or negative
y-direction. The changed data spectrum was then fitted with the parameterization given
in Equation 7.19 and the deviation to the default parameterization in eachpT bin of the
π0 spectrum was calculated. This procedure was repeated 500 times which resulted in
a Gaussian distribution of deviations from the default parameterization in eachpT bin.
The propagated uncertainty was extracted by calculating the sigma of each distribution.
The result is shown in Figure 7.28 for the PbGl and PbSc (data point variation (sigma)).
In addition the maximum uncertainty given by the distributions in eachpT bin (data
point variation (max)) along with the uncertainty derived by changing the fit parameters
(fit variations) and the statistical error of the data pointsare shown. It is obvious
from the figure that both methods yield a similar result for the propagated error when
considering 1σ errors. Moreover, as expected the knowledge of the functional form
of the spectrum strongly reduces the statistical uncertainty in the propagation to the
parameterization. However, it should be noted that this estimation does not include any
systematic uncertainty due to the choice of the functional form. For the measuredγ/π0

ratio the uncertainties obtained with the fit parameter variation method are applied.
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Figure 7.28:The relative systematic error of the fit to theπ0 spectrum in the PbGl and PbSc obtained with

two different methods. The uncertainties obtained by changing the fit parameters agree with the uncer-

tainties obtained by changing the data points when considering 1σ errors. Also shown is the uncertainty

obtained by changing the data points and considering the maximum possible error. Comparison to the statis-

tical errors of the data points shows how the uncertainty is reduced when propagated to the parameterization

when changing the fit parameters or considering 1σ errors in the data point variation method.

Reconstruction Efficiency:The efficiency calculations in theπ0 and the photon analysis
are similar to some extent. However, the detection of neutral pions depends on the
reconstruction of the invariant mass of two photons inside acertain mass window. The
limited energy resolution of the EMCal can result in a shift of the invariant mass of
a π0 decay photon pair out of the accepted mass window. Such photon pairs are lost
which affects the reconstruction efficiency. The uncertainty on theγ/π0 ratio due to the
uncertainty of the limited energy resolution of the EMCal was studied in a similar way as
for single photons.17 An additional constant energy smearing of 2% was introducedin
the fast Monte-Carlo and the additionally smearedγ/π0 ratio was compared to theγ/π0

ratio obtained with the default smearing. The result for thePbGl and PbSc is shown in
Figure 7.29. The uncertainty due to the energy smearing uncertainty cancels partially in
the γ/π0 ratio. It is constant abovepT = 2 GeV/c being approximately 2% in the PbGl
and 1% in the PbSc.The black solid line represents a constantfit to the simulated data
points forpT > 2 GeV/c.

Global Energy Scale:The uncertainty of the global energy scale is 1.2% as stated in the
discussion on the systematic uncertainties of the inclusive photon measurement. The ef-
fect of this uncertainty on theγ/π0 ratio was estimated in the same way. The energy scale

17The spectrum of neutral pions is simulated with a flatpT distribution and subsequently weighted by the
measuredπ0 spectrum. The decay photons in the acceptance of the detector are smeared according to the
parameters in the fast Monte-Carlo. Pairs of smeared photons are counted as neutral pions if their invariant
mass is reconstructed within the same mass window as used in the analysis of the data.



122 Chapter 7: Measurement of Direct Photons in p+p Collisions

 [GeV/c]
T

p
0 2 4 6 8 10 12 14 16

 [
%

]
0

π/
γ

re
l.

 u
n

ce
rt

ai
n

ty
 o

n
 m

ea
su

re
d

 

-10

-8

-6

-4

-2

0

2

4

6

8

10

PbGl

modified energy smearing

 [GeV/c]
T

p
0 2 4 6 8 10 12 14 16

 [
%

]
0

π/
γ

re
l.

 u
n

ce
rt

ai
n

ty
 o

n
 m

ea
su

re
d

 

-10

-8

-6

-4

-2

0

2

4

6

8

10

PbSc

modified energy smearing

Figure 7.29:Effect of the energy smearing uncertainty on theγ/π0 ratio in the PbGl and PbSc.
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Figure 7.30:Uncertainty of the measuredγ/π0 ratio due to the global energy scale uncertainty for the PbGl

and PbSc. The uncertainty almost cancels completely in the ratio. The black solid line is a polynomial of

first order fitted to the simulated data points. The uncertainty is . 0.5% for all pT.

was changed by 1.2% in the fast Monte-Carlo and the smearedγ/π0 ratio was compared
to the smearedγ/π0 ratio with the default energy scale. The result is shown in Figure 7.30
for the PbGl and PbSc. The uncertainty due to the global energy scale cancels almost
completely in theγ/π0 ratio. This is expected since the uncertainty is independent of pT

and identical in the photon andπ0 analysis. The solid black line is a polynomial of first
order fitted to the simulated data points. The uncertainty is. 0.5% for the entirepT range.

Energy Non-Linearity: As discussed in Section 5.2 the EMCal suffers from non-
linearity effects on the energy scale which are taken into account in the DST production
and in the energy calibration using theπ0 mass peak (Section 7.2.5). The systematic
uncertainty of the inclusive photon yield introduced by thenon-linearity of the scale is
covered by the global energy scale error. This is illustrated in Figure 7.31(a). It shows
schematically the influence of a possible non-linearity on the measured energy compared
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Figure 7.31: (a) Schematic illustration of the non-linearity of the energy scale in the EMCal (solid line).

The functional form is based on light attenuation in the detector material and normalized atE = 2 GeV. The

dotted lines indicate the uncertainty of the global energy scale. The non-linearity is therefore covered by

the uncertainty of the global scale in the measurement of single photons. The arrows indicate the different

non-linearities which are experienced by the photons of theγ/π0 ratio at a certainpT. See text for explana-

tion. (b) Estimation of the uncertainty of the measuredγ/π0 ratio due to the energy non-linearity using the

measured doubleγ/π0 ratio PbGl/PbSc.

to the true energy as a function of the true photon energy. Thedotted line represents the
uncertainty of the global energy scale of±1.2%. The functional form of the non-linearity
(solid line) is motivated by light attenuation in the material which depends on the shower
depth. The energy scale is best known aroundE ≈ 2 GeV/c hence the estimated non-
linearity is normalized at this transverse momentum.

A neutral pion with a certainpT is reconstructed from two decay photons which both
have transverse momenta that differ from theπ0 pT. Therefore, in a certainpT bin of the
measuredγ/π0 ratio the corresponding photons are subject to different non-linearities.
This is indicated in Figure 7.31(a) for aγ/π0 ratio atpT = 6 GeV/c. The inclusive photon
(γ) experiences a different non-linearity than the two decay photons (γ1 andγ2). Hence,
although the global scale uncertainty almost cancels completely in the ratio this is not
expected for the linearity of the energy scale. This was confirmed by fast Monte-Carlo
simulations in which the energy scale was shifted accordingto a non-linearity similar
to the function illustrated in Figure 7.31(a). However, rather than using anad-hoc
parameterization to describe the non-linearity of the energy scale18 the measuredγ/π0

ratios in the PbGl and PbSc were used to estimate the uncertainty of theγ/π0 ratio due to
the linearity. The assumption is that the difference between PbGl and PbSc arises only

18The non-linearity depends on the material and the detectionmechanism of the EMCal. Both are dif-
ferent for the PbGl and PbSc. Moreover, not only attenuationbut also leakage affects the linearity of the
detectors. All of this is difficult to be taken correctly intoaccount in a simple parameterization.
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from the non-linearity of the two detector subsystems because all other uncertainties
either cancel in the ratio or are correlated between PbGl andPbSc. Correlated errors only
allow a shift in the same direction and therefore cannot explain any differences between
two measurements. The PbGl/PbSc ratio of theγ/π0 ratios is shown in Figure 7.31(b).
An uncertainty of 7% was assigned to theγ/π0 ratios in each EMCal subsystem due to
the non-linearity. This results in an error on the PbGl/PbScratio indicated by the grey
boxes in Figure 7.31(b) which covers the observed difference between PbGl and PbSc.

Geometric Acceptance and Photon Conversion:Both uncertainties are expected to
cancel to some extent in theγ/π0 ratio. For the acceptance correction an uncertainty of
0.5% independent ofpT was assigned to the ratio. Since the neutral pion decays intotwo
photons the uncertainty due to the photon conversion correction is assumed to cancel only
once. The uncertainty assigned to theγ/π0 ratio is therefore identical to the uncertainty
estimated for single photons (2%, see Section 7.3.4).

Charged and Neutral Background: The correction of charged and neutral clusters is
unique to the photon analysis and therefore the uncertaintyof 1% can be directly adopted
for theγ/π0 ratio (see Section 7.3.4).

BBC Cross Section andεγ : The uncertainties ofσBBC andεγ cancel completely in the
γ/π0 ratio since the corresponding corrections are scaling factors of the corresponding
yield independent ofpT.

7.5 The Simulatedγ/π0 Ratio

The spectrum of measured photons perπ0 derived in the previous section contains direct
photons and background photons from hadronic decays. In order to extract the signal of
direct photons the background must be subtracted. The background cocktail is determined
with the help of a fast Monte-Carlo simulation19. The simulation requires a parameteri-
zation of the measured neutral pion spectrum as input. As wasmentioned in the previous
section a functional form given by Equation 7.19 was chosen.Within the fast Monte-
Carlo neutral pions are generated with apT, rapidity andz-vertex distribution equal to
the distributions employed for single photons. However, the rapidity range for neutral
pions is extended to∆y = ±1.0 around mid-rapidity sinceπ0’s with |η| > 0.45 can also
emit photons in the rapidity range|η| < 0.45. Each neutral pion then decays according
to the possible branching ratios (see Table 7.12) and the spectrum of decay photons that

19The same code which was used to simulate the efficiencies and the geometric acceptance.



7.5 The Simulatedγ/π0 Ratio 125

hit the active area of the EMCal is recorded weighted according to thepT distribution of
the measured neutral pion spectrum. The acceptance correction derived in Section 7.3.2
is applied to determine the yield of decay photons in the rapidity interval|y| < 0.45. The
background of decay photons is then given as a function of transverse momentum per
π0, the simulatedγ/π0 ratio. This has the advantage that no absolute normalization is
necessary, i.e. only the shape of theπ0 pT distribution must be known.

π0 decays account for a large portion of the background but nevertheless are not the
only source. Other contributions to thebackground cocktailwhich are considered in
the simulation come fromη, ω andη′ decays. In principle the corresponding hadronic
pT distribution must be known in order to simulate their contribution to the cocktail.
However, since the hadronic spectra ofη, ω and η′ are not measured with sufficient
accuracy in p+p reactions at

√
s= 200 GeV their contribution was estimated from the

measured neutral pion spectrum using the so-calledmT -scalingmethod. Details of the
background simulation are given in the following section.

7.5.1 Background Cocktail

The hadrons considered in the simulation of the decay background are listed in Table 7.12.
The dominant decay branches that have a photon in the final state are shown with the
respective branching ratio [Yao06]. Decay branches with aπ0 in the final state which
subsequently decay after a very short life time into two photons are not considered since
they are already included in the measured neutral pion spectrum.

The shape of thepT-distribution for theη, ω andη′ is determined viamT-scaling.
The underlying idea depends on the phenomenological observation that the shape of a
hadronic spectrum when expressed as a function of the transverse momentummT does
not depend on the hadronic speciesh. In other words themT-distributions of different
hadrons differ only by a constant factor [Bou76]:

E
dσh

d~p3 = Ch · f (mT) , (7.32)

where f (mT) is the production cross section of a hadron as a function ofmT andCh

is a constant scaling factor. Theη andω spectra were measured by PHENIX and the
scaling factor relative to theπ0 measurement was determined to beCη/Cπ0 = 0.48±
0.03 [Adl06a] andCω/Cπ0 = 1.0±0.5 [Rya06], respectively. Theη′ production ratio with
respect to theπ0 measurement was not measured by PHENIX but is taken from [Adl05a].
In the background simulation the spectrum of decay photons from η, ω andη′ decays are
weighted according tomT-scaling using the shape of the measured neutral pion spectrum
and the hadron production ratiosCh/Cπ0 given in Table 7.12. The result of the simulation,
i.e. theγ/π0 ratios for the different hadron species, is shown in Figure 7.32 as determined



126 Chapter 7: Measurement of Direct Photons in p+p Collisions

hadronh Ch/Cπ0 decay branch branching ratio

π0 → γγ 98.8%
π0 1.0

π0 → e+e−γ 1.2%

η → γγ 39.42%

η → π+π−γ 4.68%
η 0.48±0.03

η → e+e−γ 0.6%

η → µ+µ−γ 0.03%

ω → π0γ 8.9%
ω 1.0±0.5

ω → π0π0γ 0.007%

η′ → ρ0γ 29.5%

η′ 0.25±0.13 η′ → ωγ 3.03%

η′ → γγ 2.12%

Table 7.12:List of hadrons considered in the simulation of the decay background. The production ratios

Ch/Cπ0 are employed in themT-scaling. The branching ratios of the dominant decay branches are taken

from [Yao06].

from theπ0 spectrum in the PbGl. As stated before the main contributioncomes fromπ0

decays (81%). The contributions of the remaining hadrons are 15% (η), 3% (ω) and 0.5%
(η′).

7.5.2 Effect of Shower Merging

As discussed in Section 7.3.3 a fraction of theπ0 decay photons is removed from the
measured inclusive photon spectrum by the shower shape cut due to shower merging.
This biased spectrum is denoted asγincl

w/o in the following. When calculating the signal of

direct photons usingγincl
w/o via γdirect

biased= γincl
w/o− γdecay(see Equation 7.2) it becomes imme-

diately clear that the extracted direct-photon signalγdirect
biased is also biased if the effect of

shower merging is not taken into account in the calculation of the backgroundγdecay. The
direct-photon spectrum would be distorted at large transverse momenta. Therefore, the
shower merging probability ofπ0 decay photons,pmerging

γ , introduced in Section 7.3.3, is
applied in the background simulation to remove the same fraction of π0 decay photons
as is removed in the real data by shower merging in conjunction with the shower shape
cut. The resulting spectrum of decay photons is denoted asγdecay

w/o . However,γdecay
w/o is

not determined directly in the simulation. Instead the number of decay photons perπ0 is
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calculated, i.e. in case ofπ0 decay photons the ratio(γπ0
/π0)

w/o
sim is simulated, which is

also used in the calculation of the unbiased reconstructionefficiency (see Section 7.3.3).
According to Equation 7.2 the unbiased direct-photon spectrum can be calculated as fol-
lows:

γdirect = γincl
w/o− γdecay

w/o =

(

1− 1

Rw/o
γ

)

· γincl
w/o . (7.33)

The background cocktail comprises photons fromπ0, η, ω andη′ decays. Onlyπ0 decay
photons are subject to shower merging in the analyzedpT region due to the higher mass
of the other mesons. Therefore only(γπ0

/π0)
w/o
sim needs to be calculated. Contributions to

γ/π0 from other hadronic decays are calculated as described above.

In the simulation the spectrum ofπ0 decay photons consists of two components:

1. Bothπ0 decay photons hit active towers of the EMCal.

2. Only oneπ0 decay photon hits an active tower of the EMCal.

Only photons of the first component can suffer from shower merging and hence photons
are only removed from this sample according to the shower merging probability ofπ0
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Figure 7.33: Illustration of the shower merging effect on the simulatedγ/π0 ratio in the PbGl and PbSc.

Merged clusters are removed on a statistical basis from the spectrum ofπ0 decay photons. The loss of

photons due to shower merging is more pronounced in the PbSc because of the coarser granularity compared

to the PbGl.

decay photons20. (γπ0
/π0)

w/o
sim is then given as the sum of both components after the

removal of merged clusters from the first component.

The simulatedγ/π0 ratio (including decays of all considered hadrons) before and after
the removal of merged clusters is shown in Figure 7.33 for thePbGl and PbSc. The loss
of photons in the PbSc due to shower merging ranges from 4.1% at pT = 9−10 GeV/c
to 19.7% atpT = 15−16 GeV/c, while in the PbGl the loss ranges from 0.6% to 6.4%
in the samepT range. As noted before the PbGl is less affected by shower merging
because of its finer granularity. Table 7.13 gives the photonloss in differentpT bins in
the PbGl and PbSc derived from the fast Monte-Carlo simulation. The simulatedγ/π0

20The merging probability is determined in a similar way. Onlyphoton pairs are considered if both hit
active towers of the EMCal.

pT photon loss [%]

[GeV/c] PbGl PbSc

7-8 0.2 1.3

9-10 0.6 4.1

11-12 1.8 8.5

13-14 3.8 13.9

15-16 6.4 19.7

Table 7.13:Photon loss due to shower merging in differentpT bins in the two EMCal subsystems. The

effect is less significant in the PbGl because of its finer granularity.
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Systematic Errors of the Simulatedγ/π0 Ratio in PbGl (PbSc)

pT indep. 5-5.5 GeV/c 9.5-10 GeV/c 14-16 GeV/c

γ shower merging 0.1% (0.3%) 0.6% (2.5%) 2.9% (8.2%)

hadron/π0 2.7% (2.7%) 2.8% (2.8%) 3.1% (3.1%)

quadratic sum 2.7% (2.7%) 2.9% (3.8%) 4.2% (8.8%)

Table 7.14: Systematic uncertainties of the simulatedγ/π0 ratio in three differentpT bins in the PbGl

(PbSc). The uncertainties are considered to be of type A. Theuncertainty due to shower merging becomes

significant only at high transverse momentum where the correction becomes relevant. Since the correction

is larger in the PbSc the uncertainty is also larger in the PbSc. The uncertainty due to the error of the

hadron/π0 ratios (Ch/Cπ0) is identical for the PbGl and PbSc since the shape of the simulatedγ/π0 ratio is

very similar in PbGl and PbSc.

ratio after the removal of merged clusters fromπ0 decays is used to calculate the double
ratio Rw/o

γ which is then used to calculate the unbiased direct-photon signal according to
Equation 7.33.

7.5.3 Systematic Uncertainties of the Simulatedγ/π0 Ratio

The uncertainty of the simulated background cocktail is dominated by two sources: the
correction of shower merging and the hadron/π0 ratios applied in themT-scaling. Both
sources result in apT-correlated uncertainty of the simulatedγ/π0 ratio of type A. Ta-
ble 7.14 shows the uncertainties of the simulatedγ/π0 ratio for three differentpT bins for
the PbGl (PbSc).

Shower Merging: The probability of shower merging in the EMCal is simulated with
the help of a fast Monte-Carlo (see Section 7.3.3). The uncertainty of the corresponding
correction is determined by three factors [Bat05b]:

1. shower profile parameterization

2. global energy scale

3. energy non-linearity

The corresponding parameters were changed in the Monte-Carlo according to the
assigned errors, i.e. the energy scale was shifted by±1.2%. To estimate the error due to
the energy non-linearity the energy scale was multiplied bya parameterization similar to
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Figure 7.34:Uncertainties of the shower merging probability due to the uncertainty of the shower parame-

terization, global energy scale and energy scale non-linearity in the PbGl and PbSc.

the function illustrated in Figure 7.31(a)21. The uncertainty due to the parameterization
of the shower shape was estimated in a very conservative way:the shower merging
correction was calculated for the extreme case that each shower deposits all its energy in
one single tower. For each modified simulation the shower merging probabilitypmerging

γ
was calculated. The deviation from the default probabilityis shown in Figure 7.34 for the
PbGl and PbSc. The uncertainty due to the energy scale is small compared to the shower
parameterization and is therefore neglected. The uncertainty due to the shower shape
parameterization becomes significant forpT & 12 GeV/c (pT & 8 GeV/c) in the PbGl
(PbSc). Note the different scales in Figure 7.34 for PbGl andPbSc. The uncertainty of
pmerging

γ translates to the uncertainty of the simulatedγ/π0 ratio shown in Table 7.14 for
three differentpT bins.

Hadron/π0 Ratios: The hadron/π0 ratios (Ch/Cπ0) used in themT-scaling are listed in
Table 7.12. The stated uncertainties of the ratios are propagated to the simulatedγ/π0 ratio
by shifting all parameters by the error in the positive and negative direction. The resulting
γ/π0 ratios are shown in Figure 7.35(a) together with the ratio using the default hadron/π0

ratios. The deviation depends only on the absolute uncertainty of the hadron/π0 ratio but
not on the sign. The relative deviation of the shifted simulatedγ/π0 ratios from the default
ratio is shown in Figure 7.35(b). The error abovepT = 3 GeV/c is approximately 3% with
only a slightpT dependence. The uncertainty does not depend on the EMCal subsystem
since the shape of the simulatedγ/π0 ratio is very similar in PbGl and PbSc (see theγ/π0

ratios without shower merging in Figure 7.33) and so the error is determined only by the
uncertainties of the hadron/π0 ratios.

21For the estimation of the error of the shower merging correction due to the energy non-linearity it was
decided that the usage of anad-hocparameterization to describe the non-linearity is sufficient.
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Figure 7.35: Systematic error of the simulatedγ/π0 ratio due to the uncertainty of the hadron/π0 ratios

required in themT-scaling. (a) Simulatedγ/π0 ratio with the hadron/π0 ratios shifted in the positive and
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the simulatedγ/π0 ratio derived from the simulations shown in (a).

7.6 Derivation of the Direct-Photon Signal

The direct-photon signal is derived as a fraction of the inclusive photon yield (see Equa-
tion 7.2)22. The fraction is determined by the ratio of the measured and the simulated
γ/π0 ratio, the double ratioRγ. The double ratio is also referred to as thedirect-photon

excess, since forRγ > 1 the fraction given by
(

1− 1
Rγ

)

is > 0 and a positive direct-photon
signal can be extracted, i.e. the measured inclusive photonspectrum does not consist of
decay photons alone. Equation 7.2 requires that the measured neutral pion yield and the
parameterization used in the simulation cancel each other in the double ratio. This should
be true by construction. However, because the shape of the parameterization is not per-
fectly constrained by the measured spectrum a small systematic uncertainty is introduced.
This uncertainty is covered by the error on theπ0 parameterization.

7.6.1 Calculation of the Photon Excess

The photon excessRγ (see Equation 7.1) was calculated for the PbGl and PbSc separately.
The measuredγ/π0 ratio was divided by the simulated ratio after the merging correction.
Figure 7.36 shows theγ/π0 ratios and the calculated photon excess for both EMCal sub-
systems. For the data statistical (error bars) and total systematic errors (grey boxes) are
shown (except the normalization error). The error boxes of the photon excess also include
the systematic uncertainty of the simulated background (all errors are added in quadra-

22In fact Equation 7.33 is used in order to account for shower merging. However, this is not explicitly
mentioned in the following anymore.
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Figure 7.36: Measured and simulatedγ/π0 ratios and the photon excess derived in the PbGl and PbSc.

Statistical errors are given as error bars. The grey boxes around the data points represent the total systematic

errors (except the normalization error).

ture). For both subsystems the comparison of the measured and the simulatedγ/π0 ratios
indicates a clear excess of photons in the data above the expected background at large
transverse momenta. In the double ratio this is demonstrated by values above 1 (dotted
line in lower panels of Figure 7.36). However, a significant direct-photon signal can only
be extracted for double ratios where the statistical error does not allow values below 1.
For the systematic uncertainty the situation is more complicated. This is discussed in
Section 7.6.3.

7.6.2 Signal-To-Background Ratio

The challenge in the measurement of direct photons in p+p collisions employing the
cocktail method is based on the small signal in the large background of decay photons,
i.e. the small signal-to-background ratioS/B. It is solely determined by the double ratio
Rγ:

S/B =
γdirect

γdecay (7.34)

= Rγ −1 ,
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Rγ −1 [%]
pT [GeV/c]

PbGl PbSc

3.0−3.5 3 1

5.0−5.5 8 8

7.0−7.5 27 9

9.0−9.5 48 33

11.0−13.0 119 34

13.0−15.0 156 174

Table 7.15:Signal-to-background ratios,S/B= Rγ −1, in the measurement of direct photons in severalpT

bins in the two subsystems of the EMCal.

where the relationsγdirect = γincl − γdecay and Rγ = γincl/γdecay were used. Hence the
S/B ratio is simply given by the excess of the double ratio above 1. Table 7.15
shows the signal-to-background ratio in severalpT bins for the PbGl and PbSc. Below
pT = 7.0 GeV/c the direct-photon signal is very weak and hence difficult to detect, espe-
cially in the PbSc. TheS/B ratio directly influences the error calculation by enhancing
some of the systematic uncertainties when propagated to thedirect-photon spectrum, di-
luting any possible conclusions at lowpT. This will be discussed in more detail in the
following section.

7.6.3 Direct-Photon Error Propagation

The statistical and systematic uncertainties of the inclusive photon spectrum and the mea-
sured and simulatedγ/π0 ratios (see Section 7.3.4, 7.4.1 and 7.5.3) must be propagated to
the direct-photon signal. Gaussian error propagation is not sufficient in this case because
within the fluctuations ofRγ the term(1− 1

Rγ
) does not show sufficient linear behavior near

Rγ = 1. Instead the error ofγdirect is calculated by changingRγ andγincl in Equation 7.2
by the corresponding errors∆Rγ and∆γincl:

∆γdirect
± = ±

[(

1− 1
Rγ ±∆Rγ

)

· (γincl±∆γincl)− γdirect
]

. (7.35)

Because of the term
(

1−1/Rγ
)

the uncertainty becomes asymmetric for some of the
errors involved in the analysis. It can be shown that this approach propagates the relative
statistical uncertainty of the photon excess above unity (Rγ − 1) directly to the direct-
photon signal:

∆γdirect

γdirect =
∆Rγ

Rγ −1
. (7.36)
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Figure 7.37:Schematic illustration of the significance given by the photon excessRγ. a) The relative un-

certainty ofRγ−1 is > 100%. Therefore, only an upper limit for the derived direct-photon cross section can

be calculated. b) The relative uncertainty ofRγ −1 is < 100% which allows the calculation of a significant

direct-photon signal. See text for more details.

