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Abstract

The PHENIX experiment at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory with its muon spectrometer has the ability to detect muons over
the range of pseudorapidity 1.1 < | eta | < 2.25. Single muon production is an im-
portant tool for studying heavy flavor production via semi-leptonic decays of open
heavy flavor mesons. Because of their large mass, heavy quarks are produced in ear-
lier stages of heavy ion collisions. Therefore, heavy flavor production can serve as an
important probe of the Quark Gluon Plasma, a novel state of matter predicted to be
created at RHIC. The measurement of the nuclear modification factor of open heavy
flavor at forward rapidity in Cu+Cu collisions at /syy = 200 GeV is presented.
Measurements of heavy flavor production in p+p collisions at y/syy = 200 GeV will

be also presented.
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Chapter 1

Introduction

It is a fact that the creation of our universe started with the “Big Bang”, which
occurred 13.7 billion years ago. A very fundamental question is what did it look like?
The answer is we still do not know. But based on our understanding, we know that
107° seconds after the “Big Bang” our universe consisted of a state of matter called
the “Quark Gluon Plasma” (QGP). The Relativistic Heavy Ion Collider (RHIC)
comes as a successor to create the QGP in laboratory conditions. This work is
part of a huge scientific project whose main goal is to characterize the Quark Gluon

Plasma.

1.1 Quark Gluon Plasma Physics

According to the Standard Model (SM), there are four fundamental forces: gravity,
the weak force, the electromagnetic force and the strong force. The fermions are
particles with half-odd intrinsic spin while the bosons are the particles with integer
spin, some of which mediate the forces between fermions. Quarks and leptons are

fermions, which come in three different families. Quarks are different from leptons



because they participate in strong interactions. Also, quarks can not exist as free
particles. They occur in some specific combinations with other quarks, confined in
particles called “hadrons”. There are two types of hadrons: baryons and mesons.
Baryons consist of three quarks or three antiquarks, while mesons consist of a quark-

antiquark pair.

The Quark Gluon Plasma is a state of matter in which quarks and gluons occur as
free particles, under very high energy densities. In normal matter these particles
are confined, while in the QGP they are deconfined. The strong interaction between
quarks and gluons is described by the theory Quantum Chromodynamics (QCD). In
QCD quarks are the fermionic components of mesons and baryons, while gluons are
considered the bosonic components of such particles. The gluons are the carriers of
the strong force, while the quarks by themselves are their fermionic matter coun-
terparts. Quarks carry the strong (color) charge and interact between each other
through gluons. This interaction is known as the strong interaction. In addition,

since gluons carry color charge, they can interact with each other as well.

In order to quantify the strength of the strong interaction one should take into
account the strong running coupling constant ay [1], which can be described by

Equation 1.1

2T
Qg = 1.1
= Bogti/Raco) .
where g is the transferred momentum in the interaction, by = 11 — %nf and ny

is the approximate number of massless quarks. The quantity Agcp characterizes
the momentum scale for which a, becomes the ”strong” coupling constant, which
approximately equals 200 MeV. To be more accurate, oy is not exactly the constant,

since it varies with the transferred energy within an interaction.
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Figure 1.1: Comparison between the theoretical and the experimental running
coupling constant of the strong interaction as a function of energy scale [2].

Figure 1.1 demonstrates the asymptotic freedom postulate [3] [4], which states that
the effective coupling in interaction between quarks is infinitely strong for the energy
range below Agcp, whose inverse is about the same as the radius of hadrons (radius
of hadron~ 1/Agep ~ 1 fm). This postulate is also know as the “confinement”.
However, for the bigger energies, the interaction becomes weaker and once the en-
ergy reaches the extreme limit () >> Agep, quarks are completely deconfined from
hadrons. Also from Figure 1.1, we can clearly see that the theoretical predictions
and the experimental measurements of the running coupling constant of the strong
interaction agree well. If the energy density €, exceeds 1 GeV/fm?, nuclear matter
undergoes a phase transition to a state of matter in which quarks and gluons are
not bound inside the hadrons anymore, and become the appropriate effective degrees

of freedom. This state of matter is called the Quark Gluon Plasma (QGP) [5]. It
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Figure 1.2: Phase space diagram of the QCD matter [6].

is believed that right after the ”Big Bang”, our universe was some kind of decon-
fined matter at very high temperature without existence of baryons. Additionally
Figure 1.2 indicates that deconfined matter is predicted to exist at low temperatures

in neutron stars. The critical temperature of the phase transition is predicted to be

170 MeV.



1.2 Theoretical Aspects of Relativistic Heavy Ion

Collisions

In order to create the Quark Gluon Plasma, we need to create a system where the
energy density €., exceeds 1 GeV/fm?. This kind of system is possible to produce
if one collides heavy nuclei at ultrarelativistic center of mass energies which are
about 100 times greater than the rest mass of nuclei. These types of nucleon-nucleon
collisions indeed produce novel nuclear matter which can be studied experimentally

concerning its important properties, including its thermodynamic properties.