∆γdirect/γdirect is the relative uncertainty orsignificanceof the corresponding direct-photon
signal. Figure 7.37 illustrates schematically the significance given by the photon excess.
For ∆Rγ > Rγ − 1 (case a) in Figure 7.37) the uncertainty of the corresponding direct-
photon signal allows a negative cross section, i.e. only an upper limit of the cross section
can be quoted. For∆R< R−1 (case b) in Figure 7.37) the extracted direct-photon signal
is significantly above zero with the same relative uncertainty asRγ − 1. Equation 7.36
holds not only for the statistical uncertainty but also for all systematic uncertainties of the
inclusive photon spectrum that do not cancel partially or completely in theγ/π0 ratio (e.g.
charged and neutral correction). However, many of the systematic uncertainties either do
cancel at least partially in theγ/π0 ratio (e.g. global energy scale) or affect only the double
ratio Rγ (e.g. energy scale non-linearity, hadron/π0 ratio). In these cases the propagated
uncertainties do not follow the relation given by Equation 7.36.

There are three extreme cases for the uncertainties that arise in this analysis. Their
behavior expressed in terms of the signal-to-background ratio Rγ−1, when propagated to
the direct-photon signal, is described in the following:

1. Uncertainty of the inclusive photon spectrumγincl with no corresponding error in
the measuredπ0 spectrum, i.e. it does not cancel in theγ/π0 ratio. In this case
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∆Rγ = Rγ ·(∆γincl/γincl) 6= 0 and∆γincl 6= 0. For the relative uncertainty of the direct-
photon spectrum follows:

∆γdirect
+

γdirect =
∆γdirect

−
γdirect =

∆γincl

γincl · Rγ

Rγ −1
. (7.37)

This is equivalent to
∆γdirect

+ = ∆γdirect
− = ∆γincl . (7.38)

Thus the uncertainty of the direct-photon signal is symmetric and increased by the
signal-to-background ratioRγ−1 in such a way that the absolute error of the direct-
photon signal is the same as the absolute error of the inclusive photon spectrum.
It can be shown using Equation 7.38 and the relation∆Rγ = Rγ · (∆γincl/γincl) that
Equation 7.36 is valid for this type of uncertainty (statistical error, charged and
neutral correction).

2. Uncertainty of the inclusive photon spectrumγincl that cancels in theγ/π0 ratio,
i.e. ∆Rγ ≈ 0 and∆γincl 6= 0. According to Equation 7.35 the error is calculated as
follows:

∆γdirect
± = ±

[(

1− 1
Rγ

)

· (γincl±∆γincl)− γincl
]

. (7.39)

This results in a symmetric relative error ofγdirect given by:

∆γdirect
±

γdirect =
∆γincl

γincl . (7.40)

Thus the relative error of the direct-photon signal is identical to the relative error
of the measured inclusive photon spectrum and does not depend on the signal-to-
background ratio.

3. Uncertainty affects only the double ratioRγ, i.e. it arises from the neutral pion
analysis or the simulatedγ/π0 ratio. If the error of the quantityx is given by∆x it
can be written:∆Rγ = Rγ ·∆x/x 6= 0, ∆γincl = 0 and Equation 7.35 becomes:

∆γdirect
± = ±

[(

1− 1
Rγ ±∆Rγ

)

· γincl− γdirect
]

. (7.41)

The uncertainty is asymmetric and is given by:

∆γdirect
±

γdirect =
∆x/x

1±∆x/x
· 1
Rγ −1

(7.42)

This uncertainty is increased by a small signal-to-background ratio and hence wors-
ens the significance of the direct-photon signal. The energynon-linearity belongs
to this type of uncertainty and is the dominant contributor to the systematic uncer-
tainty of the direct-photon signal.
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Figure 7.38:Cross section of direct-photon production in p+p collisions at
√

s= 200 GeV measured in the

PbGl (a) and PbSc (b). Error bars represent statistical errors and grey boxes represent the total systematic

error (except for the normalization error).

Note that these three categories are extreme cases and not all uncertainties belong to just
one of them but are a mixture of 1. and 2. because the systematic error cancels only
partially in theγ/π0 ratio.

7.6.4 Direct-Photon Cross Section

From the excess of direct photons indicated in the double ratio shown in Figure 7.36 the
direct-photon signal is calculated according to Equation 7.2 as a fraction of the measured
inclusive photon cross section (see Section 7.3.3). The cross section of direct-photon pro-
duction in p+p collisions at

√
s= 200 GeV is tabulated in Appendix E.3 and shown in
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Propagated Systematic Errors of the Direct-Photon Spectrum in PbGl

pT indep. 5-5.5 GeV/c 9.5-10 GeV/c 14-16 GeV/c

peak extraction 27.0%/25.8% 5.1%/4.9% 1.3%/1.3%

π0 merging —/— —/— 1.4%/1.3%

π0 fit 22.7%/21.9% 15.9%/14.0% 7.9%/6.3%

efficiency 26.6%/27.4% 8.0%/8.1% 4.8%/4.8%

global energy scale 12.4%/12.8% 11.1%/11.2% 11.0%/11.0%

non-linearity 92.1%/80.1% 18.0%/15.7% 4.8%/4.2%

acceptance 8.5%/8.7% 3.7%/3.7% 2.8%/2.8%

γ conversion 26.5%/26.5% 6.8%/6.8% 3.3%/3.3%

charged background 13.2%/13.2% 3.4%/3.4% 1.6%/1.6%

neutral background 13.2%/13.2% 3.4%/3.4% 1.6%/1.6%

εγ 2.5%/2.5%

γ shower merging 1.6%/1.6% 1.4%/1.4% 1.9%/1.8%

hadron/π0 33.4%/31.6% 6.9%/6.5% 2.0%/1.9%

quadratic sum 113.3%/103.0% 30.4%/28.1% 16.4%/15.6%

min. bias trigger eff. 9.7%/9.7%

Table 7.16:Systematic uncertainties of the direct-photon spectrum inPbGl in three differentpT bins. The

quoted values give the−/+ (i.e. low/high) error of the asymmetric uncertainty. The quadratic sum corre-

sponds to the grey error boxes in Figure 7.38. The normalization error due to the BBC cross section is not

included in the quadratic sum. The main contribution to the total systematic uncertainty comes from the

energy scale non-linearity, which is amplified by the small signal-to-background ratio.

Figure 7.38 as measured with the (a) PbGl and (b) PbSc for transverse momenta above
pT = 3 GeV/c. In the pT range below 3 GeV/c the direct-photon signal is very small
and hence difficult to measure. This is reflected in the systematic errors which become
extremely large at lowpT. The data points forpT < 3 GeV/c are therefore not shown to
draw the attention to the more significantpT range. ForpT > 3 GeV/c the double ratio
exceeds unity in eachpT bin for the PbGl and PbSc and therefore a direct-photon cross
section can be calculated in allpT bins (indicated by the full circles in Figure 7.38). Sta-
tistical errors are represented by error bars. The total systematic uncertainty displayed as
grey boxes is the quadratic sum of the individual contributions (energy scale,π0 parame-
terization, merging etc.). The normalization error is not shown in the figures. If the lower
total relative systematic error exceeds 100%, i.e. the result is consistent with no signal,
the error is indicated by an arrow pointing downwards with a 90% confidence level upper
limit on the cross section. It is determined byσ90%

up = 1.28·∆γdirect
+ , where∆γdirect

+ is the



138 Chapter 7: Measurement of Direct Photons in p+p Collisions

Propagated Systematic Errors of the Direct-Photon Spectrum in PbSc

pT indep. 5-5.5 GeV/c 9.5-10 GeV/c 14-16 GeV/c

peak extraction 27.9%/26.8% 6.6%/6.3% 1.2%/1.2%

π0 merging —/— —/— 3.6%/3.2%

π0 fit 15.0%/14.7% 10.7%/10.0% 3.6%/3.2%

efficiency 17.1%/17.8% 6.4%/6.6% 4.0%/4.1%

global energy scale 12.8%/13.3% 10.9%/11.0% 11.1%/11.1%

non-linearity 95.4%/83.0% 23.3%/20.3% 4.3%/3.8%

acceptance 8.7%/9.0% 4.0%/4.1% 2.8%/2.8%

γ conversion 27.4%/27.4% 8.2%/8.2% 3.1%/3.1%

charged background 13.7%/13.7% 4.1%/4.1% 1.6%/1.6%

neutral background 13.7%/13.7% 4.1%/4.1% 1.6%/1.6%

εγ 2.5%/2.5%

γ shower merging 4.1%/4.1% 8.1%/7.7% 5.1%/4.4%

hadron/π0 34.6%/32.8% 8.9%/8.4% 1.8%/1.7%

quadratic sum 114.0%/103.0% 33.6%/31.1% 15.6%/15.1%

min. bias trigger eff. 9.7%/9.7%

Table 7.17:Same as Table 7.16 but for the PbSc.

quadratic sum of the statistical error and the upper total systematic error (without nor-
malization error). For the PbGl only upper limits on the direct-photon production cross
section can be quoted up topT = 5.5 GeV/c (except in the binpT = 4.0−4.5 GeV/c). For
the PbSc the situation is even worse: only upper limits are quoted up topT = 7.5 GeV/c
(except in the binpT = 6.5−7.0 GeV/c).

ThepT-distribution of direct photons is well described by a powerlaw in the displayed
pT range of significant data points as indicated by the dotted lines in Figure 7.38. The
contributions of the individual systematic uncertaintiespropagated to the direct-photon
signal according to Equation 7.35 are listed in Table 7.16 and 7.17 for the PbGl and PbSc,
respectively. The main contribution to the systematic uncertainty at low and intermediate
transverse momenta comes from the uncertainty of the energyscale non-linearity which is
amplified by the small signal-to-background ratio in the respectivepT range. Figure 7.39
shows the relative deviation of the data points in PbGl and PbSc from the power law fit to
the PbGl spectrum (dotted line in Figure 7.38(a)). While thePbGl points in Figure 7.39
illustrate the quality of the fit, the PbSc points indicate the discrepancy of the spectra
measured in the two EMCal subsystems. Error bars and grey boxes represent statistical
errors and systematic errors due to the energy scale, respectively. All other systematic
uncertainties are considered to be correlated between PbGland PbSc and hence cannot
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Figure 7.39:Comparison of the measured direct-photon spectra in PbGl and PbSc. The PbGl is fitted with
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represent statistical errors and grey boxes the systematicuncertainty due to the energy scale. The spectra

agree within the assigned uncorrelated errors.

explain the observed deviation of the data points. The direct-photon spectra as measured
with the PbGl and PbSc agree within the assigned errors. It isapparent that the direct-
photon spectra deviate some 40-60% abovepT = 5 GeV/c. This discrepancy is larger than
observed for the measured inclusive photon and neutral pionpT-distributions. However,
it can be shown that the ratio of the direct-photon signals isgiven by:

γdirect
PbGl

γdirect
PbSc

=
RPbGl

γ −1

RPbSc
γ −1

· γdecay
PbGl

γdecay
PbSc

. (7.43)

Equation 7.43 illustrates that the deviation of the direct-photon spectra is determined by
the deviation of the decay photon spectra in PbGl and PbSc, which is determined by the
deviation of the measured neutral pion spectra, amplified bythe ratio of the signal-to-
background ratios. Since theS/B ratio is smaller in the PbSc the difference in the decay
photon spectra is enhanced.

7.7 Combination of PbGl and PbSc Direct-Photon
Spectra

One advantageous feature of the PHENIX EMCal is the employment of two different sub-
systems which rely on different detection principles (see Section 5.2). The independent



140 Chapter 7: Measurement of Direct Photons in p+p Collisions

analysis of the PbGl and PbSc data provides a valuable internal cross check. In the pre-
vious sections comparisons of the inclusive and direct-photon spectra as measured with
the PbGl and PbSc were compared to each other and found to be consistent within the
assigned uncertainties. Thus in order to have one single final result that utilizes the full
statistics accumulated by the EMCal the individual spectraare combined. However, since
the error calculation results in partially asymmetric systematic errors (see Section 7.6.3)
instead of combining the direct-photon spectra directly the measuredγ/π0 ratio and the
measured inclusive photon spectra measured with the PbGl and PbSc are combined. The
expected background in the combined EMCal subsystems is calculated in a fast Monte-
Carlo utilizing a parameterization of the combined EMCal neutral pion spectrum. Theπ0

pT distributions as measured with the PbGl and PbSc were combined as part of the neutral
pion analysis described in [Bat05a]. The combined direct-photonpT-distribution is then
determined according to Equation 7.2.

7.7.1 Combination Method

For the combination the same approach was chosen as for the combination of the neutral
pion spectra [Bat05a]. The combinedγ/π0 ratio and inclusive photon spectrum are point-
by-point weighted averages of the PbGl and PbScpT-distributions:

X̄EMCal(pT) =
wPbGl(pT) ·XPbGl(pT)+wPbSc(pT) ·XPbSc(pT)

wPbGl(pT)+wPbSc(pT)
, (7.44)

whereXi is either theγ/π0 ratio or the inclusive photon yield at a certainpT andwi is
the corresponding weight for the PbGl and PbSc data points atthis pT. This procedure
is also described in [Yao06]. As was noted before only errorswhich are uncorrelated
between the EMCal subsystems can shift data points in the PbGl and PbSc in opposite
directions. Hence in Equation 7.44 the data points of PbGl and PbSc are weighted only
by the uncorrelated uncertainties. Since the data sets accumulated by the PbGl and PbSc
are completely independent the statistical errors are obviously uncorrelated. For the sys-
tematic uncertainties the situation is not as simple. For most of the systematic errors the
degree of correlation is not known. Therefore as a conservative estimation it was decided
to treat all systematic uncertainties as correlated exceptthe uncertainty due to the energy
scale. The energy scale is believed to account for the difference observed in particle spec-
tra measured with the PbGl and PbSc, e.g.π0 and inclusive photon production. Moreover,
the non-linearity of the energy scale depends on the detection principle which is very dif-
ferent in both subsystems and therefore justifies the assumption that the corresponding
uncertainties are uncorrelated. Thus in the combination ofthe measuredγ/π0 ratios the
statistical errors and the systematic errors due to the energy scale non-linearity are used
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Figure 7.40:Combined results of (a) the measuredγ/π0 ratio compared to the expectation from hadronic

decays and (b) the derived photon excess. Error bars are statistical, grey boxes are systematic errors. The

normalization error is not included.

as weight (the global scale uncertainty almost cancels completely in the ratio and there-
fore can be neglected). In the combination of the inclusive photon spectra the statistical
errors and systematic errors due to the global energy scale error are used as weight (for
the inclusive photon spectra the non-linearity is includedin the global energy scale error).
The weightswi are calculated as follows:

wi(pT) =
1

δXi(pT)2 , δXi(pT)2 =
∑

j

δX j
i (pT)2, (7.45)

wherei = PbGl, PbSc andδXi(pT) is the quadratic sum of the uncorrelated errorsX j
i (pT)

at a certainpT ( j denotes the various error sources). In this method correlated errors are
combined in the same way as the data points, i.e. the weightedmean of the PbGl and PbSc
errors is calculated according to Equation 7.44 by substituting the yield or ratioXi by the
correlated error at thispT. Uncorrelated errors are reduced in the combination process:

δX̄ j
EMCal(pT)2 =

1
2

[

wPbGl

wPbGl+wPbSc
·δX j

PbGl(pT)2 (7.46)

+
wPbSc

wPbGl+wPbSc
·δX j

PbSc(pT)2
]

.

However, since the energy scale uncertainty, especially the non-linearity, is not fully un-
derstood it was decided not to reduce the corresponding errors in the combination process.
Instead the combined uncertainty of the uncorrelated systematic uncertainties is also cal-
culated according to Equation 7.44 in order to provide a conservative error estimation.
Thus only the statistical error is reduced.
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Figure 7.41:Final result of the combined direct-photon cross section inp+p at
√

s= 200 GeV. Error bars

and grey boxes represent statistical and systematic errorsas in Figure 7.40.

7.7.2 Combined Results

Following the rules described in the previous section the data points and errors of the mea-
suredγ/π0 ratio and inclusive photon spectrum in PbGl and PbSc were combined. Tables
of the combined inclusive photon and neutral pion spectrum are listed in Appendix E.1
and E.2. Figure 7.40(a) shows the combined result of the measuredγ/π0 ratio compared
to the expectation from hadronic decays. The double ratio ofthe combined result is
shown in Figure 7.40(b). The large excess of photons above the simulated background
is translated into the direct-photon signal according to Equation 7.2 as a fraction of the
combined inclusive photon spectrum. The final combined cross section of direct-photon
production is tabulated in Appendix E.3 and shown in Figure 7.41. This result repre-
sents the most precise measurement of direct photons in elementary p+p collisions at√

s = 200 GeV to date. Error bars in Figure 7.41 indicate statistical errors while the
grey error boxes represent the total systematic errors except the normalization error of
9.7% which is not shown. As was noted above the combined systematic uncertainty is
a weighted mean (according to Equation 7.44) of the uncertainties assigned to the PbGl
and PbSc results. The combined result of the uncertainties of the inclusive photon spectra
(see Table 7.10), of the measuredγ/π0 ratios (see Table 7.11) and of the simulatedγ/π0

ratios (see Table 7.14) are summarized in Table 7.18 and 7.19for three differentpT bins.
The propagation of the combined systematic errors according to Equation 7.35 yields the
systematic errors of the combined direct-photon signal listed in Table 7.20. Naturally, as
in the case of the individual EMCal subsystems, the main contribution to the systematic
error at low and intermediatepT comes from the energy non-linearity uncertainty. The
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Combined Systematic Errors of the Inclusive Photon Spectrum

pT indep. 5-5.5 GeV/c 9.5-10 GeV/c 14-16 GeV/c

efficiency 3.6% 3.2% 3.5%

global energy scale 10.9% 10.7% 10.9%

acceptance 2.5%

photon conversion 2.0%

charged background 1.0%

neutral background 1.0%

εγ 2.5%

quadratic sum 12.3% 12.0% 12.2%

εBBC
trig 9.7%

Table 7.18:Combined systematic errors of the inclusive photon spectrum in three differentpT bins. The

errors are weighted means of the corresponding uncertainties assigned to the PbGl and PbSc analysis.

Combined Systematic Errors of the Measured and Simulatedγ/π0 Ratios

pT indep. 5-5.5 GeV/c 9.5-10 GeV/c 14-16 GeV/c

peak extraction 2.2% 2.1% 2.%

π0 merging 0.0% 0.0% 4.8%

π0 fit 1.5% 4.1% 7.1%

efficiency 1.5%

global energy scale 0.2% 0.1% 0.5%

non-linearity 7.0%

acceptance 0.5%

photon conversion 2.0%

charged background 1.0%

neutral background 1.0%

quadratic sum 8.0% 8.9% 11.6%

γ shower merging 0.3% 2.2% 6.8%

hadron/π0 2.7% 2.8% 3.1%

quadratic sum 2.7% 3.6% 7.5%

Table 7.19:Combined systematic errors of the measured and simulatedγ/π0 ratios in three differentpT

bins. The uncertainties are weighted means of the corresponding uncertainties assigned to the PbGl and

PbSc analysis.
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Systematic Errors of the Combined Direct-Photon Spectrum

pT indep. 5-5.5 GeV/c 9.5-10 GeV/c 14-16 GeV/c

peak extraction 24.2%/23.2% 6.0%/5.7% 1.2%/1.2%

π0 merging 0.0%/0.0% 0.0%/0.0% 3.0%/2.7%

π0 fit 16.5%/16.0% 12.1%/11.1% 4.5%/3.9%

efficiency 19.5%/20.2% 6.8%/7.0% 4.2%/4.3%

global energy scale 12.5%/12.9% 11.0%/11.1% 11.1%/11.2%

non-linearity 82.8%/71.9% 21.3%/18.5% 4.4%/3.8%

acceptance 7.9%/8.1% 3.9%/3.9% 2.8%/2.8%

γ conversion 24.0%/24.0% 7.6%/7.6% 3.2%/3.2%

charged background 12.0%/12.0% 3.8%/3.8% 1.6%/1.6%

neutral background 12.0%/12.0% 3.8%/3.8% 1.6%/1.6%

εγ 2.5%/2.5%

γ shower merging 3.4%/3.4% 6.3%/6.0% 4.3%/3.7%

hadron/π0 30.0%/28.4% 8.1%/7.7% 1.9%/1.7%

quadratic sum 100.4%/91.1% 31.9%/29.6% 15.6%/15.1%

min. bias trigger eff. 9.7%/9.7%

Table 7.20:Systematic errors (−/+) of the combined direct-photon spectrum propagated from the com-

bined errors of theγ/π0 ratios and the inclusive photon spectra.

quadratic sum of the systematic errors listed in Table 7.20 except for the normalization
error allows the extraction of a significant direct-photon signal for pT > 5.5 GeV/c. For
3 GeV/c < pT < 5.5 GeV/c the photon excess is above unity but the extracted direct-
photon cross section is compatible with no signal because ofthe large systematic uncer-
tainty.

7.8 Comparisons with the Final Direct-Photon
Spectrum

PHENIX has measured the production of mid-rapidity direct photons in p+p at
√

s=

200 GeV in the second year of physics running (see Section 6.3). However, the result
suffered from the small statistics accumulated in the p+p Run. Significant direct-photon
signals could only be extracted in threepT bins. Figure 7.42 shows a comparison of the
significant Run II data points with the spectrum measured in Run III (also at mid-rapidity
and the same energy) and presented in this thesis in the correspondingpT range of the
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Figure 7.42: Comparison of the data points obtained in the direct-photonanalysis of Run II and Run III

p+p in thepT range covered by the Run II measurement. Only the significantdata points and the statistical

errors of the Run II spectrum are shown.

Run II measurement. The data points of the two measurements are in excellent agree-
ment although the statistical errors of the Run II measurement are very large. Systematic
uncertainties are only shown for the Run III data points.

The measured Run III p+p direct-photon cross section can be utilized to test theoreti-
cal predictions over a widerpT range compared to the Run II result. Figure 7.43(a) shows
the final data points obtained with the EMCal in comparison toNLO pQCD calculations
for three choices of theory scales (µ = pT/2, µ = pT and µ = 2pT). The calculations
(performed by W. Vogelsang) include prompt and fragmentation photons and uses the
CTEQ6M parton distribution functions [Pum02] and the BFGIIparton to photon frag-
mentation functions [Bou98].23 Figure 7.43(b) shows the fractional difference between
data points and the theoretical prediction forµ= pT. The upper and lower dashed curves
in the figure show the uncertainty introduced by the different choices of theory scales in
the calculation. The data are well described by the prediction over the entirepT range,
even though the systematic uncertainties of the measurement are large, especially below
pT = 5.5 GeV/c where only upper limits of the cross section could be extracted.

The good agreement between data and NLO pQCD calculation fordirect-photon pro-
duction in p+p at

√
s= 200 GeV demonstrated in Figure 7.43 is an important result for

23In fact, the same calculations were used to illustrate the contribution of fragmentation photons to the
inclusive direct-photon spectrum in Figure 6.3 of Section 6.1.2.
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Figure 7.43:Comparison of the final direct-photon cross section with pQCD predictions at next-to-leading

order for three different choices of theory scales. (a) shows the cross section, while (b) shows the deviation

of the measurement from the calculation withµ = pT. The upper and lower dashed curves illustrate the

theoretical uncertainty due to the choice of the theory scales. The shown uncertainties are as in Figure 7.41.

the interpretation of Au+Au direct-photon data at the same energy. It justifies the useof
the NLO pQCD calculation as p+p reference in the calculation of the nuclear modifica-
tion factor shown in Figure 6.4 and thus puts the drawn conclusions on a firm experimen-
tal basis. Moreover, the successful theoretical description of direct-photon production at
RHIC is an important step towards the ultimate extraction ofthe gluon distribution inside
longitudinally polarized protons.

The PHENIX direct-photon cross section measurement in p+p over four orders of
magnitude presented in this thesis marks the most precise measurement of inclusive
direct-photon production at

√
s= 200 GeV to date. It complements the existing set of

world direct-photon data which covers energies below 63 GeVand above 546 GeV (see
Figure 6.6). As discussed in Section 6.3 the necessity ofkT enhancement in the theoretical
predictions is still an open question. The measurement presented in this thesis provides
a first indication that direct-photon production at energies between fixed-target energies
and collider energies above 500 GeV do not support the need for a significant intrinsic
transverse momentum of the initial state partons in the calculations.
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8. The Proton Structure

The structure of the proton has been intensively studied formany years in experiments
in which high-energy leptons are scattered off of a proton target. Leptons are highly
suitable since they are, to current knowledge, point-like particles without inner structure.
The interaction between a charged lepton and a proton can be precisely calculated by
the theory of QED. Since the coupling constant of QED is substantially smaller than 1
(α ≈ 1/137) higher order corrections play only a minor role. Electrons as well as muons
are employed in the scatterings experiments. Although the cross sections are identical for
electron and muon scattering, the latter have the advantagethat they can be created with
higher energies. Complementary information is gained by neutrino scattering which is
governed by the weak interaction. However, the following discussion will focus on the
scattering of charged leptons.

8.1 Elastic and Inelastic Scattering

The scattering of relativistic electrons off of a spinless,point-like target with chargeZ ·e
taking into account the electron spin of 1/2 is referred to asMott scatteringwith the
differential cross section given by [Pov99, Per00] (~ = c = 1):

(

dσ
dΩ

)

Mott
=

4Z2α2E′2

Q4

E′

E
·
(

1−β2sin2 θ
2

)

, (8.1)

whereQ2 is the four-momentum transfer,β = v/c, E is the initial energy of the electron
andE′ is the energy of the scattered electron at a scattering angleof θ. The spin de-
pendence of the scattering is given by the factor

(

1−β2sin2 θ
2

)

. The term4Z2α2E′2
Q4 is the

relativisticRutherfordcross section, while the termE′/E accounts for the recoil of the
proton target.

In the elastic scattering the particles in the initial and final state are identical and the
kinematics of the scattering process is well-defined, i.e. for a given incident energyE the
energy of the scattered particleE′ is defined by the scattering angleθ.

In case of inelastic scattering some fraction of the incident energy is used to excite the
target particle, which subsequently decays into two or moreparticles. The kinematics is
not well-defined but depends on the excitation energy.
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8.1.1 Form Factors

Elastic Mott scattering (Equation 8.1) assumes a point-like target. It was observed in
elastic electron-proton scattering experiments that the measured cross section is system-
atically smaller than the corresponding Mott cross section. The deviation depends on the
momentum transferQ2 from the electron to the proton, which in elastic reactions is given
by the kinematics of the scattering. Only forQ2 → 0 the measured cross section is iden-
tical to the Mott cross section. SinceQ2 is related to the wavelength of the virtual photon
which is exchanged in the scattering process, it determinesthe spatial resolution at which
the target nucleon is probed. For increasingQ2 the wavelength of the virtual photon de-
creases which results in a larger spatial resolution. Therefore the observedQ2 dependent
deviation of the electron-proton elastic scattering crosssection indicates that protons are
not point-like but have a finite spatial expansion. The scattering of electrons withQ2 > 0
probes only a fraction of the proton charge and therefore themeasured cross section is
smaller than given by Equation 8.1.

The charge distribution within the proton can be expressed in terms of anelectric form
factor GE(Q2) which depends on the momentum transfer in the reaction. For small values
of Q2 GE is proportional to the Fourier transform of the charge distribution. Mott scatter-
ing takes only into account the charge of the target. However, the magnetic moment of the
proton, which was first measured by Stern, Frisch and Estermann in 1933, interacts with
the current of the electron and thus also influences the scattering cross section. Analo-
gous to the charge distribution the "magnetic distribution" of the proton can be expressed
in terms of amagnetic form factor GM(Q2).

The differential cross section of elastic electron-protonscattering is given by the
Rosenbluthformula [Pov99, Ros50]:

(

dσ
dΩ

)

=

(

dσ
dΩ

)

Mott
·
[

G2
E(Q2)+ τG2

M(Q2)

1+ τ
+2τG2

M(Q2) tan2 θ
2

]

, (8.2)

whereτ = Q2

4M2c2 with proton massM.

The electric and magnetic form factors can be determined by measuring the differ-
ential elastic cross section for different momentum transfers. Such measurements were
essentially carried out during the 1960’s and 1970’s. ForQ2 → 0 GE approaches unity
while GM vanishes and Equation 8.2 reduces to the Mott cross section.

8.1.2 Structure Functions

In the scattering of high-energy electrons off of protons also inelastic scattering is ob-
served. In inelastic reactions some fraction of the transferred energy is used to excite the
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proton. Therefore the measured energy of the scattered electron is less than expected for a
given scattering angle according to elastic scattering kinematics, i.e. the momentum trans-
fer cannot be deduced from the scattering angle and the initial electron energy. Similar
to the form factors which describe the "elastic structure" of the proton so-calledstructure
functionsare introduced to describe the "inelastic structure" of theproton. The double
differential cross section for inelastic electron-protonscattering is given by [Pov99]:

(

d2σ
dΩdE′

)

inel
=

(

dσ
dΩ

)

Mott

E
E′

[

W2(Q
2,ν)+2W1(Q

2,ν) tan2 θ
2

]

, (8.3)

whereν = P·Q/M with P being the initial four-momentum of the proton andW1 andW2

are the proton structure functions. In the laboratory system with the proton at restν is
given byν = E−E′, i.e. ν represents the energy which is transferred from the electron
to the proton (recoil energy). Unlike the elastic form factors, the structure functions de-
pend on two parameters, e.g. the momentum transfer and the recoil energy. Similar to
Equation 8.2 the second term in Equation 8.3 contains the magnetic interaction.

Instead of the dimensional quantitiesW1 andW2 the structure functions of the proton
are commonly expressed by the dimensionless structure functionsF1 andF2:

F1(x,Q
2) = Mc2W1(Q

2,ν)

F2(x,Q
2) = νW2(Q

2,ν) , (8.4)

where the dimensionless variablex = Q2/2P·Q (Bjorken-x) is introduced.

It was shown in the 1960’s in deep-inelastic (i.e. largeQ2) electron-proton scatter-
ing (DIS) experiments at the Stanford Linear Accelerator Center (SLAC) that the proton
structure functions they measured have only little dependence on the momentum trans-
fer [Blo69, Bre69]. It was predicted by Bjorken already in 1969 that the scattering off
of approximately free point-like subcomponents in the proton would result in structure
functions which do not depend onQ2 for a givenx [Bjo69]. This behavior is referred to
asBjorken scaling. It implies that the inelastic electron-proton scatteringat largeQ2 can
be regarded as the elastic scattering of electrons off of point-like constituents within the
proton. The SLAC result was the first experimental observation of hard subcomponents
within the proton and a strong evidence for the, by then, hypothetical parton model.

Figure 8.1 shows results of the proton structure functionF2(x,Q2) measured in DIS
of electrons (ZEUS1) and muons (NMC2) off of protons over a wide kinematic range in
x andQ2. One can see that forx & 0.02 the measuredF2 is nearly flat as a function of
Q2 which indicates that the probed point-like partons within the proton are approximately

1ZEUS experiment at the HERA collider at DESY.
2New MuonCollaboration at the CERN SPS.
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Figure 8.1: The proton structure functionF2 measured by the ZEUS (HERA) and NMC (CERN) collabo-

ration in electron-proton and muon-proton DIS, respectively. The solid and dashed lines represent different

QCD fits. The plot is taken from [Wod99].

free. However, at small values ofx a deviation from Bjorken scaling is observed. This
behavior does not arise from a substructure of the quark but is due to the continuous
interactions in the nucleon, e.g. gluon exchange and quark-pair production (g→ q+ q̄).
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As will be discussed in Section 8.1.3 gluons dominate at small values ofx and therefore
thisscaling violationcan be utilized to extract the gluon distribution in the proton.

For partons with spin 1/2 Callan and Gross predicted that in the kinematic range in
which Bjorken scaling holds (Bjorken scaling limit) the twostructure functionsF1 andF2

obey the following relation [Cal69]:

2xF1(x) = F2(x) . (8.5)

It was shown in the late 1970’s in experiments at SLAC that theratio of 2xF1 andF1 is
equal to unity within errors (for largex) and therefore provided a strong indication for the
assumption that the point-like quarks within the proton carry spin 1/2 [Bod79].

8.1.3 Parton Distribution Functions

The observation of the scaling behavior of the structure function F2 subsequently led to
the acceptance of the parton model in which the proton consists of quarks, antiquarks and
gluons. In DIS experiments the incident lepton is scatteredelastically off of a collection of
partons and hence the partonic distribution within the proton is probed. The momentum of
the proton is composed of the momentum distributions of its constituents. For large proton
momentum, i.e. when the transverse momenta of the constituents can be neglected, the
Bjorken-x can be viewed as the fraction of the proton’s momentum carried by the parton3.
The parton distribution function (PDF), denotedqf (x) (q̄f (x)) for quarks (antiquarks) and
g(x) for gluons, then reflects the probability4 of finding a quark (antiquark) of flavorf or
gluon with momentum fractionx, respectively. Hence the proton structure functions in
the Bjorken limit,F1(x) andF2(x), represent a measure of the probability of scattering off
of a quark within the proton with momentum fractionx. In the simple parton model the
scaling structure functions can be expressed in terms of thePDF’s of the different quark
flavors5:

F1(x) =
1
2

∑

f

e2
f ·
[

qf (x)+ q̄f (x)
]

F2(x) = x·
∑

f

e2
f ·
[

qf (x)+ q̄f (x)
]

, (8.6)

3This interpretation ofx was already used in Equation 2.5 in Section 2.2.1.
4In fact, PDF’s represent number densities rather than probabilities, i.e. qf (x)dx gives the number of

quarks (of flavor f) betweenx andx+ dx. However, in the following also the term probability is used,
keeping in mind that PDF’s are not normalized to 1.

5The virtual photon in DIS couples only to the electric chargeand gluons are electrically neutral.
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whereef is the electric charge of the quark of flavorf . The sum runs over all quark and
antiquark flavors. It was found in DIS experiments that

∫ 1

0
x·
∑

f

[

qf (x)+ q̄f (x)
]

dx≈ 0.5, (8.7)

i.e. only half of the proton’s momentum is carried by the electrically charged quarks and
antiquarks. The remaining fraction therefore is carried bythe exchange particles of QCD,
the gluons.

Parton distribution functions cannot be predicted by pQCD because of the non-
perturbative structure of bound partons. In principle PDF’s can be calculated using
other theoretical techniques such as lattice QCD (see e.g. [Org06]). However, pQCD
also offers a different approach: if the parton distribution is known at some scale
Q2

0 pQCD predicts its evolution inQ2 using the so-called DGLAP6 evolution equa-
tions [Dok77, Gri72, Alt77]. The parameters of the input distributions are determined
from the measured structure functions. DIS experiments (collider as well as fixed-target
experiments) that have contributed significantly to the understanding of the unpolarized
proton structure were (or still are) carried out at DESY, CERN, SLAC and Fermilab. The
procedure for the extraction of PDF’s fromF2 data is roughly as follows. An analytic
shape for the parton distributions is assumed at some input scaleQ2 = Q2

0. Although the
choice ofQ2

0 is arbitrary the correspondingαs(Q2
0) must be small enough to make pertur-

bative calculations applicable. The input distribution atfixedx is then evolved to different
values ofQ2 and predictions of the structure function are calculated. The predictions
are then fitted to theF2 data (QCD fits, which are e.g. shown in Figure 8.1) and the fit
parameters constrain the analytic shape of the input PDF’s at the input scale.

Over the years a wealth of DIS data has been accumulated by thedifferent experi-
ments, each covering a certain range inx andQ2. Global analyses of this world data
have been conducted by different groups in order to develop parton distribution functions
which best describe the existing data in a broad kinematic range. Sets of PDF’s which are
based on recent data are developed by the MRS [Mar94], CTEQ [Lai95] and GRV [Glu95]
groups. A general overview of the analysis methods applied by these groups in order to
derive their global QCD fits is given in [CS98]. A recent set ofPDF’s at the input scale
Q2 = 4 GeV2 extracted by the CTEQ group is depicted in Figure 8.2. As one can see in
the figure gluons are dominant at smallx. Their large number explains how the gluons can
account for half of the proton’s momentum. While the valencequarks are likely to carry
large momentum fractions, the probability to find one singlevalence quark which carries
all of the proton’s momentum is very small. The sea quarks areonly significant at small
x. A comprehensive review on structure functions and PDF’s can be found in [CS98].

6The name acknowledges contributions fromDokshitzer,Gribov,L ipatov,Altarelli andParisi.
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Figure 8.2: Overview of CTEQ6M parton distribution functions at the input scaleQ2 = 4 GeV2 [Pum02].

While the distributions of the valence and sea quarks are directly probed in DIS ex-
periments and complementary information is obtained via the scattering of muons (elec-
trons) and neutrinos off of the nucleon, these measurementsare not directly sensitive
to the gluon PDF. However, as was noted in Section 8.1.2 the scaling violation of the
structure function is related to the gluon momentum distribution. The quarks within the
proton continuously radiate and absorb gluons, which carrya small fraction of the pro-
ton’s momentum. Gluons also create quark-antiquark pairs,which subsequently decay
again into gluons. When probing the proton with smallQ2 the resolution is also small
and the complex system consisting of quarks, antiquarks andgluons cannot be resolved.
With increasingQ2, however, the lepton sees more details of the complex system, i.e. that
the proton’s momentum is shared by a larger number of partons. Therefore, at lowx, the
structure functionF2 increases with increasingQ2, i.e. the probability to find a parton
with smallx increases because the resolution increases at which the proton substructure is
probed (see Figure 8.1).7 This mechanism leads to the observed scaling violation ofF2 at
small values ofx (x. 0.02) and allows an indirect determination of the gluon distribution
function.

7At large values ofx the effect is opposite, i.e.F2 decreases with increasingQ2.
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8.2 Spin Structure of the Proton

In the discussion of the spin structure of the proton it must be distinguished between
the longitudinal (the spin of the proton is parallel to the proton’s momentum) and the
transverse spin structure (the spin is perpendicular to theproton’s momentum). Because
Lorentz boosts and spatial rotations do not commute it is notpossible to deduce the trans-
verse from the longitudinal distributions or vice versa. This fact complicates the under-
standing of the spin structure on the one hand. On the other hand the difference between
the longitudinal and the transverse distributions provides information on the relativistic
character of quark motion in the proton.

The following discussion is confined to the longitudinal spin structure (also referred to
as helicity structure). For more information related to thetransverse spin structure please
refer to [Aid06, Bas05] and references therein.

8.2.1 The Proton Spin Puzzle

In the late 1920’s and the early 1930’s it was discovered in short succession that the
proton is a fermion of spin 1/2 and carries an anomalous magnetic moment. The latter
observation marks the first indication that the proton cannot be point-like and initiated the
interest in the proton spin structure. In the naive quark-parton model one might expect
that the spin 1/2 of the proton is simply given by the sum of the three spin 1/2 valence
quarks, two oriented parallel and one antiparallel to the proton spin. However, deep-
inelastic scattering experiments of longitudinally polarized muons off of a longitudinally
polarized proton target (polarized DIS or pDIS) carried outby the EMC8 experiment at
CERN discovered that the valence and sea quarks account for only approximately 12%
of the proton spin [Ash88, Ash89]. This surprising result, which is often referred to as
the proton spin puzzle, has inspired vast experimental as well as theoretical activities
to understand the spin structure of the proton. More recent experiments covering a broad
kinematic range have confirmed the result and today the fraction of the proton spin carried
by quarks and antiquarks is believed to be between about 15% and 35% [Bas05].

The longitudinal spin sum rule, which is valid at infinite momentum of the proton,
relates the contributions of the partons to the spin of the proton (see e.g. [Glu01]):

1
2

∆Σ+∆G+Lq,g =
1
2

, (8.8)

where 1
2∆Σ denotes the total quark spin,∆G the contribution of the gluon polarization

andLq+g the orbital angular momentum (OAM) of quarks and gluons. Today even after

8EuropeanMuonCollaboration
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more than 15 years of intensive experimental and theoretical work succeeding the EMC
result the spin structure of the proton is still far from being understood. While a lot of
progress has been made in the investigation of the quark spincontribution mainly due to
pDIS experiments, the contribution of the gluon is still notwell constrained today, since
pDIS experiments are not directly sensitive to the gluon. However, other experimental
methods such as particle production in polarized p+p collisions at RHIC have started to
provide direct access to the polarized gluon distribution and first results are on their way
(see Section 8.3). Even more problematic is the investigation of the OAM contribution of
the partons. Only first ideas to access the OAM have been proposed, which involve the
measurement ofgeneralizedPDF’s which are in principle accessible in exclusive reactions
(see e.g. [Die03].)

8.2.2 Polarized Parton Distribution Functions

Unpolarized parton distributions (see Section 8.1.3) describe the momentum distribution
of the parton within the nucleon regardless of the spin of theparton. The polarized parton
distributions for quarks, denoted∆qf , are defined as follows9:

∆qf (x) = q+
f (x)−q−f (x) , (8.9)

whereq+(−)
f (x) is the momentum distribution of a quark having the same (+) or opposite

(−) helicity compared to the proton (see Equation 9.2 for a definition of the helicity). If all
quark spins were oriented in the same direction∆qf (x) would be given by the unpolarized
distribution function,±qf (x), with the sign representing the helicity of the quarks with
respect to the proton. The gluon polarization is defined in a similar way:

∆g(x) = g+(x)−g−(x) . (8.10)

The polarized parton distributions reflect the probability10 of finding the helicity of the
parton at a certain momentum fractionx to be the same as that of the nucleon (a negative
probability means opposite spin orientation).∆Σ and∆G in Equation 8.8 are derived as
the integrals of the corresponding polarized PDF’s over themomentum fractionx:

∆Σ =

∫ 1

0

∑

f

[

∆qf (x)+∆q̄f (x)
]

dx

∆G =

∫ 1

0
∆g(x)dx. (8.11)

9∆q̄f (x) for antiquarks is defined completely analogous.
10As in the unpolarized case polarized PDF’s are strictly speaking number densities.
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If the proton spin is carried only by quarks and antiquarks∆Σ is exactly 1.

Polarized parton distributions, also referred to as helicity distributions in case of the
longitudinal spin structure, can be extracted from the polarized structure functiong1(x)
which in the simple parton model is described in a similar wayasF1(x) in terms of the
polarized PDF’s (see Equation 8.6):

g1(x) =
1
2

∑

f

e2
f ·
[

∆qf (x)+∆q̄f (x)
]

. (8.12)

g1(x) is measured in deep-inelastic scattering experiments withleptons polarized parallel
or antiparallel to the spin of the target proton. Due to the conservation of angular mo-
mentum the spin of the quark needs to be antiparallel to the spin of the exchanged virtual
photon. Hence the scattering cross section is different forleptons polarized parallel and
antiparallel to the proton spin, respectively, if the polarized quark (antiquark) distribution
is not zero. The measured polarized structure functions show a similar Bjorken scaling as
the unpolarized structure functions.

The fixed-target DIS experiments HERMES11 at DESY and COMPASS12 at CERN
are devoted to the thorough investigation of the proton spinstructure. The HERMES
experiment measures i.a. inclusive and semi-inclusive reactions in collisions of longitudi-
nally polarized electrons or positrons with a nucleon target [Zih05, Sei07]. The target can
be polarized either longitudinally or transversely. The latter allows to study the transverse
spin structure of the proton. The inclusive measurement provides a significant contribu-
tion to the polarized structure functiong1(x). The contribution from the different quark
flavors, including the sea, is determined from semi-inclusive reactions, in which a hadron
is identified in coincidence with the scattered lepton. The COMPASS experiment at the
CERN SPS also measures inclusive and semi-inclusive reactions using a longitudinally
polarized muon beam on a longitudinally polarized target. Besides the measurement of
the quark contribution to the proton spin COMPASS is especially interested in the gluon
polarization. The photon-gluon fusion (PGF) process, in which the virtual photon fuses
with a gluon radiating a quark-antiquark pair, provides a more direct way to the gluon dis-
tribution than the scaling violation ofg1(x) at lowx. COMPASS was especially designed
to be able to tag such PGF events by identifying open charm production [Abb07, Mie05].

Analogous to the extraction of unpolarized PDF’s global QCDfits to the existing pDIS
data have been performed in order to extract sets of polarized parton distribution functions
which best describe the world data. Figure 8.3 shows polarized distribution functions
extracted by the Asymmetry Analysis Collaboration (AAC) [Got00, Hir04] for theu and
d valence quarks and antiquarks ¯q (solid line). The shaded area indicates the uncertainty.
As one can see from the figure the valence quark distributionsare best constrained by

11HERA MEasurement ofSpin
12COmmonMuon andProtonApparatus forStructure andSpectroscopy
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Figure 8.3: Polarized parton distribution functions and their uncertainties for theu andd valence quarks

determined in a global analysis by the AAC [Hir04].

pDIS data, while the antiquark distribution still has a large relative uncertainty, which
even allows a positive contribution at large values ofx.

The gluon polarization, determined via scaling violation and photon-gluon fusion is
currently the least constrained by pDIS measurements. Figure 8.4 shows the best QCD fit
of ∆g extracted by the AAC. Because of the large uncertainty in theextraction of∆g from
pDIS data not only the magnitude of the gluon polarization islargely unknown, even the
sign cannot be fixed by present data.

8.3 Measurement of∆G at RHIC

A major emphasis of the PHENIX spin physics program at RHIC isthe investigation
of the gluon polarization∆G in collisions of ultra-relativistic polarized p+p collisions.
RHIC allows the measurement of∆g(x) over a large range of gluon momentum fraction
and with large momentum transferQ2[Bun00]. The latter ensures the applicability of
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pQCD to describe the scattering process. Several channels are suited to directly access
the polarized gluon distribution in polarized p+p collisions:

• prompt photon production: p+p→ γ+X

• jet production: p+p→ jet+X

• heavy-flavor production: e.g. p+p→ cc̄+X

As one can see in Figure 8.5 all these channels involve an initial state gluon in the produc-
tion process at leading order in pQCD. The cleanest channel is provided by prompt-photon
production, since it does not require the non-perturbativefragmentation process (the frag-
mentation function in Equation 2.5 simply reduces to aδ-function). As was described in
Chapter 6 in addition to quark-gluon Compton scattering (see Figure 8.5(a)) also annihi-
lation,q+ q̄→ g+γ, contributes to prompt photon production at leading order.However,
the annihilation process is suppressed in p+p collisions, due to the smaller ¯q density
compared tog. This fact makes the approximate calculation of the corresponding cross
section relatively simple. The calculation ofpolarizedcross sections at large momentum
transfer is done in a completely similar manner as describedin Section 2.2.1 utilizing
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Figure 8.5: Selected Feynman diagrams of the parton processes involving a gluon in the initial state at

leading order in p+p collisions: (a) quark-gluon Compton scattering for prompt-photon production, (b)

gluon-gluon and gluon-quark scattering for jet production, and (c) gluon-gluon fusion for the production of

heavy quark pairs.

the factorization theorem in pQCD13. However, the polarized cross section is usually not
measured in spin experiments. Instead the spin asymmetry ofthe process given by

ALL =
d∆σ
dσ

(8.13)

is determined, where d∆σ is the polarized cross section and dσ is the unpolarized cross
section of the channel which is investigated. The subscriptof ALL indicates that the col-
liding protons are both longitudinally polarized (and hence the helicity distributions are
studied). The asymmetry in Equation 8.13 is usually referred to as double helicity asym-
metry of the corresponding process.

ALL of prompt-photon production can be calculated at leading order (neglecting the
contribution from annihilation) as a function of photonpT via [Bun00]:

Aγ
LL(pT) ≈

∑

q ∆q(xT)⊗∆g(xT)⊗d∆σhard(q+g→ q+ γ)
∑

qq(xT)⊗g(xT)⊗dσhard(q+g→ q+ γ)

≈ ∆g(xT)

g(xT)
· g1(xT)

F1(xT)
·ahard

LL (q+g→ q+ γ) , (8.14)

where the average probed momentum fractionxT in eachpT bin can be approximated
by: xT ≈ 2pT/

√
s. Since the partonic spin asymmetryahard

LL at large momentum transfer

can be calculated in pQCD andg1(xT )
F1(xT)

has been measured in DIS experiments∆g(xT)
g(xT )

can
be extracted from the measured double helicity asymmetry. However, since quark-gluon

13The unpolarized PDF’s and the unpolarized partonic cross section are exchanged by the polarized
counterparts in the calculation of the polarized cross section.
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Compton scattering is not the only process contributing to prompt-photon production the
extraction of the polarized gluon distribution is not as simple as implied by Equation 8.14.
Also, the measurement of prompt photons in p+p collisions is a demanding challenge
and requires careful analysis of the data (as demonstrated in Chapters 6 and 7).

An alternative channel which is somewhat easier to access experimentally is the pro-
duction of jets (Figure 8.5(b)), especially the productionof neutral pions (π0) which has
a comparatively large cross section. The fractional contribution of partonic processes to
the production ofπ0’s in p+p collisions at

√
s = 200 GeV at mid-rapidity as a func-

tion of pT is illustrated in Figure 8.6 (calculations performed by W. Vogelsang). Below
pT ≈ 5 GeV/c approximately 85% of producedπ0’s come from processes involving a
gluon in the initial state. Therefore the measurement of thedouble helicity spin asymme-
try in π0 production in this kinematic range is highly sensitive to the gluon. However, the
extraction of the polarized gluon density requires the knowledge of the non-perturbative
fragmentation function describing the fragmentation of the scattered parton to the neutral
pion, which poses an additional uncertainty on the measurement. Theπ0 channel is the
first which is being investigated in PHENIX in order to constrain the gluon polarization in
longitudinally polarized protons. These analyses set the stage for further measurements
of the double helicity spin asymmetry, ultimately utilizing the prompt-photon channel.
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The production of heavy flavor in p+p collisions (see Figure 8.5c)) as a tool to mea-
sure∆g is not discussed here. However, a concise description of howto access the po-
larized gluon distribution via the production of heavy flavor in p+p collisions is given
in [Bun00] and references therein.





9. Double Helicity Asymmetry in π0

Production
As discussed in Section 8 the double helicity asymmetry in the production of neutral pions
in longitudinally polarized ultra-relativistic p+p collisions (in the following referred to as
π0 ALL or Aπ0

LL ) can be related to the polarized gluon distribution∆g(x) inside the polarized

proton. Therefore, the measurement ofAπ0

LL can give valuable insight to the proton spin
puzzle (see Section 8.2.1). The analysis presented in this work is the first attempt to
measure the double helicity asymmetry ofπ0 production in a high-energy collider. Both
the integrated luminosity as well as the average polarization of the proton beams were
sufficient in the third physics Run of PHENIX to expect a significant result forAπ0

LL .

The analysis is based on the same set of nanoDST’s as were analyzed for the direct-
photon measurement described in Chapter 7. In the followingthe various analysis steps
involved in the determination ofALL in π0 production in polarized p+p collisions are
described.

9.1 Analysis Method

The double helicity asymmetry inπ0 production is defined as given in Equation 8.13.
In terms of the production cross sections for the different helicity combinations of the
colliding protonsAπ0

LL can be written as:

Aπ0

LL =
σlike −σunlike

σlike +σunlike
, (9.1)

whereσlike andσunlike denote the cross section of inclusiveπ0 production when the two
protons have the same helicity (like) and opposite helicity(unlike), respectively. The
helicity h of a particle can either be+ or − and is defined by the orientation of its spin
vector~s with respect to its momentum vector~p:1

h =
~s·~p
|~s||~p| . (9.2)

Section 3.1 describes how protons are polarized at RHIC. Thestable polarization di-
rection in the collider is vertical, i.e. transverse to the beam direction. In order to obtain

1For the definition ofAπ0

LL in Equation 9.1 the helicity is considered in the laboratoryframe.
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Yellow Beam Blue Beam

proton bunchesspin s

Figure 9.1: Illustration of the polarization direction pattern at the interaction point of PHENIX. The pattern

is chosen in such a way at RHIC that all four helicity combinations occur alternating during one fill.

longitudinally polarized proton bunches at the interaction point the polarization direction
of the proton bunches is rotated from transverse to longitudinal by spin rotators prior to
collision and back to transverse after the collision. The polarization pattern in each ring
at RHIC is chosen in such a way that all four possible combinations of polarization direc-
tions, i.e. helicity combinations, in the collisions of thebunches occur during the same
fill. This is illustrated in Figure 9.1. For the calculation of ALL using Equation 9.1 it
is not distinguished between the helicity combinations “++” and “−−” and “+−” and
“−+”, respectively. The first two represent collisions of protons with equal helicity and
the corresponding reaction cross sections are summarized in “σlike”, while the latter two
represent collisions of protons with opposite helicity andthe corresponding cross sections
are summarized in “σunlike”.

As discussed in Section 3.1.1 there are a number of depolarizing resonances that
reduce the initial polarization during acceleration. Although RHIC utilizes so-called
Siberian Snakes (see Section 3.1.2) to avoid depolarizing resonances and sustain initial
polarization from the proton source, it is unfeasible to achieve a polarization of 100% in
the proton bunches2. Therefore the colliding bunches can not be considered as ensembles
of protons with all spins aligned in the same direction. To account for this the actual
polarization of the proton beams must enter the calculationof ALL .

The cross section of particle production can be expressed interms of experimental
yield (N) and integrated luminosity (L):

σ ∝
N
L

. (9.3)

Since it can be assumed that detector acceptance and detection efficiency are identical for
all bunch crossings, i.e. independent of beam polarization, Equation 9.1 can be written
using Equation 9.3 as:

ALL =
1

|PB||PY|
N++−RN+−
N++ +RN+−

, R=
L++

L+−
, (9.4)

2In fact, the design polarization at RHIC is 70% (see Section 3.1).
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whereN++ andN+− denote the number of neutral pions measured in bunch crossings
with both proton bunches having the same helicity (++) and opposite helicity (+−),
respectively.R is referred to as relative luminosity and indicates any difference in the
number of collisions with like and unlike helicities measured in one fill. In Equation 9.4
the average polarization of the blue (PB) and the yellow (PY) beam account for the limited
polarizations of the proton beams. For the analysis it was assumed that the polarization
did not change during one fill. The beam polarizations were measured for the blue and
yellow beam using polarimeters installed in each ring (see Section 3.1.4).

For the calculation ofAπ0

LL the number of neutral pions needs to be determined for
like and unlike helicity combinations separately. The double helicity asymmetry was
calculated in four differentpT bins: 1−2 GeV/c, 2−3 GeV/c, 3−4 GeV/c and 4−
5 GeV/c.3

9.2 Data Selection

The information stored in the nanoDST’s which are required for the analyses presented in
this work are described in Section 7.2.1. For the double helicity asymmetry analysis only
events that satisfy the ERT_4×4c trigger in coincidence with the minimum bias trigger,
referred to as Gamma3 data sample in the direct-photon analysis, are analyzed. As was
described in Section 7.2.2 this data set is enriched with high-energy photons.

Analyzed Runs

As was discussed in Section 7.2.3 the individual runs recorded during Run III p+p
were subject to certain quality tests prior to the actual analysis. In addition to the
requirements necessary for the direct-photon analysis themeasurement of the relative
luminosity R, required for each run in theAπ0

LL analysis, posed another constraint on
the run selection. The determination ofR is based on hits recorded with the BBC
and ZDC (this is described in more detail in Section 9.3). However, for a few runs
the corresponding data was not available. These runs were excluded from theAπ0

LL
analysis. Eventually a total of 158 runs in 47 fills were analyzed for the double helicity
asymmetry. The list of “good” runs in the Gamma3 data sample is given in Appendix B.2.

Event Selection

In theAπ0

LL analysis only events are accepted that satisfy the condition ∆zvertex= ±30 cm,
where∆zvertex is the deviation of the measuredz-vertex position from the nominal vertex.

3A finer segmentation in transverse momentum is not reasonable because of the large statistical errors
that arise.



168 Chapter 9: Double Helicity Asymmetry inπ0 Production

Unlike in the direct-photon analysis, only the vertex position as measured by the BBC is
utilized. After the vertex cut a total ofNgamma3

evt = 43.5 million Gamma3 filtered events
remained for the analysis. As was described in Section 7.2.4the Gamma3 trigger had
a mean rejection factor off gamma3

reject ≈ 109 in Run III p+p. However, the normalization
required in the determination of the cross section to account for the ERT rejection factor
is not necessary in the calculation ofAπ0

LL since it cancels in Equation 9.4.

9.3 Relative Luminosity

For the determination of the double helicity asymmetryALL the relative luminosityR
defined in Equation 9.4 must be known. The integrated luminosity L in p+p collisions is
defined as:

L =
1

σinel
pp

∫

dN , (9.5)

where
∫

dN is the number of inelastic collisions (events) integrated over a certain time
period andσinel

pp is the total inelastic p+p cross section. Hence the integrated luminosity

analyzed forAπ0

LL is: L = Ngamma3
evt × f gamma3

reject × εMB
trig ≈ 0.21 pb−1, where the rejection

factor of the Gamma3 trigger and the trigger bias of the minimum bias trigger is taken
into account.

For the asymmetry analysis ofAπ0

LL the ratio of the integrated luminosity in bunch
crossings with like helicities (L++) to unlike helicities (L+−) must be known. The corre-
sponding analysis for the Run III p+p data is described in detail in [Tan03].R was de-
termined for each run by counting BBCLL1 live4 triggers with az-vertex cut of±30 cm,
i.e. minimum bias trigger counts, for each bunch crossing.R is then calculated for each
fill by summing BBCLL1 triggers for all bunch crossings with like and unlike helicities
and dividing the sums.

A detector needs to satisfy several requirements in order toserve as a luminosity
detector: (i) sensitive to the same collisions in which the investigated processes occur,
(ii) small background from beam-gas events etc., (iii) highstatistics and (iv) small spin
asymmetry in the detector. For the detection of neutral pions all this is accomplished by
the BBC of PHENIX or more precisely by the BBCLL1 trigger, becauseπ0’s are measured
in coincidence with this trigger and therefore have the samez-vertex acceptance. It was
shown that a possible spin asymmetry of the BBC is close to zero [Tan03].

In order to have an estimate of the uncertainty of the relative luminosity measurement,
information provided by a second detector was utilized. TheZDC also meets the require-
ments stated above except that thez-vertex resolution is considerably worse than in the

4In PHENIX a trigger count is called alive trigger if the DAQ is not busy on arrival of the trigger and
hence the event could be further processed by the data acquisition system.
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BBC. Trigger counts from both detectors were compared to each other and from this an
uncertainty of∂R= 2.5×10−4 was estimated. The uncertainty ofAπ0

LL introduced by the
uncertainty of the relative luminosity is given by:

∂ALL ≈ 1
2|PB||PY|

∂R , (9.6)

where the approximationsN++ ≡ N+− andR≡ 1 were used. With the average beam
polarizations achieved in Run III (see Section 9.4) the estimated∂R translates into∂ALL ≈
1.2×10−3.

9.4 Polarization Measurement

The absolute beam polarizations at RHIC are measured with proton-carbon polarimeters
installed in each of the two rings (see Section 3.1.4). For the Run III p+p data set the
pC polarimeters were calibrated using a polarized proton-jet target. In the measurement
of ALL the accuracy of the polarization measurement plays a decisive role. From Equa-
tion 9.4 it can be derived (for simplicityPB = PY = Pbeam):

∂ALL

ALL
= 2 · ∂Pbeam

Pbeam
. (9.7)

Thus the relative uncertainty of the double helicity asymmetry due to the polarization is
twice as large as the relative uncertainty of the polarization measurement. However, since
the measured asymmetry scales with the polarization, the uncertainty of the polarization
does not change the statistical significance (relative uncertainty) of a non-zeroALL result.

The average beam polarization was determined for each fill ofRun III p+p. Fig-
ure 9.2 shows the distribution of polarizations in the blue and yellow ring as a function
of the fill number. The beam polarization averaged over the complete Run III, weighted
by the number of triggered events was 30% in the yellow ring and 35% in the blue ring.
The product of both beam polarizations poses a scale uncertainty of 28%5 on theAπ0

LL
result [Adl06b].

9.5 Energy Scale Correction

The analysis of theπ0 double helicity asymmetry was carried out prior to the direct-
photon analysis described in Chapter 7. Although both analyses are based on the same

5The scale uncertainty includes statistical and systematicuncertainties of the polarization measurement.
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Figure 9.2: Absolute polarization of the beam in the blue and yellow ringmeasured in each fill. The

weighted average over all fills is 35% in the blue ring and 30% in the yellow ring.

nanoDST’s, i.e. the energy calibration is identical in bothcases, the correction of the en-
ergy scale non-linearity differs slightly for the two analyses. For the direct-photon analy-
sis the parameters of the correction were determined for each of the eight EMCal sectors
individually. For theAπ0

LL analysis the non-linearity correction was available sector-wise
only for the PbGl. For the PbSc the correction was determinedas a mean of all six sectors.
While for the correction of the PbGl data the chosen functional form of the non-linearity
was the same in theAπ0

LL and direct-photon analysis (see Equation 7.10) the form of the

correction applied to the PbSc data slightly differed in theAπ0

LL analysis. It was given by
an exponential [Baz03a]:

Ecorr

E
= 1+ec0·E+c1 , (9.8)

whereE is the measured energy given in the nanoDST’s andc0 andc1 are free parameters
of the correction.

The difference in the corrections applied in the two analyses is negligible compared to
the statistical errors obtained in theAπ0

LL analysis and the systematic uncertainties assigned
to the non-linearity in the direct-photon analysis.
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9.6 Geometric Acceptance

In the analysis of the double helicity asymmetry the correction for the limited geometric
acceptance of the EMCal is not required. However, dead and bad towers in the PbGl and
PbSc must be identified and removed from the data analysis, since they would affect the
reconstruction of neutral pions. The method for the identification of erroneous towers was
described in Section 7.2.6. In fact, the list of bad towers (bad tower map) applied in the
direct-photon analysis was originally determined for theAπ0

LL analysis presented in this
work and then adopted in the direct-photon measurement.

The bad tower maps for each EMCal sector for the Run III p+p data set are shown
in Appendix C. A cluster in the EMCal is removed from the data set if the tower with
maximum energy within the cluster coincides with a tower marked as bad (including first
order neighbors) in the bad tower map.

9.7 Photon-Like Cluster Sample

The data sample obtained with the EMCal contains not only photons but also hits from
charged and neutral hadrons as well as electrons. This was already discussed in Sec-
tion 7.3 for the measurement of the inclusive photon spectrum. Neutral pions are iden-
tified in the EMCal data via an invariant mass analysis of photon pairs. Details of this
method are discussed in Section 9.8. In order to reduce the background from hadronic
sources particle identification cuts are applied to the datasample prior to theπ0 recon-
struction. Similar to the direct-photon analysis presented in this work and the cross-
section measurement of neutral pion production [Bat05b, Bat05a] the shape of the shower
in the EMCal is primarily utilized to remove hadronic showers from the cluster sample
analyzed forAπ0

LL . In the PbGl a cut on the dispersion of the shower is applied, while in
the PbSc the deviation of the shower shape from parameterizations is used to remove non-
electromagnetic clusters (see Section 7.3.1). Also a minimum cluster energy is required
to reduce electronic noise. In theAπ0

LL analysis the energy threshold was set to 0.2 GeV
(0.1 GeV) for the PbGl (PbSc). The photon sample after the application of the PID cuts
is referred to in the following as photon-like cluster sample.

In the direct-photon analysis a restriction on the photons in the Gamma3 data sample
that pass the PID criteria is introduced and referred to asFEM requirement(see Sec-
tion 7.3.2). In theAπ0

LL analysis this condition is checked for pairs of photon-likeclusters.
Here the FEM requirement ensures that only photon pairs are accepted in which the more
energetic photon most likely triggered the ERT.
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9.8 Reconstruction of Neutral Pions

Neutral pions are reconstructed in the analysis by the calculation of the invariant massminv

of photon pairs (neutral pions decay into two photons with a branching ratio of 98.8%)
as a function of the pairpT and subsequent comparison to the expected mass forπ0’s.
minv is given by the absolute value of the sum of the four-momenta of the decay photons.
Assuming the two measured photon-like clusters originate from aπ0 decay the invariant
mass of the pair can be calculated from the measured energy ofthe two decay photons,
E1 andE2, and the opening angleθ of the decay:6

minv =
√

2E1E2 · (1−cosθ) . (9.9)

The measured sample of photon-like clusters does not only contain decay photons from
π0 decays. There are also contributions fromη decays, direct photons and electrons. Also
neutral and charged hadrons which pass the PID cuts contaminate the photon-like cluster
spectrum. Because of these background sources events in p+p collisions usually contain
more than two photon candidates. Since it is not known which photon-like cluster in the
data sample originates from aπ0 decay all possible photon-pair combinations per event
have to be considered in the invariant mass analysis. Pairing photon-like clusters which
are uncorrelated yields a random invariant mass. Uncorrelated photon-pairs constitute the
combinatorial background (already introduced in Section 7.3.2 for the charged correction
of the inclusive photon spectrum). The number of possible pair combinationsNpair (cor-
related and uncorrelated) in a single event is determined solely by the multiplicityN, i.e.
the number of photon-like clusters in the event:Npair =

N
2 · (N−1).

Figure 9.3 shows the invariant mass distributions derived from the full data set (sum
of PbGl and PbSc) in each of the fourpT bins used in theAπ0

LL analysis. As was stated in
Section 7.2.5 the rest mass of theπ0 is approximately 135 MeV/c2. In all four pT bins in
Figure 9.3 a large peak is visible around the nominalπ0 mass. Note that the smaller peak
visible at higher mass values (around∼ 550 MeV/c2) in Figure 9.3 especially abovepT =

2 GeV/c indicates correlated photon pairs originating fromη decays. Theη decays into
two photons with a branching ratio of about 40% (see Section 7.5.1). The combinatorial
background decreases with increasing transverse momentumsince the multiplicity also
decreases towards higherpT. In the cross section measurement ofπ0 production the
combinatorial background must be subtracted from theπ0 peak in order to determine
the corrected number of neutral pions in a givenpT bin. However, in the asymmetry
measurement presented in this thesis the background contribution toAπ0

LL is calculated
differently. This is described in more detail in Section 9.9.

6This is true for all pairs of massless particles.
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Figure 9.3: Invariant mass histograms of photon pairs measured with thePHENIX EMCal in four different

pT bins used in theAπ0

LL analysis. The large peak around 140 MeV/c2 indicates reconstructed neutral pions.

The combinatorial background is largest for smallpT and decreases as the multiplicity decreases with

increasingpT. The peak aroundminv = 550 MeV/c2 clearly visible forpT > 2 GeV/c originates from the

two-photon eta decay.

The background from uncorrelated pairs can be reduced in theanalysis by introducing
a cut on the energy asymmetryα of the photon-like cluster pairs (see Equation 7.9).
This is illustrated schematically in Figure 9.4. The distribution of the energy asymmetry
of π0 decays is flat. However, this is not true for uncorrelated photon pairs. ThepT

distribution of inclusive photons is steeply falling. Therefore, a highly energetic photon
is more likely paired with other low-energy photons within the same event (hadrons in
the photon-like cluster sample also have small energies). This results in a large energy
asymmetry. By setting a maximum asymmetry ofαmax = 0.7 as indicated in Figure 9.4
the signal-to-background ratio is improved significantly.Since it can be assumed that the
energy asymmetry is independent of the helicity combination in the p+p collision the
loss of correlated photon pairs does not need to be correctedin the calculation ofAπ0

LL .

The analysis of theπ0 double helicity asymmetry was carried out for the data accu-
mulated separately with the two subsystems of the PHENIX EMCal (PbGl and PbSc) and
using the full statistics of the complete EMCal. The calorimeter consists of eight sec-
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Figure 9.4: Schematic illustration of the energy asymmetry of correlated and uncorrelated photon pairs.

The thresholdαmax improves the signal-to-background ratio significantly.

tors, four in each arm of the central spectrometer (see Figure 7.1 for illustration). The
π0 decay photons are not required to hit the same sector for the invariant mass analysis.
Certain sector combinations are chosen to generate invariant mass distributions for the
PbGl, PbSc and EMCal. This is illustrated in Figure 9.5. For the PbGl only two sectors
have to be considered (E0, E1). Bothπ0 decay photons must hit one of the two PbGl
sectors resulting in three possible sector combinations. The PbSc consists of six sectors,
two in the east (E2, E3) and four in the west arm (W0, W1, W2, W3). In the considered
pT range the opening angleθ of a π0 decay is limited in such a way7 that the two decay
photons of a neutral pion decay do not hit the two outermost sectors of the same arm. For
the same reason sectors from the east and west do not need to becombined. Hence in the
analysis of the PbSc data twelve sector combinations are considered. In order to utilize
the full statistics recorded by the EMCal all sector combinations of the PbGl and PbSc
are accepted, adding three sector combinations in the east arm that join PbGl and PbSc
sectors (ignoring the combination of the outermost sectors(E0, E3)).

The invariant mass distributions shown in Figure 9.3 were derived from the full statis-
tics accumulated with the EMCal and are independent of the beam polarization, i.e. events
from all bunch crossings were combined. However, for theAπ0

LL analysis the invariant mass
histograms have to be generated for each helicity combination separately. In fact, invari-

7The opening angleθ of aπ0 decay decreases with increasing transverse momentum.
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Figure 9.5: Illustration of the sector combinations applied in the invariant mass analysis of photon pairs to

deriveπ0 yields in the PbGl, PbSc and the combined EMCal.

ant mass histograms were generated for each of the 120 bunch crossings8. The yields
derived from the invariant mass distributions were then added for the two helicity combi-
nations (like and unlike helicity of the two colliding protons) required in the calculation
of Aπ0

LL .

9.8.1 Yield Corrections

Unlike in the cross-section measurement where a number of corrections have to be applied
to the rawπ0 yield (e.g. reconstruction efficiency, geometric acceptance, ERT efficiency,
photon conversion, shower merging) for the calculation ofAπ0

LL these yield corrections
are not required. The corresponding corrections cancel in the yield ratio of Equation 9.4,
provided that the correction does not depend on the helicitycombination of the p+p
collision, which is assumed in the analysis presented in this work.

A convenient feature of the invariant mass analysis is the fact that contributions to
the photon-like cluster sample from charged and neutral hadrons as well as electrons do

8Note that not all bunch crossings contain a p+p collision (see Section 9.8.2).
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not have to be corrected explicitly. These background particles are paired in the analysis
with other hits of the same event forming uncorrelated pairsand are thus part of the
combinatorial background. The correction of the combinatorial background in theAπ0

LL
analysis is described in more detail in Section 9.9.1.

9.8.2 Bunch Crossing Numbering

As described in Chapter 3 the beam in each of the two rings of the RHIC collider is
divided into 120 bunches. The bunches are numbered from 0 to 119 and each has either
a positive or negative sign in polarization prepared at the source transverse to the beam.
At PHENIX, bunchi of the blue beam collides with bunch(i +80)%1209 of the yellow
beam. In the analysis the numberi was used to tag the corresponding bunch crossing
(bunch crossing ID). Not all bunches in the two rings are necessarily filled with protons.
In the p+p Run of year III the RHIC collider was operated in a 55-bunch mode, i.e. 55
bunches in each beam were filled with protons. Bunch crossings with odd numbering
were empty. Because of the abort gaps all bunch crossings from 30-39 and from 110-119
were empty10. This results in p+p collisions occurring in 50 bunch crossings.

For the analysis of the double helicity asymmetry it is vitalthat the bunch crossing
ID’s are correctly assigned, in order to be able to determinetheπ0 yields for the different
helicity combinations. It was found [Tan03] that because ofan error in the GL1 trigger
system the bunch crossing ID was shifted by a constant for a few runs. This was corrected
run-by-run during the generation of the invariant mass distributions. Figure 9.6 shows the
number of events per bunch crossing for a single run with correctly assigned bunch cross-
ing ID’s. The total number of events in all bunch crossings for this run isNevt = 476105.
Bunch 20 in both beams was used for beam steering feedback andwas unstable because
of this. Hence bunch crossings 20 and 60 were excluded from the analysis.

9.9 ALL Calculation

For the calculation of theπ0 double helicity asymmetryπ0 yields have to be extracted
from the invariant mass histograms in the fourpT bins and for the different helicity com-
binations. As was noted in Section 9.8 the combinatorial background under theπ0 peak is
not subtracted prior to theπ0 yield extraction. Instead theπ0 signalNπ0+bg consisting of
π0 yield and combinatorial background under theπ0 peak is determined. With these yields

the double helicity asymmetryAπ0+bg
LL is calculated according to Equation 9.4.Aπ0+bg

LL is
referred to as signalALL .

9Here % is the modulo operator.
10In Run III p+p the abort gap was chosen to comprise ten empty bunches in each ring.
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Figure 9.6: Number of recorded events per bunch crossing for a single run. Bunch crossings with odd ID’s

are empty. Also the empty bunch crossings due to the abort gaps in the blue and the yellow ring are marked.

The nominal mass of the neutral pion ismπ0 ≈ 135 MeV/c2 as noted before. How-
ever, due to the steeply fallingpT spectrum and the finite energy resolution of the detector
the measuredπ0 mass is shifted to higher values11 and is distributed Gaussian-like around
the measured value. Theπ0 signal was determined by integrating over a certain range in
invariant mass. The position of theπ0 mass peak (given by the mean of the Gaussian dis-
tribution) is almost constant in the consideredpT range at a value ofmmeas

π0 ≈ 137 MeV/c2.
The resolution of the EMCal during data taking was such that the 1σ-width of theπ0 peak
varied from 12 MeV/c2 in the lowestpT bin to 9.5 MeV/c2 in the highestpT bin. In
order to cover the relevant region of theπ0 mass peak the integration range was chosen
to cover±25 MeV/c2 aroundmmeas

π0 . Because of the finite bin size chosen in the analysis
the effective integration range was:

minv ∈ [110 MeV/c2,165 MeV/c2] . (9.10)

This range is illustrated in Figure 9.7. In order to have a measure of the contribution

of the background toAπ0+bg
LL , the double helicity asymmetry was also calculated for the

11More decay photons are shifted to higher energies than vice versa.
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Figure 9.7: Illustration of the integration ranges applied in the analysis of the double helicity asymmetry to

derive yields in the signal and background region.

combinatorial background. For this reason two regions adjacent to theπ0 mass peak were
defined with a width of 55 MeV/c2 each:

minv ∈ [40 MeV/c2,95 MeV/c2] ,

minv ∈ [180 MeV/c2,235 MeV/c2] . (9.11)

The background signalNbg is the sum of signals obtained in both mass ranges and con-
tains only pairs of photon candidates in the combinatorial background. The double helic-
ity asymmetry calculated fromNbg is referred to as backgroundALL or Abg

LL .

The background corrected double helicity asymmetry of the pure π0 signal is then
calculated by weighting the signalALL with 1

1−r and subtracting the backgroundALL

weighted with r
1−r :

Aπ0

LL =
Aπ0+bg

LL − r ·Abg
LL

1− r
, (9.12)

where the contribution of the combinatorial background in the signal region is given byr,
i.e. r is the ratio of the combinatorial background to the uncorrected yield in theπ0 mass
peak region. Thus the combinatorial background must be determined in the peak region
in order to deriveAπ0

LL .

A summary of the statistics obtained in the analysis of the full Gamma3 data set is
given in Table 9.1.Nπ0+bg andNbg represent the result of the integration in the respective
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invariant mass range for a givenpT bin. Since the geometric acceptance of the PbSc is
larger more pairs are counted in the PbSc than in the PbGl. Thenumbers given for the
EMCal are larger than the simple sum of the PbGl and PbSc numbers. This is because
the combined EMCal subsystems provide more sector combinations than the sum of the
individual subsystems.

9.9.1 Background Estimation

For the calculation of the background corrected double helicity asymmetry (see Equa-
tion 9.12) the fractionr of the combinatorial background under theπ0 peak must be
known. The shape of the combinatorial background can be determined using the tech-
nique of mixing photon candidates from different events. The same method was applied
to remove the background from the charged particle contribution to the inclusive pho-
ton spectrum (see Section 7.3.2). In order to determine the combinatorial background in
the invariant mass distributions each photon candidate of the current event is paired with
photon candidates from older events.12

For the event mixing it is important to use only unbiased events, i.e. minimum bias
events. However, when analyzing Gamma3 filtered data all events in the data sample
have triggered the ERT. Hence in the event mixing a high-pT photon would be paired
with other high-pT photons from other events. This would bias the result of the mixed
event distributions and therefore would not represent the correct shape of the real combi-
natorial background. This problem is avoided by generatingso-calledpseudo minimum
bias events: one photon candidate is excluded from each event used for the event mix-
ing (except the current event). This photon-like cluster must fulfill the conditions also

12Each event is analyzed one after another. Hence “old events”means events which were analyzed
previously to the current event.

PbGl PbSc EMCal
pT [GeV/c]

Nπ0+bg Nbg Nπ0+bg Nbg Nπ0+bg Nbg

1.0−2.0 803413 365318 1184614 841979 2132896 1329199

2.0−3.0 266467 50260 802318 181400 1089209 238612

3.0−4.0 45822 4218 166023 17449 213458 21933

4.0−5.0 8814 601 31823 2552 40727 3180

Table 9.1:Number of counts obtained in the signal and background region of the invariant mass distribu-

tions in the fourpT bins for the PbGl, PbSc and the combination of the two calorimeter subsystems. The

counts are added from all helicity combinations.
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Figure 9.8: (a) Invariant mass distribution of photon pairs in real and mixed events (scaled) measured with

the PbGl in the lowestpT bin. The combinatorial background determined with the mixed event method

reproduces the measured background very well. (b) The ratioof the invariant mass distributions in real and

mixed events. The scaling factor of the mixed distribution is a first order polynomial fitted to the ratio in

regions adjacent to the neutral pion mass peak.

required for the FEM flag and hence is likely the photon that triggered the ERT. Thus
in the event mixing the high-pT photon is very likely not paired with any other trigger
photon from older events and the shape of the mixed event combinatorial background is
very similar to the unbiased distribution.

Figure 9.8(a) shows the invariant mass distribution obtained in the event mixing and
scaled to the real distribution. The scaling factor is a firstorder polynomial adjusted to the
ratio of the real and mixed distribution on both sides of theπ0 mass peak (illustrated in
Figure 9.8(b)). The background contribution under theπ0 peak is given by the ratio of the
integrals of the two distributions in theπ0 peak region given by the mass range specified

PbGl PbSc EMCal
pT [GeV/c]

r [%]

1.0−2.0 27.7 40.0 35.4

2.0−3.0 10.8 12.4 12.0

3.0−4.0 5.2 5.8 5.7

4.0−5.0 3.7 4.3 4.3

Table 9.2: Contribution of the combinatorial background under the neutral pion mass peak in the PbGl,

PbSc and EMCal obtained in the fourpT bins using an event mixing method.
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in 9.10. In Table 9.2 the background contributionr determined in the fourpT bins for the
PbGl, PbSc and EMCal is listed. Since the PbSc is more susceptible to hadrons than the
PbGl the background under theπ0 peak is larger in the PbSc.

The uncertainty ofr was estimated by applying polynomials of different orders to de-
scribe the ratio of the real and mixed histograms. Moreover,in a different approach the
combinatorial background under theπ0 mass peak was determined by fitting a combina-
tion of polynomial and Gauss function to the invariant mass distribution of real events,
applying different polynomials and fit regions. The comparison of the various results
yielded a relative uncertainty of 2% on the background fraction r.

9.9.2 ALL Error Calculation

In the double helicity analysis presented in this work only the statistical uncertainty of
the reconstructed neutral pions or more precisely the statistical uncertainty of the signals
obtained in the signal and background regions, i.e.Nπ0+bg andNbg, is considered.13 As
was stated in Section 9.3 the accuracy of the relative luminosity measurement implies an
uncertainty of∂ALL ≈ 0.1% which is negligible compared to the statistical uncertainty of
theπ0 measurement.

Both Aπ0+bg
LL andAbg

LL are calculated using Equation 9.4. Gaussian error propagation
yields:

∆ALL =
1

|PB||PY|
2RN++N+−

(N++ +N+−)2

√

(

∆N++

N++

)2

+

(

∆N+−
N+−

)2

. (9.13)

Because the deviation of the relative luminosity from unityis small (i.e.R≈ 1) and the
asymmetryα = N++−N+−

N+++N+−
almost vanishes Equation 9.13 can be simplified to:

∆ALL =
1

|PB||PY|
1√

N++ +N+−
, (9.14)

where∆N++ =
√

N++ and∆N+− =
√

N+−, assuming that the measured numbersN++

andN+− follow Poisson distributions. If the combinatorial background is subtracted prior
to the asymmetry calculation∆r must be considered in the error calculation ofALL :

∆ALL =
1

|PB||PY|

√

1

Ñ++ + Ñ+−
+

1
2

(

∆r
1− r

)2

, (9.15)

whereÑ++ and Ñ+− represent the uncorrected yields under theπ0 mass peak for the
respective helicity combination. Especially in the two lowest pT bins the error∆r/r =

0.02 cannot be neglected compared to the statistics given byNπ0+bg in Table 9.1.

13The uncertainty due to the polarization measurement entersthe result as a normalization error.
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However, since the background is not subtracted prior to theasymmetry calculation

the uncertainty ofAπ0+bg
LL and Abg

LL is calculated according to Equation 9.14. Taking

∆Aπ0+bg
LL and∆Abg

LL into account the statistical uncertainty ofAπ0

LL is given by:

∆Aπ0

LL =

√

(

∆Aπ0+bg
LL

)2
−
(

r ·∆Abg
LL

)2

1− r
. (9.16)

The uncertainty ofAπ0

LL due tor can be calculated as follows:

∆Aπ0

LL =
∣

∣

∣
Aπ0+bg

LL −Abg
LL

∣

∣

∣
· ∆r
(1− r)2 . (9.17)

Since the asymmetries (Aπ0+bg
LL andAbg

LL ) are small the uncertainty ofAπ0

LL introduced by

∆r = 0.02 can be neglected compared to the statistical uncertaintyof Aπ0

LL .

The calculation ofAπ0

LL requires large statistics in order to yield small uncertainties.
Because of the relatively small statistics accumulated in Run III p+p the obtained statis-
tical error bars are large. This makes the analysis of systematic uncertainties unnecessary
since they are expected to be considerably smaller than the statistical uncertainties.

9.9.3 Signal and BackgroundALL

The absolute beam polarizations established during the data taking period of Run III p+p
varied from fill to fill. Therefore the double helicity asymmetry of the signal and the back-
ground were calculated for each of the 47 fills separately using Equation 9.4. Figure 9.9
shows the signalALL obtained with the PbGl in eachpT bin as a function of the fill num-
ber. The analyzed fills ranged from 3625 to 3810.14 The statistical fluctuations increase
with increasingpT (note the different scales for differentpT bins) since the statistics of
the reconstructed neutral pions decline rather quickly. The average signalALL is deter-

mined as a constant fit to the distribution ofAπ0+bg
LL per fill (shown by the grey line). The

backgroundALL obtained for each fill andpT bin with the PbGl is shown in Figure 9.10.
The averageAbg

LL is also given by a constant fit to the data.

All values ofAπ0+bg
LL andAbg

LL obtained for each fill andpT bin measured with the PbGl,
PbSc and the combined EMCal subsystems are listed in Appendix F.1. For the calculation
of the double helicity asymmetry it was required that at least oneπ0 or background pair
was counted for either helicity combination, i.e.N++ ≥ 1 andN+− ≥ 1. For a few

14At RHIC fills are numbered consecutively. If a stable storageof the two beams in the RHIC collider
cannot be established the two beams are dumped and a new fill isinitiated. Therefore the specified range
comprises more fills than were actually analyzed.
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Figure 9.9: SignalALL as measured with the PbGl in fourpT bins determined for each fill separately. The

error bars represent the statistical error of the measured signal (i.e. Nπ0+bg). The averageAπ0+bg
LL over the

full data set is determined by a constant fit (grey line).

fills the accumulated statistics were too small to meet this condition, especially in the
highestpT bin, so that no asymmetry could be calculated (hence noALL is given for the
corresponding fill andpT bin in Appendix F.1).

The extracted average values ofAπ0+bg
LL andAbg

LL measured with the PbGl, PbSc and the
combined EMCal subsystems are summarized in Table 9.3 and depicted in Figure 9.11.

9.9.4 Final CorrectedALL

The results ofAπ0+bg
LL andAbg

LL determined in the fourpT bins and with the different EMCal
subsystems shown in Figure 9.11 are utilized to derive the final background corrected
double helicity asymmetryAπ0

LL according to Equation 9.12. The background contribution

r is listed in Table 9.2. The uncertainty∆Aπ0

LL is calculated according to Equation 9.16.

The final result of theπ0 double helicity asymmetry obtained with the PbGl, PbSc
and EMCal is listed in Table 9.4 and shown in Figure 9.12. The error bars represent
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statistical 1σ errors, i.e. the true value lies in the interval[Aπ0

LL −∆Aπ0

LL , Aπ0

LL +∆Aπ0

LL ] with
a probability of 68%. An important cross check of the measurement is the comparison of

Aπ0+bg
LL [%] Abg

LL [%]
pT [GeV/c]

PbGl PbSc EMCal PbGl PbSc EMCal

1.0−2.0 1.4±1.0 −0.9±0.9 0.1±0.6 −1.3±1.5 1.6±1.1 0.4±0.8

2.0−3.0 1.0±1.7 −2.1±1.0 −1.3±0.9 2.5±4.1 −2.9±2.2 −1.7±1.9

3.0−4.0 −2.5±4.1 −0.5±2.2 −0.8±1.9 1.5±13.8 2.8±6.8 2.4±6.1

4.0−5.0 −5.3±9.3 −4.6±4.9 −4.6±4.3 33.9±36.1 9.3±17.7 14.1±15.8

Table 9.3: AveragedAπ0+bg
LL and Abg

LL obtained in differentpT bins with the PbGl, PbSc and combined

EMCal subsystems.
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Figure 9.11: (a) Double helicity asymmetry (Aπ0+bg
LL ) calculated in theπ0 peak region from data obtained

with the PbGl, PbSc and the combined EMCal subsystems. (b) Double helicity asymmetry (Abg
LL ) calculated

in the background regions adjacent to theπ0 mass peak. Please note the different scale in they-direction

compared to (a). In (a) as well as in (b) the data points in eachpT bin are shifted for better illustration.

the results obtained with the PbGl and PbSc. Theχ2 of the PbGl and PbSc data points in
eachpT bin is calculated using [Yao06]:

χ2 =

(

APbGl
LL − ĀLL

)2

σ2
PbGl

+

(

APbSc
LL − ĀLL

)2

σ2
PbSc

, (9.18)

whereĀLL is the weighted mean of the PbGl (APbGl
LL ) and PbSc (APbSc

LL ) data points and
σPbGl andσPbScare the corresponding statistical errors. If the deviationbetweenAPbGl

LL
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Figure 9.12: Corrected double helicity asymmetry inπ0 production obtained with the PbGl, PbSc and

combined EMCal subsystems. The data points within thepT bins are shifted for better illustration.

andAPbSc
LL is exactly

√

σ2
PbGl+σ2

PbSc thenχ2 = 1. By looking at theχ2 distribution for
one degree of freedom one can derive the level of confidence that these two measurements
agree. In 68% of a large number of measurements aχ2 less than unity will be obtained.
In this case it is said that the two data points agree within 1σ. In 95% of all measurements
a χ2 less than 4 is obtained and the data points are said to agree within 2σ.

Apart from the lowestpT bin the corrected double helicity asymmetries obtained with
the PbGl and PbSc agree within approximately 1σ. For pT = 1−2 GeV/c the data points
agree within slightly more than 2σ. This illustrates the good agreement of the data points
obtained with the PbGl and the PbSc.

Aπ0

LL [%]
pT [GeV/c]

PbGl PbSc EMCal

1.0−2.0 2.4±1.5 −2.6±1.6 0.0±1.1

2.0−3.0 0.9±2.0 −1.9±1.2 −1.3±1.0

3.0−4.0 −2.7±4.4 −0.7±2.3 −1.0±2.0

4.0−5.0 −6.8±9.8 −5.3±5.2 −5.5±4.6

Table 9.4: Corrected double helicity asymmetry inπ0 production in differentpT bins obtained with the

PbGl, PbSc and combined EMCal subsystems.
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Figure 9.13:Distributions of photon pairs in the (a) signal region and (b) background region as a function

of the transverse momentum of the pair.

For the subsequent discussion and comparison to theoretical models only the result
utilizing the full EMCal statistics is considered.

9.9.5 Average Transverse Momentum

In Figures 9.11 and 9.12 the data points are placed at the center of each bin or are shifted
by ∆pT = ±0.15 GeV/c around the bin center. However, this is not correct since the
underlyingpT-distributions of correlated or uncorrelated photon pairsare not uniform.
This is illustrated in Figure 9.13 by thepT distributions of photon pairs measured with
the PbGl in the signal (a) and background (b) region. Based onthe discussion of particle
spectra in Section 2.2.1 the distributions can be approximated by an exponential at lowpT

and a power law at highpT (pT & 2−3 GeV/c). The dip at lowpT is due to the limited
acceptance of the detector for photon pairs in thispT region. In theALL analysis presented
in this work it was chosen to shift the finalAπ0

LL data points in thepT bins according to the
underlying neutral pionpT distribution. Two approaches were followed to determine the
averageπ0pT in eachpT bin:

First, thepT distribution of correlated photon pairs in the invariant mass range of the
neutral pion, i.e. the background correctedπ0 spectrum, was determined. The combinato-
rial background was identified using the mixed event technique described in Section 9.9.1.
The background was subtracted from the invariant mass distribution and the number of
remaining photon pairs in theπ0 mass range was counted as a function of pairpT. This
neutral pionpT distribution is shown in Figure 9.14 for the PbGl. The average pT in each
pT bin is given by the weighted mean in the bin.
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Figure 9.14:Background correctedpT distribution of photon pairs in the neutral pion mass range.

In a second approach, the averagepT was determined in thepT distributions of photon
pairs in the signal region〈pT〉π0+bg and background region〈pT〉bg shown in Figure 9.13(a)
and 9.13(b), respectively. The corrected average transverse momentum〈pT〉π0

of theπ0

spectrum is then given analogous to Equation 9.12 by:

〈pT〉π0
=

〈pT〉π0+bg− r · 〈pT〉bg

1− r
, (9.19)

wherer is the contribution of the combinatorial background to theπ0 mass peak listed in
Table 9.2.

The averagepT obtained in each bin for the PbGl, PbSc and combined EMCal agree
perfectly in both methods. Table 9.5 lists the values of〈pT〉π0

which are used in the
representation of the finalAπ0

LL result.

〈pT〉π0
[GeV/c]

pT [GeV/c]
PbGl PbSc EMCal

1.0−2.0 1.51 1.63 1.57

2.0−3.0 2.37 2.40 2.39

3.0−4.0 3.37 3.37 3.37

4.0−5.0 4.38 4.38 4.38

Table 9.5: Average transverse momentum〈pT〉π0
in eachpT bin of the underlyingπ0 pT distributions

measured with the PbGl, PbSc and combined EMCal system.
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9.10 Cross Checks

In addition to the analysis described in this thesis the double helicity asymmetry inπ0

production was determined in an independent analysis, which is based on the same Run
III p +p data set [Baz04]. In this analysis additional PID cuts wereapplied. These
included a cut on the time-of-flight measured by the EMCal anda charge veto cut, which
utilized information provided by the PC3. The cuts were optimized to minimize the
background under theπ0 mass peak. A comparison of the correctedAπ0

LL obtained with
the combined EMCal system in these two analyses is shown in Figure 9.15. All data
points agree within 1σ illustrating the good agreement between the two analyses.

Single Spin AsymmetryAL:

In addition to the double helicity asymmetry the single spinasymmetryAL in π0 produc-
tion was calculated. It is defined as follows:

AL = −σ+−σ−
σ+ +σ−

, (9.20)

whereσ+ andσ− denote the cross section of inclusiveπ0 production in p+p collisions
in which one of the colliding protons has positive or negative helicity, while the helicity
of the other proton is undefined. Since parity conservation is assumed to hold for the pro-
duction mechanisms of inclusiveπ0 production in p+p collisions the difference between
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Figure 9.16:Single spin asymmetry inπ0 production in Run III p+p with (a) the polarized blue and (b)

the polarized yellow beam measured with the PbGl, PbSc and the combined EMCal system.

σ+ andσ− is expected to vanish. Therefore, any deviation ofAL from zero would indi-
cate problems with the data or analysis technique. For the measurement of the single spin
asymmetry only one beam is required to be polarized. ThusAL is calculated for the blue
and the yellow beam separately. The analysis method is the same as for the double helicity
analysis.AL is calculated for each fill in theπ0 and background mass range. The average
values in eachpT bin are determined by a constant fit to theAL-per-fill distribution. The
background corrected single spin asymmetry is then calculated similar to Equation 9.12.
The result obtained with the polarized blue as well as with the polarized yellow beam
for the PbGl, PbSc and combined EMCal system is shown in Figure 9.16 and listed in
Table 9.6. The consistency of the measuredAL with the expectation, i.e.AL = 0, can

blue beamAπ0

L [%] yellow beamAπ0

L [%]
pT [GeV/c]

PbGl PbSc EMCal PbGl PbSc EMCal

1.0−2.0 0.4±0.5 0.2±0.5 0.2±0.4 0.0±0.6 −0.1±0.6 −0.2±0.4

2.0−3.0 0.0±0.6 −0.7±0.4 −0.4±0.3 0.1±0.7 1.1±0.4 0.8±0.4

3.0−4.0 0.2±1.4 −0.5±0.7 −0.3±0.7 0.4±1.6 −0.8±0.8 −0.4±0.7

4.0−5.0 1.4±3.1 −0.2±1.7 0.1±1.5 −0.2±3.6 −1.1±1.9 −0.7±1.7

Table 9.6: Single spin asymmetry inπ0 production in Run III p+p with the polarized blue and yellow

beam measured with the PbGl, PbSc and the combined EMCal system.
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be evaluated by calculating theχ2. For the comparison of data to theoryχ2 is calculated
via [Yao06]:

χ2 =
n
∑

i=1

(xi −µi)
2

σ2
i

, (9.21)

wherexi is one of then measured Gaussian distributed data points with standard deviation
σi andµi is the theory expectation. The data points can be regarded asconsistent with
zero if χ2 does not significantly exceedn (heren = 4). The maximumχ2 is obtained for
AL in the yellow beam measured with the PbSc (χ2 ≈ 7.5). All other calculatedχ2 are
considerably smaller. Hence, the measured single spin asymmetry is consistent with zero
indicating that both data and analysis method are correct.

Parity Violating Double Helicity Asymmetry

The parity violating (PV) double helicity asymmetry is given by:

A++ vs. −−
LL =

σ++−σ−−
σ++ +σ−−

(9.22)

A+− vs. −+
LL =

σ+−−σ−+

σ+− +σ−+
, (9.23)

whereσ denotes theπ0 production cross section in p+p collisions where either both pro-
tons have positive (++) or negative (−−) helicity or both protons have opposite helicity
with the two possible combinations+− and−+. Assuming parity conservation holds for
the production mechanisms of inclusiveπ0 production in p+p collisions the difference in
the corresponding cross sections should be zero, i.e.σ++ = σ−− andσ+− = σ−+. Thus
the corresponding double helicity asymmetriesA++ vs. −−

LL andA+− vs. −+
LL should vanish.

The measurement of the parity violating double helicity asymmetries is completely anal-
ogous to the calculation ofAπ0

LL andAL . The results ofA++ vs. −−
LL andA+− vs. −+

LL for the
PbGl, PbSc and combined EMCal system are shown in Figure 9.17and listed in Table 9.7.

PV (++ vs. –)Aπ0

LL [%] PV (+- vs. -+)Aπ0

LL [%]
pT [GeV/c]

PbGl PbSc EMCal PbGl PbSc EMCal

1.0−2.0 −1.4±2.2 0.1±2.3 0.0±1.5 −1.2±2.2 −0.8±2.2 −1.0±1.5

2.0−3.0 0.0±2.8 −0.6±1.7 −0.6±1.4 0.7±2.8 4.9±1.7 3.2±1.4

3.0−4.0 −3.0±6.2 2.9±3.3 1.5±2.9 0.7±6.2 0.0±3.3 0.5±2.9

4.0−5.0 −7.0±13.9 2.6±7.4 0.6±6.5 −2.5±13.7 −1.9±7.3 −1.3±6.4

Table 9.7:++ vs.−− and+− vs.−+ parity violating double helicity asymmetry inπ0 production in Run

III p +p measured with the PbGl, PbSc and combined EMCal system.



192 Chapter 9: Double Helicity Asymmetry inπ0 Production

 [GeV/c]
T

 p0π

1 2 3 4 5

[%
]

L
L0

π
P

V
 (

+
+

 v
s.

 -
-)

 A

-25

-20

-15

-10

-5

0

5

10

15

20

25

PbGl
PbSc
EMCal

 [GeV/c]
T

 p0π
1 2 3 4 5

[%
]

L
L0

π
P

V
 (

+
- 

v
s.

 -
+

) 
A

-25

-20

-15

-10

-5

0

5

10

15

20

25

PbGl
PbSc
EMCal

(a) (b)

Figure 9.17:Parity violating double helicity asymmetry inπ0 production in Run III p+p measured with

the PbGl, PbSc and combined EMCal system: (a)++ vs.−− and (b)+− vs.−+.

The calculation ofχ2 with respect to the expectation (i.e.A++ vs. −−
LL = A+− vs. −+

LL = 0)
according to Equation 9.21 yields only forA+− vs. −+

LL measured with the PbSc a consider-
ably larger value thann= 4 (χ2 ≈ 8.5). This value is dominated by the PbSc data point in
the binpT = 2−3 GeV/c. However, since all other data points are much more consistent
with zero this deviation is considered to be a statistical fluctuation. Therefore, the parity
violating double helicity asymmetry reveals no systematicdeviation from zero.

9.11 Comparison to Model Calculations

The analysis of the double helicity asymmetry inπ0 production presented in this thesis
covers a moderatepT range (pT = 1−5 GeV/c) at mid-rapidity. As was noted in Sec-
tion 8.3 the momentum fraction of the gluon probed in the scattering can be estimated
from the transverse momentum of the neutral pion:x ≈ 2pT/

√
s. A more exact defini-

tion of the probed momentum fractions of the colliding partons in jet production is given
in [Jag04b]. According to this the polarized gluons are probed atx . 0.1 in the kine-
matic range of the measurement presented here. Thus theπ0 production is dominated
by gluon-gluon and quark-gluon processes and hence the double helicity asymmetry is
highly sensitive to the gluon distribution inside the proton.

The statistical uncertainties of the measured double helicity asymmetry in Run III
p+p are large. Therefore the data points are compared to next-to-leading order (NLO)
pQCD calculations rather than extracting an estimate of thegluon polarization.Aπ0

LL at
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Figure 9.18: Comparison of the measured double helicity asymmetry ofπ0 production with three NLO

pQCD calculations assuming different polarized gluon distributions. “GRSV standard” utilizes a∆g that

best fits world DIS data, while the other two assume a∆g of g(x) and−g(x), respectively, at the input scale

of Q2 = 0.4 GeV2. The calculations are taken from [Jag04a].

mid-rapidity in p+p collisions at
√

s= 200 GeV has been calculated utilizing different
assumptions of∆g extracted from deep-inelastic scattering experiments [Jag04a].

Figure 9.18 shows in addition to theAπ0

LL data points three NLO pQCD calculations
of ALL in π0 production, using different assumptions for∆g, which were extracted in
the global analysis of DIS data presented in [Glu01]. “GRSV standard” utilizes the best
global fit to world DIS data. The other two calculations represent extreme cases where
the input gluon distribution is assumed to be equal to the unpolarized gluon distribution
g(x) and−g(x), respectively, at the input scaleQ2 = 0.4 GeV2. The gluon distributions
are evolved to the scaleQ2 = (pπ0

T )2.

Although the statistical accuracy of the measured double helicity asymmetry inπ0

production is limited the comparison already indicates a possible trend of∆g measured
in polarized p+p collisions. The measurement favors a small gluon polarization. The
calculation ofχ2 including only statistical uncertainties15 yields χ2 ≈ 4.1 for “GRSV
standard” andχ2 ≈ 14.8 for ∆g = g. This is related to the probability that another mea-
surement would yield aχ2 at least as large as obtained in this measurement. For “GRSV
standard” this probability is about 35%−40% and for∆g = g about 0.5%−1.0%.

It must be noted that in the lowestpT bin (pT = 1−2 GeV/c) the contribution from
soft physics toπ0 production might be significant. Figure 9.19 shows the spin averaged,

15The uncertainty due to the polarization measurement is not included.
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Figure 9.19: (a) Neutral pion cross section measured by the PHENIX collaboration in p+p collisions at√
200 GeV. The solid line represents a NLO pQCD calculation. (b) Relative deviation between data points

and pQCD calculations for three different scales:µ= pT/2, pT and 2pT [Adl03b].

i.e. unpolarized,π0 cross section at mid-rapidity measured by PHENIX in p+p collisions
at
√

s= 200 GeV [Adl03b]. The data is compared to a NLO pQCD calculation. As one
can see from the figure the agreement between data and theory is very impressive for this
measurement. However, as the bottom panel shows (Figure 9.19(b)) the theoretical pre-
diction depends to some extent on the QCD scales chosen in thecalculation, especially at
low pT. This theoretical uncertainty must be taken into account and allows for a possible
significant contribution of soft processes at least in the lowestpT bin of theAπ0

LL measure-
ment. Since the soft spectrum decreases exponentially the contribution topT > 2 GeV/c
is likely to be negligible.

The standard GRSV fit at the scaleQ2 = 1 GeV2 results in a contribution to the proton
spin of

∫ 1
0 ∆g(x)dx≈ 0.4. A large polarization of the gluon as was suggested following

the EMC result therefore seems to be ruled out by the analysispresented in this the-
sis. Subsequent measurements of the double helicity asymmetry with larger statistical
accuracy extending to higher transverse momenta, especially when utilizing the prompt-
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photon channel, will shed further light on the composition of the proton spin and will
allow better constraints on∆G.





Summary

This work consists of two parts: first the measurement of the cross section of direct-photon
production in unpolarized p+p collisions at a center-of-mass energy of

√
s= 200 GeV

is described. And second the measurement of the double helicity spin asymmetry in
the production of neutral pions in longitudinally polarized p+p collisions at the same
center-of-mass energy is presented. The data were collected with the PHENIX experi-
ment at RHIC/BNL. Unpolarized measurements in polarized p+p collisions at RHIC are
obtained by averaging over the different p+p polarization combinations.

Direct photons produced in ultra-relativistic nucleon-nucleon collisions provide a
unique tool to study several aspects of QCD, the quantum fieldtheory describing the
strong interaction. The underlying mechanisms in the production of direct photons (as
well as other particles) with large transverse momenta (pT) are characterized by large mo-
mentum transfers and can be described with perturbative QCD(pQCD). At leading order
(LO) in pQCD direct-photon production is dominated by quark-gluon Compton scatter-
ing and quark-antiquark annihilation. In these reactions the photon is directly emitted in
the hard scattering of the partons. In addition, photons areemitted as part of the parton-
jet fragmentation. So-called fragmentation functions (FF’s) which describe this process
cannot be predicted using techniques of pQCD but have to be extracted from experi-
mental data. While the production of hadrons always dependson FF’s the dependence on
parton-to-photon FF’s is greatly reduced in direct-photonproduction. Therefore, the mea-
surement of direct photons tests pQCD calculations more directly than the measurement
of hadrons since the predictions are less affected by fragmentation.

The measurement of direct photons in p+p collisions is crucial for the interpretation
of direct-photon data from ultra-relativistic heavy-ion collisions (A+ A). In the absence
of nuclear effects particle production from hard scatterings inA+A can be extrapolated
from the measurement in p+p by scaling with the number of binary nucleon-nucleon
collisions in theA+A reaction (binary scaling). It was observed in central Au+Au colli-
sions at

√
sNN = 200 GeV at RHIC that the production of hadrons is suppressed compared

to the expectation from scaled p+p reactions while the production of direct photons fol-
lows binary scaling. Since photons are not subject to the strong interaction the hadron
suppression cannot be explained by modifications of the initial state parton distributions

197
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(otherwise the same suppression should be observed in direct-photon production) but can
be attributed to the energy loss of scattered partons in a medium of high color-charge
density, an effect usually referred to as jet-quenching. These results provided a strong
indication for the creation of the so-called quark-gluon plasma (QGP) in central Au+Au
collisions at RHIC, a phase in which quarks and gluons represent the relevant thermo-
dynamic degrees of freedom. The conclusion that direct photons in Au+Au are not
suppressed, however, was based on the comparison to a binaryscaled pQCD prediction
and not to a measured p+p reference.

For the calculation of inelastic cross sections in QCD the initial non-perturbative
momentum distributions of the partons are required. These parton distribution func-
tions (PDF’s) are measured in deep-inelastic lepton-nucleon scattering (DIS) experiments.
However, since the gluon is electrically neutral DIS experiments are not directly sensitive
to the momentum distribution of the gluon inside the proton.Therefore, the gluon PDF
is only weakly constrained by DIS, especially for gluon momentum fractions ofx & 0.1.
However, in p+p collisions the gluon contributes at LO via quark-gluon Compton scat-
tering to the production of direct photons with large transverse momenta. Thus precise
measurements of the direct-photon spectrum in ultra-relativistic p+p collisions provides
direct access to the gluon distribution inside the proton.

Moreover, the gluon distribution inside the proton possibly plays a significant role in
the so-called spin puzzle. It was discovered already in the late 1980’s in polarized DIS
(pDIS) experiments that the spin of the proton is not simply the sum of spins of the three
valence quarks. In fact, it was found that the contribution of quarks and antiquarks likely
accounts for less than 35% of the proton spin. Thus the remaining fraction is expected
to be shared among the spin of the gluons and the orbital angular momenta (OAM) of
the partons inside the proton. While there are only first ideas how to access the OAM of
partons experimentally, the polarized gluon distribution∆g can be directly probed in ultra-
relativistic collisions of longitudinally polarized protons at RHIC. The cleanest channel
which involves the gluon in the initial state is the production of direct photons, since it
is only partially affected by fragmentation. Another promising channel is the production
of neutral pions, which involves e.g. gluon-gluon and quark-gluon scattering at leading
order. However, the theoretical predictions are affected by the parton-jet fragmentation.

The main focus of the analysis work presented in this thesis is the measurement of
direct photons in p+p collisions. The measurement is very challenging due to thelarge
background of decay photons, which is dominated byπ0 decays. In PHENIX photons are
detected with the electromagnetic calorimeter (EMCal). The analyses presented in this
work were carried out separately for the two EMCal subsystems, the lead-glass Cherenkov
calorimeter and the lead-scintillator sandwich calorimeter. Comparison of the two results
provides an excellent internal cross check. The extractionof the direct-photon signal
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from the inclusive photon spectrum (direct photons + decay photons) requires thorough
analysis of contributions from charged and neutral hadrons. Moreover, photon conversion
and detector specific effects such as the limited energy resolution need to be taken into
account carefully. The contribution of background photonsfrom π0, η, ω andη′ decays
was calculated using the measuredπ0 spectrum determined with the same data set. For the
first time in PHENIX the inclusive photon spectrum has been measured up to transverse
momenta at which decay photons from the sameπ0 decay overlap in such a way that
they cannot be resolved any more. This so-called shower merging results in a significant
distortion of the uncorrected direct-photon spectrum at high pT. A method is presented in
this work that corrects this effect and allows the extraction of the unbiased direct-photon
signal over the entirepT range covered in the analysis.

A careful analysis of systematic uncertainties allowed theextraction of a significant
direct-photon signal in the range 5.5 GeV/c< pT < 16.0 GeV/c, the largestpT range ever
covered by a direct-photon measurement in p+p collisions at

√
s= 200 GeV. The data

are well described by NLO pQCD predictions and complement existing direct-photon
data in nucleon-nucleon collisions at significantly largerand smaller

√
s. This result puts

the conclusions derived from the earlier Au+Au measurement on a firm experimental
ground and represents the first step towards the extraction of the gluon distribution from
direct-photon data.

In the second part of this work the double helicity asymmetry(ALL ) in π0 produc-
tion in polarized p+p collisions was measured. This spin asymmetry is defined by the
difference in the production cross sections ofπ0’s in collisions of protons with like he-
licity and unlike helicity.ALL is directly related to∆g in the proton and therefore allows
to study the contribution of the gluon polarization to the proton spin. The analysis was
carried out using theπ0 channel rather than direct-photon production since a significant
ALL result requires large statistics. For transverse momenta below 5 GeV/c where the
statistical accuracy of particle production is large the direct-photon measurement suffers
from the large background of decay photons (dominated byπ0 decays) which is reflected
in the large systematic uncertainties. By contrast the signal of neutral pions is not diluted
significantly by any background at lowpT and therefore can be measured with large sta-
tistical and systematic accuracy. For this analysis basically the same data set as for the
direct-photon analysis was evaluated. Neutral pions are reconstructed via their two decay
photons. Theπ0 yield was carefully measured for the two proton helicity combinations.
The yields, the measured polarizations of the proton beams and the measured relative
luminosities, which account for differences in the number of p+p collisions with like
and unlike helicities, were used to calculate the double helicity asymmetry inπ0 produc-
tion for 1 GeV/c < pT < 5 GeV/c. The statistical accuracy of theALL result is limited.
However, comparisons to model calculations which utilize different assumptions of the
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polarized gluon distribution indicate that a large contribution of the gluon polarization to
the proton spin is not likely.

TheALL measurement presented in this work demonstrates the first measurement of
this kind in collisions of polarized protons at ultra-relativistic energies. It allows the first,
even though limited, direct access to the polarized gluon distribution in the proton.



Zusammenfassung

Diese Arbeit umfasst zwei Teile: Im ersten wird die Messung des Wirkunsquerschnitts
der Produktion direkter Photonen in unpolarisierten p+p-Kollisionen bei einer Schwer-
punktsenergie von

√
s= 200 GeV beschrieben. Im zweiten wird die Messung der doppelt-

longitudinalen Spin-Asymmetrie in der Produktion neutraler Pionen in longitudinal pola-
risierten p+p-Kollisionen bei der gleichen Schwerpunktsenergie vorgestellt. Die Daten
wurden am PHENIX-Experiment des RHIC/BNL aufgenommen. Unpolarisierte Messun-
gen in polarisierten p+p-Kollisionen erhält man am RHIC durch Mittelung über die ver-
schiedenen Polarisationskombinationen der p+p-Stöße.

Direkte Photonen, die in ultrarelativistischen Nukleon-Nukleon-Kollisionen erzeugt
werden, stellen eine einzigartige Sonde dar, um verschiedene Aspekte der QCD, der
Quantenfeldtheorie der starken Wechselwirkung, zu untersuchen. Die zugrunde liegenden
Mechanismen in der Produktion direkter Photonen (wie auch anderer Teilchen) mit hohen
Transversalimpulsen (pT) sind durch große Impulsüberträge gekennzeichnet und können
mit Hilfe der störungstheoretischen QCD (pQCD) beschrieben werden. In führender Ord-
nung wird die Produktion direkter Photonen durch Quark-Gluon-Compton-Streuung und
Quark-Antiquark-Vernichtung dominiert. In diesen Reaktionen wird das Photon direkt in
der harten Streuung der Partonen emittiert. Zusätzlich können Photonen in der Parton-Jet-
Fragmentation erzeugt werden. Die so genannten Fragmentations-Funktionen, die diesen
Prozess beschreiben, können nicht mit Hilfe der pQCD vorhergesagt werden, sondern
müssen aus experimentellen Daten bestimmt werden. Währenddie Produktion von Ha-
dronen immer von der Fragmentation abhängt, ist diese Abhängigkeit in der Produktion
direkter Photonen stark unterdrückt. Die Vorhersagen der pQCD werden somit durch die
Messung direkter Photonen eindeutiger überprüft als durchdie Messung von Hadronen,
da die Vorhersagen weniger durch Fragmentation beeinflusstwerden.

Die Messung direkter Photonen in p+p-Kollisionen ist von entscheidender Bedeu-
tung für die Interpretation der Daten direkter Photonen ausultrarelativistischen Schwe-
rionenkollisionen (A+A). Vorausgesetzt es gibt keine Kern-Effekte, so kann die Teilchen-
produktion aus harter Streuung inA+A aus der Messung in p+p durch Skalierung mit
der Anzahl der binären Nukleon-Nukleon-Kollisionen inA+ A extrapoliert werden (bi-
näre Skalierung). In zentralen Au+Au-Kollisionen bei

√
sNN = 200 GeV am RHIC ist

201
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beobachtet worden, dass die Produktion von Hadronen unterdrückt ist im Vergleich zur
Erwartung aus skalierten p+p-Reaktionen, während die Produktion direkter Photonen
der binären Skalierung folgt. Da Photonen nicht der starkenWechselwirkung unterliegen,
kann die Unterdrückung der Hadronen nicht durch Modifikationen des Anfangszustandes
erklärt werden (andernfalls müßte die gleiche Unterdrückung in der Produktion direkter
Photonen beobachtet werden), sondern kann auf den Energieverlust der gestreuten Par-
tonen in einem Medium mit hoher Farbladungsdichte zurückgeführt werden; ein Effekt,
der häufig alsJet-Quenchingbezeichnet wird. Diese Ergebnisse lieferten einen starken
Hinweis für die Erzeugung des so genannten Quark-Gluon-Plasmas (QGP) in zentralen
Au+Au-Kollisionen am RHIC, einem Materiezustand, in dem die Quarks und Gluo-
nen die relevanten, thermodynamischen Freiheitsgrade darstellen. Allerdings basierte die
Schlussfolgerung, dass direkte Photonen in Au+Au nicht unterdrückt sind, auf dem Ver-
gleich mit einer skalierten pQCD-Vorhersage und nicht auf dem Vergleich mit einer ge-
messenen p+p-Referenz.

Für die Berechnung inelastischer Wirkungsquerschnitte inder QCD werden die nicht-
störungstheoretischen Impulsverteilungen der Partonen im Anfangszustand benötigt. Die-
se Partonverteilungsfunktionen werden in tiefinelastischen Lepton-Nukleon Streuexperi-
menten gemessen. Da das Gluon jedoch elektrisch neutral ist, kann die Gluonverteilung
im Proton nicht direkt in diesen Messungen bestimmt werden.Daher ist die Gluonver-
teilung durch tiefinelastische Streuexperimente nur schwach bestimmt, insbesondere für
Impulsbruchteile vonx & 0.1. In p+p-Kollisionen trägt das Gluon allerdings in führen-
der Ordnung durch Quark-Gluon-Compton-Streuung zur Produktion direkter Photonen
mit hohen Transversalimpulsen bei. Somit ermöglichen genaue Messungen des Spek-
trums direkter Photonen in ultrarelativistischen p+p-Kollisionen einen direkten Zugang
zur Gluonverteilung im Proton.

Darüber hinaus spielt die Verteilung der Gluonen im Proton möglicherweise eine
wichtige Rolle im so genannten Spin-Rätsel. In den späten 80er Jahren des letzten Jahr-
hunderts ist in polarisierten tiefinelastischen Streuexperimenten entdeckt worden, dass
sich der Spin des Protons nicht einfach aus der Summe der Spins der drei Valenzquarks
ergibt. Vielmehr ist herausgefunden worden, dass der Beitrag von Quarks und Antiquarks
zum Spin des Protons wahrscheinlich weniger als 35% ausmacht. Es wird somit erwartet,
dass sich der übrige Anteil auf den Spin der Gluonen und die Bahndrehimpulse der Par-
tonen im Proton verteilt. Während bisher nur erste Vorschläge existieren, wie man experi-
mentell Zugriff auf die Bahndrehimpulse erhält, so kann diepolarisierte Gluonverteilung
∆g direkt in ultrarelativistischen Kollisionen von longitudinal polarisierten Protonen am
RHIC untersucht werden. Der sauberste Kanal mit einem Gluonim Anfangszustand ist
die Produktion direkter Photonen, da diese nur zum Teil durch Fragmentation beeinflusst
wird. Ein weiterer, vielversprechender Kanal ist die Produktion neutraler Pionen, der z.B.
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Gluon-Gluon- und Quark-Gluon-Streuung in führender Ordnung zugrunde liegen. Aller-
dings werden die theoretischen Vorhersagen durch die Parton-Jet-Fragmentation beein-
trächtigt.

Der Schwerpunkt dieser Arbeit liegt in der Analyse direkterPhotonen in p+p-
Kollisionen. Die Messung ist sehr anspruchsvoll aufgrund des großen Untergrundes durch
Zerfallsphotonen, die hauptsächlich ausπ0-Zerfällen stammen. Im PHENIX Experiment
werden Photonen mit dem elektromagnetischen Kalorimeter (EMCal) nachgewiesen. Die
in dieser Arbeit vorgestellten Analysen wurden separat fürdie beiden verschiedenen
Detektoren des EMCal durchgeführt, einem Bleiglas-Cherenkov-Kalorimeter und einem
Bleiszintillator-Sandwich-Kalorimeter. Ein Vergleich der beiden Ergebnisse ermöglicht
eine hervorragende interne Überprüfung der Messungen. DieExtraktion des Signals di-
rekter Photonen aus dem Spektrum inklusiver Photonen (Zerfallsphotonen + direkte Pho-
tonen) erfordert eine gründliche Analyse der Beiträge von geladenen und neutralen Ha-
dronen. Außerdem müssen die Konversion von Photonen und spezifische Eigenschaften
des Detektors wie die begrenzte Energieauflösung sorgfältig berücksichtigt werden. Der
Beitrag der Zerfallsphotonen ausπ0-, η-, ω- undη′-Zerfällen wurde berechnet unter Ver-
wendung des gemessenπ0-Spektrums, das aus dem gleichen Datensatz bestimmt wurde.
Zum ersten Mal in PHENIX ist das inklusive Photonenspektrumbis zu einem Transver-
salimpuls gemessen worden, bei dem Zerfallsphotonen aus dem gleichenπ0-Zerfall so
überlappen, dass sie nicht mehr aufgelöst werden können. Dieses so genannteShower-
Merging führt zu einer signifikanten Verzerrung des unkorrigiertenSpektrums direkter
Photonen bei hohempT. Es wird eine Methode in dieser Arbeit vorgestellt, die diesen
Effekt korrigiert und so eine Extraktion des unverfälschten Signals direkter Photonen für
den ganzenpT-Bereich, der in der Analyse abgedeckt wird, ermöglicht.

Eine sorgfältige Analyse der systematischen Fehler erlaubte die Extraktion eines si-
gnifikanten Signals direkter Photonen in dem Bereich 5.5 GeV/c < pT < 16.0 GeV/c,
dem größtenpT-Bereich, der jemals durch eine Messung direkter Photonen in p+p-
Kollisionen bei

√
s= 200 GeV abgedeckt wurde. Die Daten werden sehr gut durch NLO

pQCD Vorhersagen beschrieben und ergänzen die bereits existierenden Daten direkter
Photonen in Nukleon-Nukleon-Kollisionen bei deutlich höheren und niedrigeren Schwer-
punktsenergien. Dieses Ergebnis stellt die aus der früheren Au+Au-Messung abgeleite-
ten Schlussfolgerungen auf ein sicheres experimentelles Fundament und stellt den ersten
Schritt in Richtung der Extraktion der Gluonverteilung ausDaten direkter Photonen dar.

Im zweiten Teil dieser Arbeit wurde die doppelt-longitudinale Spin-Asymmetrie
(ALL ) in der π0-Produktion in polarisierten p+p-Kollisionen gemessen. Diese Spin-
Asymmetrie wird definiert durch die Differenz der Wirkungsquerschnitte derπ0-
Produktion in Kollisionen von Protonen mit gleicher und entgegengesetzter Helizität.ALL

hat einen direkten Bezug zu∆g im Proton und erlaubt somit den Beitrag der Gluonpolari-
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sation zum Spin des Protons zu untersuchen. In der Analyse wurde derπ0-Kanal verwen-
det und nicht die Produktion direkter Photonen, da ein signifikantesALL -Ergebnis eine
große Statistik erfordert. Für transversale Impulse unterhalb von 5 GeV/c, wo die statisti-
sche Genauigkeit der Teilchenproduktion sehr groß ist, leidet die Messung direkter Photo-
nen unter dem großen Untergrund an Zerfallsphotonen (dominiert vonπ0-Zerfällen), was
sich in den großen systematischen Fehlern widerspiegelt. Im Gegensatz dazu wird das
Signal neutraler Pionen nicht signifikant durch Untergrundbei niedrigempT geschwächt
und kann daher mit großer statistischer und systematischerGenauigkeit gemessen wer-
den. Für diese Analyse wurde im Wesentlichen der gleiche Datensatz wie für die direkten
Photonen ausgewertet. Neutrale Pionen werden aus ihren zwei Zerfallsphotonen rekon-
struiert. Dieπ0-Ausbeute wurde sorgfältig für die beiden Helizitätskombinationen gemes-
sen. Die Ausbeuten, die gemessenen Polarisationen der Protonenstrahlen und die gemes-
sene relative Luminosität, die Unterschiede in der Anzahl der p+p-Kollisionen mit glei-
cher und entgegengesetzter Helizität berücksichtigt, wurden verwendet, um die doppelt-
longitudinale Spin-Asymmetrie in derπ0-Produktion für 1 GeV/c< pT < 5 GeV/c zu be-
rechnen. Die statistische Genauigkeit desALL -Ergebnisses ist begrenzt. Dennoch weisen
Vergleiche mit Modellrechnungen, die verschiedene Annahmen der polarisierten Gluon-
verteilung verwenden, darauf hin, dass ein großer Beitrag der Gluonpolarisation zum Pro-
tonspin nicht sehr wahrscheinlich ist.

Die in dieser Arbeit präsentierteALL -Messung stellt die erste Messung dieser Art in
Kollisionen von polarisierten Protonen bei ultrarelativistischen Energien dar. Sie erlaubt
zum ersten Mal, wenn auch begrenzt, den direkten Zugang zur polarisierten Gluonvertei-
lung im Proton.



A. Variables of Ultra-Relativistic
Kinematics

Particle production in ultra-relativistic collisions of nucleons or nuclei are usually de-
scribed using kinematic variables which have simple transformation characteristics when
changing the reference frame. In high-energy physics particles are usually described by
their four-momenta1:

P = (p0, p1, p2, p3) = (E,~p) , (A.1)

where p0 = E is the energy and(p1, p2, p3) = ~p = (px, py, pz) is the usual three-
momentum vector of the particle. The square of the four-momentum is defined by:

P2 = p2
0− p2

1− p2
2− p2

3 = E2−~p2 . (A.2)

P2 is a Lorentz invariant quantity, which is identified with thesquare of theinvariant
mass minv of the particle. For a free particleminv is identical to its rest massm0. Then
Equation A.2 becomes the known relativistic energy-momentum relation:

E2 = m2
0+~p2 . (A.3)

In accelerator experiments the beam axis is usually chosen to be thez-axis of the coordi-
nate system. Then the components of the three-momentum transverse and longitudinal to
the beam axis can be written as:

pT = |~p| ·sinϑ =
√

p2
x + p2

y , (A.4)

pL = |~p| ·cosϑ = pz, (A.5)

whereϑ is the angle between~p and thez-axis.

Instead of the transverse momentumpT sometimes the so-called transverse massmT is
used:

mT =
√

p2
T +m2

0 . (A.6)

Unlike pT the longitudinal momentum is not invariant under Lorentz transformations.
Therefore the so-calledrapidity y is introduced, which is defined as:

y =
1
2

ln

(

E + pL

E− pL

)

. (A.7)

1For convenience all kinematic variables described here aregiven in natural units (~ ≡ c≡ 1).
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Although this dimensionless quantity is also not invariantunder Lorentz transformations,
it is only changed by an additive constant when going to a reference frame that moves at
the velocityβ with respect to the original reference frame along thez-axis:

y′ = y+atanh(β) . (A.8)

Equation A.8 implies that the shape of a distribution is independent of the reference frame
when it is expressed in terms of the rapidity.

For the calculation of the rapidity the energy and the longitudinal momentum of the par-
ticle have to be measured. This is not always possible. In this case the so-calledpseudo-
rapidity η is used instead:

η =
1
2

ln

( |~p|+ pL

|~p|− pL

)

= − ln

[

tan

(

ϑ
2

)]

. (A.9)

The pseudo-rapidity depends only on the angleϑ introduced earlier and is therefore easier
to measure. In the limitE ≈ |~p| � m0 the rapidity can be approximated by the pseudo-
rapidity.

For calculations in ultra-relativistic reactions such as 1+ 2 → 3+ 4 (also referred to as
2→ 2 processes) usually the Lorentz invariantMandelstam variables s, t andu are used.
They are defined as follows in terms of the four-momentaP1...4:

s = (P1+P2)
2 = (P3+P4)

2 , (A.10)

t = (P1−P3)
2 = (P2−P4)

2 , (A.11)

u = (P1−P4)
2 = (P2−P3)

2 . (A.12)

s, t andu are connected via the relation:

s+ t +u = m2
1+m2

2 +m2
3+m2

4 = const. , (A.13)

wherem1...2 are the invariant masses of particles 1...4. While
√

s represents the available
energy in the reaction in the center-of-mass frame,t represents the momentum transfer in
the reaction, i.e.t = Q2.



B. List of Analyzed Runs

B.1 Direct-Photon Analysis

B.1.1 List of Analyzed Minimum Bias Runs

88115 88125 88127 88131 88243 88258 88260 88350 88351 88396

88460 88462 88466 88471 88475 88578 88580 88582 88584 88586

88825 88827 88829 88845 88846 88869 88873 88875 88877 88879

88943 88944 88946 88962 88964 88993 88995 88997 88999 89001

89003 89080 89092 89096 89098 89100 89103 89117 89119 89121

89128 89130 89135 89211 89297 89299 89303 89316 89318 89321

89323 89325 89345 89451 89453 89463 89520 89527 89529 89541

89618 89624 89626 89629 89634 89642 89644 89646 89648 89683

89685 89693 89695 89697 89707 89709 89711 89713 89715 90202

90209 90211 90213 90215 90217 90219 90226 90228 90302 90303

90306 90402 91085 91314 91316 91318 91321 91375 91443 91447

91449 91451 91452 91455 91457 91460 91462 91464 91472 91474

91476 91478 91596 91599 91601 91679 91681 91716 91718 91720

91726 91729 91731 91840 91842 91844 91846 91848 91851 91853

91855 91977 91979 91983 91985 91987 92002 92018 92030 92034

92047 92192 92194 92228 92230 92232 92234 92238 92242 92244

92432 92434 92436 92438 92440 92444 92446

Table B.1: List of runs containing minimum bias events analyzed for thedirect-photon analysis.
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B.1.2 List of Analyzed Gamma3 Filtered Runs

88115 88125 88127 88131 88243 88258 88260 88350 88351 88396

88460 88462 88466 88471 88475 88578 88580 88582 88584 88586

88825 88827 88829 88845 88846 88869 88873 88875 88877 88879

88943 88944 88946 88962 88964 88993 88995 88997 88999 89001

89003 89080 89092 89096 89098 89100 89103 89117 89119 89121

89128 89130 89135 89211 89297 89299 89303 89316 89318 89321

89323 89325 89345 89451 89453 89463 89520 89527 89529 89541

89618 89624 89626 89629 89634 89642 89644 89646 89648 89683

89685 89693 89695 89697 89707 89709 89711 89713 89715 90202

90209 90211 90213 90215 90217 90219 90226 90228 90302 90303

90306 90402 90701 90703 90707 90709 91085 91314 91316 91318

91321 91375 91443 91447 91449 91451 91452 91455 91457 91460

91462 91464 91472 91474 91476 91478 91596 91601 91679 91681

91716 91718 91720 91726 91729 91731 91840 91842 91844 91846

91848 91851 91853 91855 91977 91979 91983 91985 91987 92002

92018 92030 92034 92047 92192 92194 92228 92230 92232 92234

92238 92242 92244 92432 92434 92436 92438 92440 92444 92446

Table B.2: List of runs containing Gamma3 filtered events analyzed for the direct-photon analysis.
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B.2 Double Helicity Asymmetry Analysis

88115 88125 88127 88131 88243 88258 88260 88351 88396 88460

88462 88466 88471 88475 88578 88580 88582 88584 88586 88825

88829 88846 88869 88873 88877 88879 88944 88946 88962 88964

88993 88995 88999 89001 89003 89005 89080 89092 89096 89098

89100 89103 89117 89119 89121 89128 89130 89135 89211 89297

89299 89303 89316 89318 89321 89323 89325 89345 89451 89453

89463 89520 89527 89529 89541 89618 89624 89626 89629 89634

89642 89644 89646 89648 89683 89685 89693 89695 89697 89707

89709 89711 89713 89715 90202 90209 90211 90213 90215 90217

90219 90226 90302 90303 90306 91314 91316 91318 91321 91375

91443 91447 91449 91452 91455 91457 91460 91462 91464 91472

91474 91476 91478 91596 91599 91601 91679 91681 91716 91718

91720 91726 91731 91840 91842 91844 91846 91848 91851 91853

91855 91977 91979 91983 91985 91987 92002 92018 92030 92034

92036 92038 92047 92192 92194 92228 92230 92232 92238 92242

92244 92432 92434 92436 92438 92440 92444 92446

Table B.3: List of runs containing Gamma3 filtered events analyzed for the analysis of the double helicity

asymmetry inπ0 production.





C. Bad Tower Maps
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Figure C.1: Maps of bad towers for all eight sectors of the EMCal. White areas are bad or edge towers.

Dark grey towers are first order neighbors. Hits on the remaining towers are accepted in the analysis.
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D. Photon-Like Cluster Spectra

PbGl

pT MinBias ERT

[GeV/c2] PID0 PID3 PID0 PID3

0.25 21043280 2319195 1152901 861071

0.75 474571 398245 3138330 2900381
1.25 48112 39924 3114490 2843969

1.75 8821 7589 1274150 1138486

2.25 2113 1881 378558 339204

2.75 548 483 115216 104634
3.25 214 197 39589 36388

3.75 76 70 15183 14023

4.25 36 34 6662 6163

4.75 18 16 2992 2748
5.25 13 10 1484 1357

5.75 8 5 807 738

6.25 1 1 449 423

6.75 2 1 281 250
7.25 1 1 180 158

7.75 2 1 112 102

8.25 0 0 67 60
8.75 0 0 49 42

9.25 0 0 40 32

9.75 0 0 26 21

10.25 0 0 22 17
10.75 1 0 18 13

11.25 0 0 12 10

11.75 0 0 12 11

12.25 0 0 4 2
12.75 0 0 14 11

13.25 0 0 3 1

13.75 0 0 5 3

14.25 0 0 6 5
14.75 0 0 2 2

15.25 0 0 2 0

15.75 0 0 1 0

PbSc

pT MinBias ERT

[GeV/c2] PID0 PID3 PID0 PID3

0.25 58932184 12093245 2953609 640810

0.75 2107671 1622251 2871290 1544700
1.25 248488 168497 8851427 5248052

1.75 39292 29184 5232899 3870977

2.25 7721 6603 1430645 1225265

2.75 2065 1865 406155 367404
3.25 674 610 132946 122565

3.75 256 237 50059 46432

4.25 123 113 20779 19344

4.75 41 39 9533 8848
5.25 24 21 4779 4440

5.75 18 16 2527 2322

6.25 7 5 1409 1278

6.75 3 3 886 808
7.25 4 2 479 436

7.75 3 3 381 346

8.25 2 2 248 217
8.75 2 1 151 123

9.25 0 0 102 91

9.75 0 0 77 62

10.25 0 0 53 45
10.75 0 0 39 33

11.25 1 1 40 30

11.75 0 0 33 20

12.25 0 0 16 12
12.75 0 0 18 8

13.25 0 0 9 6

13.75 0 0 10 5

14.25 1 1 16 11
14.75 0 0 9 6

15.25 0 0 5 4

15.75 0 0 3 0

Table D.1: The number of raw photon-like clusters in PbGl and PbSc for the two different data samples

with (PID3) and w/o (PID0) PID cuts.
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E. Data Tables - Direct Photons

E.1 Cross Section of Inclusive Photon Production in
p+p Collisions

Inclusive Photon Cross Section in PbGl

pT E d3σ
d~p3 stat. error sys. error A sys. error B total error

[GeV/c] [mb ·c3/GeV2] [mb ·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2]

1.25 1.873E-01 1.198E-03 1.821E-02 1.817E-02 2.575E-02

1.75 2.684E-02 3.262E-04 2.792E-03 2.604E-03 3.832E-03

2.25 5.328E-03 1.247E-04 5.871E-04 5.168E-04 7.921E-04

2.75 1.124E-03 5.133E-05 1.292E-04 1.090E-04 1.767E-04

3.25 3.624E-04 2.391E-06 4.288E-05 3.515E-05 5.550E-05

3.75 1.231E-04 1.150E-06 1.482E-05 1.194E-05 1.906E-05

4.25 4.715E-05 6.293E-07 5.729E-06 4.573E-06 7.357E-06

4.75 1.916E-05 3.736E-07 2.336E-06 1.859E-06 3.009E-06

5.25 8.716E-06 2.392E-07 1.062E-06 8.454E-07 1.378E-06

5.75 4.353E-06 1.612E-07 5.290E-07 4.222E-07 6.958E-07

6.25 2.334E-06 1.138E-07 2.826E-07 2.264E-07 3.796E-07

6.75 1.278E-06 8.097E-08 1.542E-07 1.239E-07 2.138E-07

7.25 7.576E-07 6.035E-08 9.120E-08 7.349E-08 1.318E-07

7.75 4.646E-07 4.604E-08 5.583E-08 4.506E-08 8.525E-08

8.25 2.567E-07 3.316E-08 3.084E-08 2.490E-08 5.168E-08

8.75 1.706E-07 2.633E-08 2.051E-08 1.655E-08 3.725E-08

9.25 1.238E-07 2.188E-08 1.490E-08 1.200E-08 2.907E-08

9.75 7.618E-08 1.663E-08 9.193E-09 7.389E-09 2.038E-08

11.00 3.851E-08 5.393E-09 4.673E-09 3.736E-09 8.054E-09

13.00 1.118E-08 2.711E-09 1.355E-09 1.084E-09 3.219E-09

15.00 4.055E-09 1.533E-09 4.895E-10 3.933E-10 1.656E-09

Table E.1: Cross section of inclusive photon production in the PbGl.
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Inclusive Photon Cross Section in PbSc

pT E d3σ
d~p3 stat. error sys. error A sys. error B total error

[GeV/c] [mb·c3/GeV2] [mb·c3/GeV2] [mb ·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2]

1.25 1.832E-01 5.979E-04 1.777E-02 1.777E-02 2.513E-02

1.75 2.451E-02 1.531E-04 2.526E-03 2.377E-03 3.472E-03

2.25 4.633E-03 5.791E-05 5.047E-04 4.494E-04 6.783E-04

2.75 1.126E-03 2.619E-05 1.282E-04 1.092E-04 1.705E-04

3.25 3.195E-04 1.150E-06 3.756E-05 3.099E-05 4.871E-05

3.75 1.059E-04 5.437E-07 1.272E-05 1.027E-05 1.636E-05

4.25 3.930E-05 2.954E-07 4.781E-06 3.812E-06 6.122E-06

4.75 1.614E-05 1.753E-07 1.976E-06 1.566E-06 2.528E-06

5.25 7.377E-06 1.119E-07 9.040E-07 7.156E-07 1.158E-06

5.75 3.577E-06 7.466E-08 4.374E-07 3.470E-07 5.633E-07

6.25 1.828E-06 5.129E-08 2.226E-07 1.773E-07 2.892E-07

6.75 1.083E-06 3.818E-08 1.312E-07 1.051E-07 1.724E-07

7.25 5.493E-07 2.634E-08 6.618E-08 5.329E-08 8.895E-08

7.75 4.097E-07 2.204E-08 4.911E-08 3.974E-08 6.691E-08

8.25 2.433E-07 1.653E-08 2.905E-08 2.360E-08 4.092E-08

8.75 1.296E-07 1.169E-08 1.544E-08 1.258E-08 2.309E-08

9.25 9.102E-08 9.543E-09 1.082E-08 8.829E-09 1.691E-08

9.75 5.900E-08 7.494E-09 7.013E-09 5.723E-09 1.175E-08

11.00 2.530E-08 2.236E-09 3.022E-09 2.454E-09 4.489E-09

13.00 5.329E-09 9.572E-10 6.457E-10 5.170E-10 1.265E-09

15.00 3.190E-09 6.960E-10 3.896E-10 3.094E-10 8.555E-10

Table E.2: Cross section of inclusive photon production in the PbSc.
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Combined Result of Inclusive Photon Cross Section

pT E d3σ
d~p3 stat. error sys. error A sys. error B total error

[GeV/c] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2]

1.25 1.852E-01 6.644E-04 1.798E-02 1.796E-02 2.543E-02

1.75 2.555E-02 1.741E-04 2.645E-03 2.479E-03 3.629E-03

2.25 4.922E-03 6.490E-05 5.390E-04 4.774E-04 7.230E-04

2.75 1.125E-03 2.815E-05 1.287E-04 1.091E-04 1.711E-04

3.25 3.381E-04 1.271E-06 3.988E-05 3.280E-05 5.165E-05

3.75 1.132E-04 6.046E-07 1.361E-05 1.098E-05 1.750E-05

4.25 4.251E-05 3.268E-07 5.169E-06 4.123E-06 6.620E-06

4.75 1.739E-05 1.945E-07 2.125E-06 1.687E-06 2.720E-06

5.25 7.927E-06 1.242E-07 9.688E-07 7.689E-07 1.243E-06

5.75 3.878E-06 8.214E-08 4.729E-07 3.762E-07 6.099E-07

6.25 2.007E-06 5.603E-08 2.438E-07 1.946E-07 3.169E-07

6.75 1.155E-06 4.087E-08 1.397E-07 1.120E-07 1.837E-07

7.25 6.088E-07 2.770E-08 7.331E-08 5.905E-08 9.812E-08

7.75 4.281E-07 2.275E-08 5.137E-08 4.153E-08 6.986E-08

8.25 2.477E-07 1.650E-08 2.964E-08 2.403E-08 4.157E-08

8.75 1.393E-07 1.157E-08 1.663E-08 1.351E-08 2.435E-08

9.25 9.804E-08 9.333E-09 1.169E-08 9.509E-09 1.773E-08

9.75 6.265E-08 7.175E-09 7.476E-09 6.077E-09 1.201E-08

11.00 2.800E-08 2.228E-09 3.359E-09 2.716E-09 4.861E-09

13.00 6.047E-09 9.234E-10 7.327E-10 5.865E-10 1.317E-09

15.00 3.354E-09 6.473E-10 4.085E-10 3.253E-10 8.316E-10

Table E.3: Combined result of inclusive photon production in p+p collisions.
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E.2 Invariant Yield of Neutral Pion Production in p +p
Collisions

Invariant Neutral Pion Yield in PbGl

pT
1

2πpTNevt
· d2Nπ0

dpTdy stat. error sys. error A sys. error B total error

[GeV/c] [c3/GeV2] [c3/GeV2] [c3/GeV2] [c3/GeV2] [c3/GeV2]

1.25 7.770E-03 1.681E-04 6.580E-04 7.537E-04 1.015E-03

1.75 1.330E-03 3.531E-05 1.008E-04 1.290E-04 1.675E-04

2.25 2.809E-04 1.163E-05 2.155E-05 2.725E-05 3.663E-05

2.75 7.883E-05 4.463E-06 6.218E-06 7.647E-06 1.082E-05

3.25 2.079E-05 1.909E-06 1.694E-06 2.016E-06 3.253E-06

3.75 7.737E-06 1.245E-07 8.123E-07 7.505E-07 1.113E-06

4.25 2.884E-06 5.690E-08 2.739E-07 2.797E-07 3.956E-07

4.75 1.211E-06 3.056E-08 1.102E-07 1.175E-07 1.639E-07

5.25 5.395E-07 1.853E-08 5.015E-08 5.233E-08 7.481E-08

5.75 2.617E-07 1.063E-08 2.503E-08 2.539E-08 3.720E-08

6.25 1.384E-07 7.302E-09 1.360E-08 1.343E-08 2.046E-08

6.75 7.591E-08 5.114E-09 7.647E-09 7.364E-09 1.178E-08

7.25 4.112E-08 3.437E-09 4.239E-09 3.988E-09 6.760E-09

7.75 1.909E-08 3.058E-09 2.011E-09 1.852E-09 4.101E-09

8.25 1.307E-08 1.859E-09 1.406E-09 1.268E-09 2.653E-09

8.75 9.009E-09 1.446E-09 9.874E-10 8.739E-10 1.957E-09

9.25 5.594E-09 1.099E-09 6.243E-10 5.426E-10 1.376E-09

9.75 4.074E-09 9.123E-10 4.626E-10 3.952E-10 1.097E-09

11.00 1.492E-09 2.491E-10 1.763E-10 1.447E-10 3.378E-10

13.00 3.263E-10 1.088E-10 4.101E-11 3.165E-11 1.205E-10

15.00 9.759E-11 5.635E-11 1.318E-11 9.466E-12 5.864E-11

Table E.4: Invariant yield of neutral pions in the PbGl.
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Invariant Neutral Pion Yield in PbSc

pT
1

2πpTNevt
· d2Nπ0

dpTdy stat. error sys. error A sys. error B total error

[GeV/c] [c3/GeV2] [c3/GeV2] [c3/GeV2] [c3/GeV2] [c3/GeV2]

1.25 7.490E-03 1.034E-04 6.209E-04 7.266E-04 9.613E-04

1.75 1.210E-03 1.975E-05 8.933E-05 1.174E-04 1.488E-04

2.25 2.640E-04 5.532E-06 1.973E-05 2.561E-05 3.280E-05

2.75 6.621E-05 2.132E-06 5.095E-06 6.423E-06 8.471E-06

3.25 2.119E-05 1.005E-06 1.688E-06 2.056E-06 2.844E-06

3.75 7.225E-06 8.512E-08 7.481E-07 7.009E-07 1.029E-06

4.25 2.628E-06 3.459E-08 2.454E-07 2.549E-07 3.555E-07

4.75 1.053E-06 1.649E-08 9.410E-08 1.022E-07 1.399E-07

5.25 4.739E-07 9.204E-09 4.327E-08 4.596E-08 6.379E-08

5.75 2.329E-07 5.523E-09 2.191E-08 2.260E-08 3.196E-08

6.25 1.125E-07 3.677E-09 1.088E-08 1.091E-08 1.584E-08

6.75 6.022E-08 2.434E-09 5.975E-09 5.841E-09 8.703E-09

7.25 3.650E-08 1.695E-09 3.709E-09 3.540E-09 5.400E-09

7.75 2.014E-08 1.183E-09 2.093E-09 1.954E-09 3.098E-09

8.25 1.147E-08 1.055E-09 1.217E-09 1.112E-09 1.957E-09

8.75 6.538E-09 8.751E-10 7.075E-10 6.342E-10 1.292E-09

9.25 5.476E-09 5.300E-10 6.037E-10 5.312E-10 9.631E-10

9.75 3.006E-09 3.800E-10 3.373E-10 2.916E-10 5.858E-10

11.00 1.187E-09 1.104E-10 1.487E-10 1.152E-10 2.181E-10

13.00 3.547E-10 5.922E-11 5.182E-11 3.440E-11 8.588E-11

15.00 1.103E-10 3.490E-11 1.903E-11 1.070E-11 4.117E-11

Table E.5: Invariant yield of neutral pions in the PbSc.



220 Appendix E: Data Tables - Direct Photons

Combined Result of Neutral Pion Yield

pT
1

2πpTNevt
· d2Nπ0

dpTdy stat. error sys. error A sys. error B total error

[GeV/c] [c3/GeV2] [c3/GeV2] [c3/GeV2] [c3/GeV2] [c3/GeV2]

1.25 7.617E-03 9.662E-05 5.195E-04 7.389E-04 9.084E-04

1.75 1.258E-03 1.919E-05 7.995E-05 1.221E-04 1.472E-04

2.25 2.704E-04 5.925E-06 1.751E-05 2.623E-05 3.209E-05

2.75 7.011E-05 2.156E-06 4.689E-06 6.801E-06 8.537E-06

3.25 2.106E-05 9.680E-07 1.453E-06 2.043E-06 2.687E-06

3.75 7.457E-06 7.409E-08 6.272E-07 7.233E-07 9.602E-07

4.25 2.738E-06 3.224E-08 2.150E-07 2.656E-07 3.432E-07

4.75 1.116E-06 1.637E-08 8.558E-08 1.083E-07 1.390E-07

5.25 4.995E-07 9.631E-09 3.910E-08 4.845E-08 6.300E-08

5.75 2.442E-07 5.600E-09 1.961E-08 2.369E-08 3.125E-08

6.25 1.212E-07 3.671E-09 9.980E-09 1.176E-08 1.585E-08

6.75 6.506E-08 2.466E-09 5.475E-09 6.310E-09 8.711E-09

7.25 3.803E-08 1.708E-09 3.257E-09 3.689E-09 5.209E-09

7.75 1.987E-08 1.317E-09 1.730E-09 1.927E-09 2.905E-09

8.25 1.196E-08 9.553E-10 1.061E-09 1.160E-09 1.839E-09

8.75 7.244E-09 7.565E-10 6.565E-10 7.026E-10 1.224E-09

9.25 5.507E-09 5.123E-10 5.030E-10 5.342E-10 8.949E-10

9.75 3.203E-09 3.685E-10 2.980E-10 3.107E-10 5.667E-10

11.00 1.262E-09 1.103E-10 1.232E-10 1.224E-10 2.057E-10

13.00 3.466E-10 5.421E-11 3.616E-11 3.362E-11 7.332E-11

15.00 1.065E-10 3.000E-11 1.155E-11 1.033E-11 3.376E-11

Table E.6: Combined result of the invariant neutral pion yield.
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E.3 Direct-Photon Production Cross Section in p+p
Collisions

Direct-Photon Cross Section in PbGl

pT E d3σ
d~p3 stat. error sys. error A sys. error B total error 90% CL up. lim.

[GeV/c] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb ·c3/GeV2]

2.978E-05
3.25 1.119E-05 2.391E-06

(3.283E-05)
1.085E-06 — 3.825E-05

1.001E-05
3.75 8.624E-06 1.150E-06

(1.100E-05)
8.365E-07 — 1.290E-05

3.815E-06 3.898E-06
4.25 5.100E-06 6.293E-07

(4.177E-06)
4.947E-07

(4.253E-06)
—

1.526E-06
4.75 1.020E-06 3.736E-07

(1.680E-06)
9.899E-08 — 2.011E-06

6.781E-07
5.25 6.584E-07 2.392E-07

(7.458E-07)
6.386E-08 — 9.204E-07

3.277E-07 3.692E-07
5.75 5.623E-07 1.612E-07

(3.585E-07)
5.454E-08

(3.969E-07)
—

1.742E-07 2.113E-07
6.25 3.811E-07 1.138E-07

(1.897E-07)
3.696E-08

(2.243E-07)
—

9.669E-08 1.277E-07
6.75 2.085E-07 8.097E-08

(1.053E-07)
2.023E-08

(1.344E-07)
—

5.727E-08 8.464E-08
7.25 1.604E-07 6.035E-08

(6.203E-08)
1.555E-08

(8.793E-08)
—

3.547E-08 5.921E-08
7.75 1.169E-07 4.604E-08

(3.822E-08)
1.134E-08

(6.090E-08)
—

2.059E-08 3.930E-08
8.25 4.766E-08 3.316E-08

(2.243E-08)
4.623E-09

(4.030E-08)
—

1.372E-08 2.995E-08
8.75 4.043E-08 2.633E-08

(1.489E-08)
3.922E-09

(3.050E-08)
—

9.945E-09 2.435E-08
9.25 4.015E-08 2.188E-08

(1.067E-08)
3.894E-09

(2.466E-08)
—

6.303E-09 1.791E-08
9.75 2.246E-08 1.663E-08

(6.829E-09)
2.178E-09

(1.811E-08)
—

3.291E-09 6.566E-09
11.00 1.842E-08 5.393E-09

(3.472E-09)
1.787E-09

(6.658E-09)
—

1.012E-09 2.953E-09
13.00 6.065E-09 2.711E-09

(1.069E-09)
5.883E-10

(2.973E-09)
—

3.853E-10 1.598E-09
15.00 2.469E-09 1.533E-09

(4.058E-10)
2.395E-10

(1.603E-09)
—

Table E.7: Cross Section of direct-photon production as measured withthe PbGl. When errors are asym-

metric the lower error is given in parentheses.
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Direct-Photon Cross Section in PbSc

pT E d3σ
d~p3 stat. error sys. error A sys. error B total error 90% CL up. lim.

[GeV/c] [mb ·c3/GeV2] [mb ·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2]

2.561E-05
3.25 2.795E-06 1.150E-06

(2.842E-05)
2.711E-07 — 3.282E-05

8.634E-06
3.75 1.527E-06 5.437E-07

(9.564E-06)
1.482E-07 — 1.107E-05

3.237E-06
4.25 1.089E-06 2.954E-07

(3.581E-06)
1.056E-07 — 4.161E-06

1.243E-06
4.75 7.235E-07 1.753E-07

(1.378E-06)
7.018E-08 — 1.607E-06

5.553E-07
5.25 5.393E-07 1.119E-07

(6.145E-07)
5.231E-08 — 7.251E-07

2.687E-07
5.75 2.624E-07 7.466E-08

(2.974E-07)
2.545E-08 — 3.569E-07

1.368E-07
6.25 1.500E-07 5.129E-08

(1.514E-07)
1.455E-08 — 1.871E-07

7.768E-08 8.851E-08
6.75 1.907E-07 3.818E-08

(8.495E-08)
1.849E-08

(9.495E-08)
—

4.175E-08
7.25 4.526E-08 2.634E-08

(4.611E-08)
4.390E-09 — 6.318E-08

2.908E-08 3.820E-08
7.75 1.165E-07 2.204E-08

(3.124E-08)
1.130E-08

(3.987E-08)
—

1.746E-08 2.492E-08
8.25 6.777E-08 1.653E-08

(1.877E-08)
6.573E-09

(2.586E-08)
—

9.803E-09 1.540E-08
8.75 2.115E-08 1.169E-08

(1.071E-08)
2.052E-09

(1.599E-08)
—

6.773E-09 1.190E-08
9.25 2.237E-08 9.543E-09

(7.315E-09)
2.170E-09

(1.222E-08)
—

4.475E-09 8.839E-09
9.75 1.438E-08 7.494E-09

(4.834E-09)
1.395E-09

(9.026E-09)
—

2.035E-09 3.147E-09
11.00 8.984E-09 2.236E-09

(2.162E-09)
8.715E-10

(3.230E-09)
—

5.080E-10 1.092E-09
13.00 1.364E-09 9.572E-10

(5.550E-10)
1.323E-10

(1.114E-09)
—

3.050E-10 7.849E-10
15.00 2.026E-09 6.960E-10

(3.158E-10)
1.966E-10

(7.892E-10)
—

Table E.8: Cross Section of direct-photon production as measured withthe PbSc. When errors are asym-

metric the lower error is given in parentheses.
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Combined Result of Direct-Photon Cross Section

pT E d3σ
d~p3 stat. error sys. error A sys. error B total error 90% CL up. lim.

[GeV/c] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb·c3/GeV2] [mb ·c3/GeV2]

2.735E-05
3.25 7.349E-06 1.270E-06

(3.025E-05)
7.128E-07 — 3.505E-05

9.212E-06
3.75 4.465E-06 6.028E-07

(1.017E-05)
4.332E-07 — 1.182E-05

3.471E-06
4.25 2.634E-06 3.251E-07

(3.825E-06)
2.555E-07 — 4.463E-06

1.350E-06
4.75 1.008E-06 1.929E-07

(1.491E-06)
9.781E-08 — 1.746E-06

6.019E-07
5.25 6.607E-07 1.228E-07

(6.636E-07)
6.409E-08 — 7.863E-07

2.905E-07 3.039E-07
5.75 3.904E-07 8.088E-08

(3.199E-07)
3.787E-08

(3.322E-07)
—

1.491E-07 1.606E-07
6.25 2.422E-07 5.494E-08

(1.638E-07)
2.350E-08

(1.744E-07)
—

8.423E-08 9.540E-08
6.75 2.078E-07 4.002E-08

(9.183E-08)
2.016E-08

(1.022E-07)
—

4.572E-08 5.370E-08
7.25 8.140E-08 2.703E-08

(5.014E-08)
7.896E-09

(5.751E-08)
—

3.109E-08 3.995E-08
7.75 1.192E-07 2.225E-08

(3.338E-08)
1.156E-08

(4.175E-08)
—

1.829E-08 2.514E-08
8.25 6.290E-08 1.614E-08

(1.972E-08)
6.101E-09

(2.620E-08)
—

1.066E-08 1.577E-08
8.75 2.634E-08 1.134E-08

(1.160E-08)
2.555E-09

(1.642E-08)
—

7.424E-09 1.209E-08
9.25 2.665E-08 9.184E-09

(7.984E-09)
2.585E-09

(1.244E-08)
—

4.843E-09 8.723E-09
9.75 1.638E-08 7.079E-09

(5.220E-09)
1.589E-09

(8.938E-09)
—

2.268E-09 3.333E-09
11.00 1.102E-08 2.196E-09

(2.396E-09)
1.069E-09

(3.421E-09)
—

5.489E-10 1.082E-09
13.00 1.962E-09 9.124E-10

(5.926E-10)
1.903E-10

(1.104E-09)
—

3.190E-10 7.481E-10
15.00 2.116E-09 6.448E-10

(3.289E-10)
2.052E-10

(7.524E-10)
—

Table E.9: Combined results of the direct-photon production cross section. When errors are asymmetric

the lower error is given in parentheses.
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F.1 Signal and BackgroundALL

Aπ0+bg
LL per Fill in the PbGl

Fill No. 1.0< pT [ GeV/c] < 2.0 2.0 < pT [ GeV/c] < 3.0 3.0 < pT [ GeV/c] < 4.0 4.0 < pT [ GeV/c] < 5.0

3625 0.31± 1.04 0.74± 1.82 — -0.62± 6.71

3627 0.13± 0.33 -0.37± 0.53 0.54± 1.32 1.23± 3.66

3634 -0.08± 0.23 -0.16± 0.37 -0.31± 0.89 -1.48± 3.13
3637 0.30± 0.22 0.24± 0.36 -0.24± 0.77 1.75± 1.82

3644 0.88± 0.79 0.30± 1.33 -1.20± 3.32 -11.47± 6.53

3646 0.04± 0.37 0.69± 0.60 -0.52± 1.44 -3.03± 3.24
3654 0.12± 0.10 0.23± 0.16 -0.38± 0.37 0.26± 0.85

3659 0.18± 0.12 -0.10± 0.20 0.05± 0.48 1.68± 1.09

3671 -0.11± 0.11 -0.29± 0.18 0.29± 0.46 0.59± 0.87

3672 0.16± 0.15 0.01± 0.25 0.46± 0.59 -2.76± 1.37
3674 0.14± 0.05 -0.03± 0.08 -0.13± 0.18 0.09± 0.44

3675 -0.37± 0.22 0.13± 0.38 -1.07± 0.92 3.27± 2.18

3676 0.01± 0.12 -0.21± 0.20 -0.30± 0.47 2.30± 1.09

3677 -0.03± 0.06 0.10± 0.11 0.03± 0.25 0.42± 0.59
3678 -0.12± 0.06 0.01± 0.11 -0.36± 0.26 -0.57± 0.60

3679 -0.01± 0.06 0.05± 0.10 -0.01± 0.24 0.25± 0.52

3680 -0.03± 0.11 0.50± 0.18 0.42± 0.43 1.27± 0.92

3681 0.03± 0.07 0.14± 0.12 -0.20± 0.28 0.78± 0.64
3682 -0.15± 0.17 0.06± 0.30 -0.93± 0.71 0.04± 1.56

3691 0.04± 0.06 0.05± 0.11 0.02± 0.25 -0.15± 0.58

3693 -0.02± 0.04 -0.10± 0.07 -0.08± 0.16 -0.41± 0.36

3696 0.05± 0.33 1.42± 0.58 1.13± 1.21 -0.08± 5.13
3698 0.13± 0.12 -0.25± 0.20 -0.49± 0.47 -0.79± 1.07

3699 -0.05± 0.11 -0.31± 0.17 0.27± 0.41 0.96± 0.96

3702 -0.39± 0.29 0.35± 0.47 1.10± 1.00 -1.35± 2.80
3703 0.05± 0.29 0.27± 0.46 0.47± 1.10 0.16± 2.61

3705 0.04± 0.09 0.09± 0.15 -0.06± 0.36 0.32± 0.80

3708 -0.07± 0.06 -0.24± 0.10 -0.03± 0.24 0.49± 0.54

3713 0.08± 0.04 0.15± 0.06 -0.31± 0.14 0.18± 0.32
3714 0.03± 0.04 0.05± 0.07 0.09± 0.16 -0.02± 0.36

3732 2.51± 1.21 2.79± 1.63 1.77± 4.56 —

3733 0.01± 0.09 -0.16± 0.15 -0.29± 0.35 -1.09± 0.78

3735 -0.04± 0.20 0.59± 0.33 0.21± 0.73 -3.94± 1.86
3765 0.04± 0.06 -0.06± 0.10 -0.34± 0.25 0.09± 0.54

3767 0.09± 0.12 0.06± 0.19 0.73± 0.46 0.69± 1.00

3769 -0.02± 0.03 0.00± 0.05 -0.06± 0.12 -0.16± 0.27

3770 -0.02± 0.06 0.04± 0.10 0.07± 0.24 -0.89± 0.54
3774 -0.01± 0.06 -0.07± 0.11 -0.11± 0.26 -0.89± 0.60

3778 -0.50± 0.27 -0.32± 0.43 1.59± 1.02 -4.13± 2.33

3780 -0.01± 0.04 -0.03± 0.07 -0.15± 0.16 -0.09± 0.37

3793 0.01± 0.03 0.02± 0.06 0.38± 0.14 -0.29± 0.30
3796 0.01± 0.06 0.14± 0.10 0.54± 0.23 0.15± 0.53

3797 -0.01± 0.17 -0.08± 0.29 0.11± 0.67 -1.33± 1.57

3799 0.11± 0.09 0.00± 0.15 0.14± 0.37 -0.13± 0.78

3801 0.22± 0.12 -0.25± 0.20 0.24± 0.49 -1.65± 1.18
3803 -0.04± 0.06 -0.04± 0.10 -0.20± 0.24 0.03± 0.53

3810 0.09± 0.11 -0.03± 0.19 -0.25± 0.46 0.90± 1.04

Table F.1: SignalALL of π0 production measured with the PbGl for each fill.

225



226 Appendix F: Data Tables -ALL

Abg
LL per Fill in the PbGl

Fill No. 1.0 < pT [ GeV/c] < 2.0 2.0 < pT [ GeV/c] < 3.0 3.0< pT [ GeV/c] < 4.0 4.0 < pT [ GeV/c] < 5.0

3625 -1.95± 1.92 5.94± 4.04 — —

3627 0.30± 0.50 2.03± 1.28 1.23± 3.77 —

3634 0.65± 0.35 -0.08± 0.89 -0.08± 2.95 —

3637 -0.15± 0.33 -0.59± 0.79 1.50± 2.69 —
3644 0.29± 1.17 -0.45± 3.41 -10.51± 16.94 —

3646 -0.93± 0.55 0.73± 1.50 -0.52± 8.52 —

3654 0.33± 0.15 -0.18± 0.37 0.42± 1.22 0.10± 6.41

3659 0.07± 0.18 -0.02± 0.48 0.92± 1.49 -5.21± 3.85
3671 0.17± 0.17 -0.32± 0.44 1.19± 1.25 3.00± 3.10

3672 0.38± 0.23 0.44± 0.57 -0.54± 1.70 -0.05± 2.80

3674 0.03± 0.07 0.35± 0.18 -1.17± 0.62 2.02± 1.61

3675 0.50± 0.34 1.13± 0.89 0.36± 2.51 -0.17± 5.70
3676 -0.01± 0.18 -0.30± 0.47 -1.41± 1.91 -6.01± 4.72

3677 -0.23± 0.10 0.18± 0.25 -1.32± 0.85 3.04± 2.67

3678 -0.18± 0.10 0.08± 0.25 1.40± 0.84 0.30± 1.85
3679 -0.08± 0.09 0.05± 0.23 0.19± 0.76 -1.33± 2.22

3680 -0.01± 0.16 0.37± 0.41 -1.21± 1.31 —

3681 0.03± 0.10 0.02± 0.27 1.10± 0.99 4.99± 2.50

3682 -0.18± 0.26 -0.25± 0.67 3.63± 2.22 —
3691 0.03± 0.10 0.08± 0.25 0.55± 0.81 1.88± 1.94

3693 0.06± 0.06 -0.08± 0.16 0.05± 0.55 -1.20± 1.16

3696 0.38± 0.51 0.95± 1.17 -2.49± 4.32 —

3698 0.21± 0.18 -0.72± 0.47 -1.33± 1.36 -0.09± 5.00
3699 0.21± 0.16 0.85± 0.40 2.44± 1.28 -1.75± 4.10

3702 -0.36± 0.46 -0.99± 1.11 3.31± 3.04 —

3703 0.82± 0.42 1.76± 1.09 -0.63± 4.77 -0.63± 12.53

3705 -0.14± 0.14 0.19± 0.35 -0.45± 1.27 2.11± 3.21
3708 -0.17± 0.09 -0.53± 0.24 0.36± 0.78 0.43± 1.95

3713 -0.01± 0.05 0.18± 0.14 0.51± 0.44 2.93± 1.31

3714 0.04± 0.06 0.15± 0.17 -0.12± 0.57 0.50± 1.41

3732 2.69± 1.96 5.90± 4.74 — —
3733 0.07± 0.13 0.30± 0.35 -1.40± 1.05 -1.69± 2.80

3735 -0.57± 0.31 -1.00± 0.86 -1.10± 2.65 —

3765 -0.07± 0.09 -0.07± 0.24 -0.21± 0.85 -1.12± 1.93

3767 -0.21± 0.18 0.44± 0.45 2.31± 1.76 5.24± 3.74
3769 -0.03± 0.04 -0.14± 0.11 -0.01± 0.41 0.67± 1.04

3770 -0.01± 0.09 -0.06± 0.24 -1.91± 0.85 0.13± 2.39

3774 0.05± 0.09 -0.17± 0.25 0.90± 0.86 -2.42± 1.91
3778 -0.69± 0.40 -1.75± 1.02 5.37± 3.61 -2.40± 8.64

3780 0.03± 0.06 -0.13± 0.16 -0.48± 0.53 -0.86± 1.62

3793 -0.04± 0.05 0.13± 0.14 0.87± 0.46 -0.86± 1.25

3796 -0.07± 0.09 0.29± 0.22 -0.51± 0.83 -1.48± 2.08
3797 -0.44± 0.26 -0.39± 0.71 -2.70± 2.39 -1.76± 5.31

3799 -0.01± 0.13 -0.10± 0.35 -1.39± 1.27 1.72± 4.20

3801 -0.01± 0.18 -0.02± 0.48 2.59± 1.72 3.04± 4.62

3803 -0.09± 0.09 -0.01± 0.23 -1.82± 0.81 1.70± 2.07
3810 0.17± 0.17 -0.45± 0.46 0.54± 1.58 2.91± 4.06

Table F.2: BackgroundALL of π0 production measured with the PbGl for each fill.
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Aπ0+bg
LL per Fill in the PbSc

Fill No. 1.0< pT [ GeV/c] < 2.0 2.0 < pT [ GeV/c] < 3.0 3.0 < pT [ GeV/c] < 4.0 4.0 < pT [ GeV/c] < 5.0

3625 1.07± 0.81 0.24± 0.97 3.00± 2.38 3.53± 3.59

3627 -0.15± 0.31 -0.10± 0.36 1.10± 0.74 0.29± 1.68

3634 0.44± 0.21 0.28± 0.23 0.05± 0.49 -1.98± 1.22
3637 0.56± 0.20 0.06± 0.22 0.03± 0.47 0.40± 1.06

3644 1.06± 0.74 0.39± 0.83 -1.30± 1.75 -6.81± 3.84

3646 -0.13± 0.32 0.25± 0.37 -1.21± 0.79 3.24± 1.91

3654 -0.12± 0.09 -0.04± 0.10 -0.09± 0.21 -0.16± 0.49
3659 -0.12± 0.10 0.06± 0.12 0.19± 0.25 0.02± 0.56

3671 0.03± 0.09 -0.05± 0.11 0.01± 0.23 0.24± 0.52

3672 0.15± 0.13 0.20± 0.15 -0.79± 0.33 0.69± 0.67
3674 -0.02± 0.04 -0.11± 0.05 0.20± 0.10 0.24± 0.23

3675 -0.09± 0.20 0.03± 0.22 0.44± 0.46 0.51± 1.04

3676 -0.11± 0.10 -0.05± 0.12 0.12± 0.26 0.15± 0.58

3677 0.09± 0.06 -0.00± 0.06 -0.27± 0.14 -0.19± 0.31
3678 -0.02± 0.05 0.01± 0.06 0.02± 0.14 -0.02± 0.31

3679 -0.05± 0.05 -0.06± 0.06 -0.10± 0.13 -0.01± 0.30

3680 -0.11± 0.09 -0.07± 0.10 0.05± 0.22 -1.09± 0.50

3681 0.02± 0.06 -0.01± 0.07 -0.28± 0.15 -0.09± 0.34
3682 0.22± 0.15 -0.01± 0.18 0.41± 0.38 -0.88± 0.84

3691 -0.14± 0.05 -0.01± 0.06 0.03± 0.13 0.09± 0.31

3693 0.00± 0.03 -0.04± 0.04 -0.02± 0.09 -0.01± 0.20

3696 0.19± 0.30 -0.06± 0.31 0.19± 0.81 1.73± 1.82
3698 0.15± 0.10 0.07± 0.12 0.15± 0.25 0.18± 0.54

3699 0.07± 0.09 0.04± 0.10 -0.17± 0.22 0.31± 0.50

3702 -0.02± 0.24 -0.35± 0.27 -0.26± 0.60 1.34± 1.44

3703 0.57± 0.24 0.20± 0.27 0.61± 0.59 -1.83± 1.32
3705 -0.11± 0.08 0.09± 0.09 -0.18± 0.19 -0.41± 0.45

3708 -0.01± 0.05 -0.03± 0.06 0.13± 0.12 0.43± 0.28

3713 -0.02± 0.03 -0.02± 0.03 0.01± 0.07 -0.23± 0.17
3714 0.01± 0.04 0.00± 0.04 -0.12± 0.09 0.15± 0.20

3732 -1.57± 0.98 -0.15± 1.10 0.27± 2.34 -0.27± 7.19

3733 -0.05± 0.07 0.01± 0.09 0.30± 0.19 0.88± 0.43

3735 0.24± 0.18 0.06± 0.20 -0.21± 0.42 0.96± 0.93
3765 0.05± 0.05 -0.09± 0.06 -0.12± 0.13 -0.04± 0.29

3767 -0.16± 0.10 0.04± 0.11 0.05± 0.23 -0.37± 0.55

3769 -0.04± 0.02 -0.02± 0.03 -0.07± 0.06 -0.13± 0.13

3770 0.03± 0.05 -0.04± 0.06 0.32± 0.12 -0.06± 0.29
3774 0.00± 0.05 -0.15± 0.06 -0.01± 0.13 -0.15± 0.30

3778 -0.18± 0.21 0.27± 0.24 0.04± 0.54 0.09± 1.23

3780 -0.03± 0.03 0.01± 0.04 0.09± 0.08 0.03± 0.19

3793 -0.03± 0.03 -0.05± 0.03 0.05± 0.07 -0.16± 0.16
3796 0.05± 0.05 0.03± 0.06 -0.03± 0.12 0.25± 0.28

3797 -0.03± 0.15 0.19± 0.17 -0.15± 0.36 -0.88± 0.78

3799 0.08± 0.07 -0.05± 0.08 0.10± 0.19 -0.75± 0.41

3801 -0.07± 0.10 -0.08± 0.11 -0.09± 0.24 -0.22± 0.52
3803 0.07± 0.05 0.03± 0.06 -0.22± 0.12 -0.25± 0.28

3810 0.04± 0.09 0.03± 0.11 0.17± 0.23 -0.36± 0.54

Table F.3: SignalALL of π0 production measured with the PbSc for each fill.
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Abg
LL per Fill in the PbSc

Fill No. 1.0 < pT [ GeV/c] < 2.0 2.0 < pT [ GeV/c] < 3.0 3.0< pT [ GeV/c] < 4.0 4.0 < pT [ GeV/c] < 5.0

3625 1.05± 0.99 0.74± 2.67 — —

3627 0.07± 0.39 0.59± 0.75 -1.44± 2.30 -3.42± 6.27

3634 0.25± 0.26 0.17± 0.53 2.50± 1.66 —

3637 -0.03± 0.24 0.27± 0.46 2.65± 1.49 -5.88± 4.11
3644 1.24± 0.91 -0.89± 1.80 -14.47± 6.13 —

3646 -0.29± 0.39 1.08± 0.81 0.17± 2.46 6.63± 6.39

3654 0.09± 0.11 0.07± 0.21 0.76± 0.69 2.37± 1.53

3659 0.15± 0.13 -0.10± 0.26 0.75± 0.80 -0.23± 2.03
3671 0.10± 0.11 0.26± 0.22 -0.66± 0.72 3.61± 1.96

3672 0.06± 0.17 -0.20± 0.34 0.52± 1.05 1.78± 3.24

3674 0.02± 0.05 0.02± 0.10 -0.04± 0.31 -0.09± 0.86

3675 -0.42± 0.24 0.03± 0.47 -0.82± 1.40 -0.17± 4.03
3676 -0.16± 0.13 0.18± 0.25 -0.39± 0.80 1.71± 2.82

3677 -0.08± 0.07 -0.18± 0.14 -0.14± 0.43 -0.11± 1.17

3678 0.05± 0.07 0.08± 0.14 0.61± 0.42 1.02± 1.04
3679 0.02± 0.06 -0.19± 0.13 -0.35± 0.40 -1.03± 1.02

3680 -0.14± 0.11 -0.17± 0.23 -0.08± 0.70 0.89± 1.57

3681 0.02± 0.07 0.02± 0.15 0.42± 0.47 -0.10± 1.16

3682 0.26± 0.19 -0.36± 0.38 0.73± 1.09 2.54± 2.87
3691 -0.05± 0.06 -0.21± 0.13 -0.25± 0.42 1.57± 1.19

3693 0.05± 0.04 -0.17± 0.09 -0.49± 0.28 -0.02± 0.68

3696 -0.72± 0.35 0.27± 0.69 1.59± 2.08 —

3698 -0.15± 0.12 -0.10± 0.25 -0.21± 0.80 1.18± 2.09
3699 0.07± 0.11 0.36± 0.22 0.77± 0.71 -1.04± 1.84

3702 -0.21± 0.29 -0.09± 0.60 -1.22± 1.76 0.42± 4.53

3703 -0.04± 0.29 0.66± 0.59 -1.80± 1.91 3.39± 4.92

3705 -0.00± 0.09 -0.09± 0.19 0.45± 0.58 -0.76± 1.42
3708 0.09± 0.06 0.10± 0.12 -0.78± 0.38 0.19± 1.06

3713 0.03± 0.04 -0.01± 0.07 0.20± 0.22 -0.05± 0.56

3714 -0.00± 0.04 0.01± 0.09 -0.02± 0.28 -0.08± 0.72

3732 1.26± 1.32 0.66± 2.28 — —
3733 0.14± 0.09 0.09± 0.19 0.73± 0.57 0.04± 1.62

3735 0.18± 0.22 0.75± 0.44 1.60± 1.21 0.38± 2.63

3765 0.06± 0.06 0.01± 0.13 -0.29± 0.40 2.48± 1.13

3767 0.02± 0.12 -0.48± 0.24 0.68± 0.69 -3.01± 1.83
3769 -0.00± 0.03 0.17± 0.06 0.17± 0.19 -0.34± 0.52

3770 -0.07± 0.06 -0.16± 0.13 -0.02± 0.39 -0.58± 0.96

3774 0.05± 0.07 0.12± 0.13 0.11± 0.43 -0.01± 1.16
3778 0.01± 0.26 0.21± 0.54 0.56± 1.77 -2.29± 4.23

3780 0.01± 0.04 -0.09± 0.08 -0.24± 0.26 1.43± 0.70

3793 -0.00± 0.03 -0.19± 0.07 0.27± 0.23 -0.27± 0.59

3796 0.10± 0.06 -0.12± 0.12 -0.05± 0.40 0.05± 1.09
3797 -0.27± 0.18 -0.38± 0.37 -2.05± 1.14 -1.58± 2.29

3799 0.12± 0.09 0.06± 0.19 0.21± 0.59 0.50± 1.49

3801 -0.08± 0.12 0.10± 0.24 -0.10± 0.80 -1.46± 2.00

3803 -0.01± 0.06 -0.16± 0.12 -0.18± 0.38 -0.38± 0.97
3810 -0.00± 0.12 -0.19± 0.24 0.69± 0.76 -2.03± 2.01

Table F.4: BackgroundALL of π0 production measured with the PbSc for each fill.
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Aπ0+bg
LL per Fill in the EMCal

Fill No. 1.0< pT [ GeV/c] < 2.0 2.0 < pT [ GeV/c] < 3.0 3.0 < pT [ GeV/c] < 4.0 4.0 < pT [ GeV/c] < 5.0

3625 0.74± 0.62 0.55± 0.85 3.69± 2.25 2.59± 3.17

3627 -0.10± 0.22 -0.19± 0.29 0.92± 0.64 0.61± 1.51

3634 0.27± 0.15 0.21± 0.20 -0.03± 0.43 -1.92± 1.14
3637 0.39± 0.14 0.08± 0.19 -0.06± 0.40 0.74± 0.92

3644 0.86± 0.53 0.33± 0.70 -1.36± 1.54 -7.56± 3.29

3646 0.04± 0.23 0.34± 0.31 -1.05± 0.69 1.61± 1.65

3654 -0.03± 0.06 0.04± 0.08 -0.13± 0.18 -0.08± 0.42
3659 -0.04± 0.08 0.03± 0.10 0.16± 0.22 0.39± 0.50

3671 -0.02± 0.07 -0.09± 0.09 0.05± 0.20 0.34± 0.45

3672 0.17± 0.10 0.19± 0.13 -0.46± 0.29 0.08± 0.60
3674 0.05± 0.03 -0.10± 0.04 0.12± 0.09 0.22± 0.20

3675 -0.14± 0.14 0.07± 0.19 0.12± 0.41 1.02± 0.94

3676 -0.02± 0.08 -0.11± 0.10 0.05± 0.23 0.66± 0.51

3677 0.05± 0.04 0.03± 0.05 -0.20± 0.12 -0.06± 0.28
3678 -0.07± 0.04 0.01± 0.05 -0.08± 0.12 -0.12± 0.27

3679 -0.03± 0.04 -0.03± 0.05 -0.07± 0.11 0.05± 0.26

3680 -0.09± 0.07 0.07± 0.09 0.13± 0.20 -0.54± 0.44

3681 0.01± 0.04 0.02± 0.06 -0.25± 0.13 0.11± 0.30
3682 0.09± 0.11 0.02± 0.15 0.13± 0.33 -0.71± 0.74

3691 -0.07± 0.04 0.00± 0.05 0.02± 0.12 0.04± 0.27

3693 -0.01± 0.02 -0.06± 0.03 -0.03± 0.08 -0.11± 0.17

3696 0.15± 0.21 0.34± 0.27 0.53± 0.67 1.53± 1.71
3698 0.09± 0.07 -0.01± 0.10 0.02± 0.22 0.00± 0.48

3699 0.05± 0.07 -0.03± 0.09 -0.10± 0.19 0.45± 0.44

3702 -0.15± 0.18 -0.16± 0.23 0.07± 0.51 0.79± 1.28

3703 0.33± 0.18 0.16± 0.23 0.57± 0.52 -1.42± 1.18
3705 -0.08± 0.06 0.08± 0.08 -0.15± 0.17 -0.20± 0.39

3708 -0.03± 0.04 -0.08± 0.05 0.09± 0.11 0.44± 0.25

3713 0.02± 0.02 0.02± 0.03 -0.06± 0.06 -0.14± 0.15
3714 0.02± 0.03 0.02± 0.03 -0.08± 0.08 0.11± 0.18

3732 0.08± 0.75 0.74± 0.90 0.58± 2.08 3.14± 5.87

3733 -0.04± 0.05 -0.04± 0.07 0.15± 0.16 0.46± 0.38

3735 0.12± 0.13 0.23± 0.17 -0.08± 0.36 -0.00± 0.83
3765 0.03± 0.04 -0.08± 0.05 -0.17± 0.11 -0.02± 0.25

3767 -0.07± 0.07 0.04± 0.09 0.18± 0.21 -0.15± 0.48

3769 -0.03± 0.02 -0.02± 0.02 -0.07± 0.05 -0.14± 0.12

3770 0.01± 0.04 -0.03± 0.05 0.26± 0.11 -0.26± 0.25
3774 0.01± 0.04 -0.12± 0.05 -0.03± 0.12 -0.30± 0.26

3778 -0.26± 0.16 0.14± 0.21 0.45± 0.48 -0.78± 1.09

3780 -0.02± 0.02 0.00± 0.03 0.03± 0.07 0.00± 0.17

3793 -0.01± 0.02 -0.03± 0.03 0.13± 0.06 -0.18± 0.14
3796 0.04± 0.04 0.05± 0.05 0.09± 0.11 0.24± 0.25

3797 0.00± 0.11 0.12± 0.14 -0.11± 0.31 -0.96± 0.70

3799 0.10± 0.05 -0.02± 0.07 0.10± 0.17 -0.64± 0.36

3801 0.06± 0.07 -0.12± 0.10 -0.04± 0.22 -0.45± 0.48
3803 0.03± 0.04 0.01± 0.05 -0.19± 0.11 -0.19± 0.25

3810 0.06± 0.07 0.01± 0.09 0.10± 0.21 -0.07± 0.48

Table F.5: SignalALL of π0 production measured with the combined EMCal subsystems foreach fill.
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Abg
LL per Fill in the EMCal

Fill No. 1.0 < pT [ GeV/c] < 2.0 2.0 < pT [ GeV/c] < 3.0 3.0< pT [ GeV/c] < 4.0 4.0 < pT [ GeV/c] < 5.0

3625 0.12± 0.84 2.30± 2.08 — —
3627 0.14± 0.30 1.01± 0.63 -0.73± 1.96 2.72± 4.96

3634 0.32± 0.20 0.12± 0.45 1.88± 1.45 —

3637 -0.07± 0.19 0.09± 0.39 2.38± 1.30 -7.38± 3.51

3644 0.89± 0.69 -0.96± 1.58 -14.02± 5.76 —
3646 -0.35± 0.31 0.92± 0.71 0.12± 2.37 3.63± 5.98

3654 0.16± 0.08 -0.01± 0.18 0.71± 0.60 2.59± 1.45

3659 0.14± 0.10 -0.08± 0.22 0.70± 0.70 -1.30± 1.79

3671 0.11± 0.09 0.16± 0.20 -0.26± 0.62 3.44± 1.66
3672 0.18± 0.13 -0.09± 0.29 0.09± 0.88 0.73± 2.12

3674 0.03± 0.04 0.07± 0.09 -0.24± 0.28 0.38± 0.76

3675 -0.11± 0.19 0.24± 0.41 -0.53± 1.21 -0.17± 3.29

3676 -0.09± 0.10 0.05± 0.22 -0.62± 0.73 -0.29± 2.42
3677 -0.14± 0.05 -0.11± 0.12 -0.38± 0.38 0.62± 1.06

3678 -0.05± 0.05 0.08± 0.12 0.76± 0.37 0.85± 0.91

3679 -0.02± 0.05 -0.15± 0.11 -0.23± 0.35 -1.08± 0.92
3680 -0.07± 0.09 -0.05± 0.20 -0.36± 0.61 -0.39± 1.48

3681 0.01± 0.06 0.04± 0.13 0.59± 0.43 0.70± 1.05

3682 0.05± 0.15 -0.31± 0.33 1.36± 0.98 1.21± 2.73

3691 -0.02± 0.05 -0.14± 0.12 -0.08± 0.37 1.65± 1.01
3693 0.06± 0.03 -0.15± 0.08 -0.38± 0.25 -0.32± 0.58

3696 -0.38± 0.28 0.40± 0.59 0.82± 1.87 -0.08± 5.26

3698 -0.09± 0.10 -0.20± 0.22 -0.50± 0.69 0.99± 1.93

3699 0.09± 0.09 0.46± 0.19 1.18± 0.61 -1.16± 1.68
3702 -0.27± 0.23 -0.30± 0.52 -0.29± 1.50 -1.35± 4.05

3703 0.27± 0.23 0.99± 0.51 -1.46± 1.76 2.44± 4.30

3705 -0.07± 0.07 -0.03± 0.17 0.32± 0.52 -0.47± 1.29

3708 -0.00± 0.05 -0.03± 0.11 -0.54± 0.34 0.24± 0.93
3713 0.02± 0.03 0.04± 0.06 0.28± 0.20 0.41± 0.51

3714 0.02± 0.03 0.03± 0.08 -0.04± 0.25 0.09± 0.63

3732 1.62± 1.06 1.18± 2.02 — —

3733 0.11± 0.07 0.12± 0.16 0.25± 0.50 -0.39± 1.40
3735 0.02± 0.17 0.40± 0.39 1.14± 1.10 1.64± 2.44

3765 0.01± 0.05 0.01± 0.11 -0.29± 0.37 1.56± 0.98

3767 -0.05± 0.09 -0.28± 0.21 0.89± 0.63 -1.33± 1.64

3769 -0.01± 0.02 0.10± 0.05 0.13± 0.17 -0.13± 0.46
3770 -0.06± 0.05 -0.12± 0.11 -0.34± 0.35 -0.37± 0.89

3774 0.06± 0.05 0.04± 0.12 0.29± 0.38 -0.66± 0.99

3778 -0.14± 0.21 -0.24± 0.47 1.23± 1.58 -2.22± 3.73
3780 0.02± 0.03 -0.10± 0.07 -0.31± 0.23 1.03± 0.64

3793 -0.02± 0.03 -0.11± 0.06 0.40± 0.20 -0.35± 0.53

3796 0.07± 0.05 -0.01± 0.10 -0.18± 0.36 -0.25± 0.95

3797 -0.36± 0.14 -0.44± 0.32 -2.20± 1.02 -1.61± 2.10
3799 0.06± 0.07 0.03± 0.16 0.01± 0.53 0.63± 1.40

3801 -0.06± 0.10 0.03± 0.21 0.45± 0.72 -0.27± 1.79

3803 -0.04± 0.05 -0.16± 0.11 -0.52± 0.34 0.06± 0.87

3810 0.06± 0.09 -0.19± 0.21 0.58± 0.68 -1.15± 1.79

Table F.6:BackgroundALL of π0 production measured with the combined EMCal subsystems foreach fill.
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