Figure 1.3 shows that there are several steps in colliding heavy ion system dynamics.
At the very beginning of the collision, there are two incoming “Lorentz contracted”
nuclei. The crossing time 7,55 of those nuclei is 2R/yc ~ 0.1 fm/c. However, this
crossing time is small compared to the time scale of the strong interaction, 7..oss,
which is about 1/Agep ~ 1.0 fm/c. The nuclei pass through each other very rapidly
and produce matter with very large energy density. Once this matter is created
in the time range Tfomm < 1 fm/c, the process of initial parton production begins.
At t = Tiperm, the strong interaction between partons leads the system to thermal
equilibrium in 1 fm/c. During the expansion of the system, the energy density
keeps dropping until it reaches the confinement limit where the system is completely
hadronized and becomes a gas of hadrons which interact with each other. The
last step of this process is when temperature reaches a critical temperature, where

hadrons stop interacting with each other and will continue to fly towards detectors.

Once this complex process happened, the important issue is whether the energy
density produced at formation time was large enough to create Quark Gluon Plasma.
In order to say whether it was large enough or not, one should estimate the energy
and the volume of the initial collision cross section, which is possible by backward

extrapolation of the experimentally measured particle multiplicity of a collision.
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For the energy density calculations, Bjorken’s formula [7] applies:

(mT) dN

= 2 1.2
T0 AT dy _ ( )

0

where 7y is the formation time (=~ 1 fm/c), (mr) is the average transverse mass

per produced particle, which is measured experimentally, Ay is the effective trans-

verse overlap area of the ions participating in the collisions, and T is the particle
Y

multiplicity.

Using Bjorken’s formula and by analyzing experimental data, the energy density of
the matter created in head-on Au+Au collisions at RHIC is at least 15 GeV /fm? [8].
Also, the time interval for the thermalization of the matter is quite short, about 0.6
to 1 fm/c. The energy density of this matter is in the range of 5.7 to 9.5 Gev/fm?,
which is much higher than the predicted threshold energy density for the creation of

a Quark Gluon Plasma.

1.2.1 Definition of Centrality

For different center of mass collision energies and for different species of colliding
ions, heavy ion collisions can have various energy densities and hadron multiplicities.
These differences depend on the so-called impact parameter b, which is the initial

overlap of the incoming nuclei participating in a collision (Figure 1.4(a)).

Knowing the impact parameter, one can estimate the number of nucleons, Ny,
participating in the heavy ion collision. Generally, each nucleon collides with other
participating nucleon many times, i.e. the number of binary inelastic nucleon-nucleon
collisions, Ny, is obviously always bigger than N, for heavy ion collisions. De-
pending on the b, Ny, and Ny, parameters, heavy ion collisions can be classified

by collision centrality. The range for the impact parameter is 0 < b < 2R, where R
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Figure 1.4: (a) Illustration of a “Lorentz contracted” heavy ions collision. (b) The
overlap between the colliding nuclei, for impact parameter b [6].

is the radius of nuclei.

It is impossible to perform direct measurements of the impact parameter at RHIC. In
order to calculate the impact parameter, the number of the nucleon-nucleon collisions
and the number of the participant nucleons, one should combine the experimentally
measured particle multiplicity with the Glauber model [9] Monte Carlo simulation of
the heavy ion collision. Based on results, we define several classes of centrality and
report it in percentage. For example in our analysis, 0% - 20% centrality corresponds

to the most central collisions.

1.3 QGP at RHIC

The Quark Gluon Plasma is a partonic state of matter which has a very short lifetime.
Because of the short lifetime, it is impossible to observe the QGP directly. The main

goal of the heavy ion physics at RHIC is to perform experimental measurements of



the hadron observables with clear theoretical interpretations and characterize the
created state of matter in heavy ion collisions. Those theoretical interpretations
tested by experimental results could significantly improve understanding of this state
of matter. Since the very first collisions at RHIC, huge progress has been made

through successful studies related to the very early period of our universe.

Jet quenching is a phenomenon that can occur in the collision of high energy parti-
cles. In general, the collision of high energy particles can produce jets of elementary
particles that emerge from these collisions. Collisions of relativistic heavy ion parti-
cle beams create a hot and dense medium comparable to the conditions in the early
universe, and then these jets interact strongly with the medium, leading to a marked

reduction of their energy. This energy reduction is called “jet quenching”.

In the context of high energy hadron collisions, quarks and gluons are collectively
called partons. The jets emerging from the collisions initially consist of partons,
which quickly combine to form hadrons, a process called hadronization. Only the
resulting hadrons can be directly observed. The hot, dense medium produced in the
collisions is also composed of partons and constitutes the QGP. In this realm, the

laws of physics that apply are those of QCD.

High energy nucleus-nucleus collisions enable the study of the properties of the QGP
medium through observed changes in jet fragmentation functions as compared to
the unquenched case. According to QCD, high momentum partons produced in the
initial stage of a nucleus-nucleus collision will undergo multiple interactions inside
the collision region prior to hadronization. In these interactions, the energy of the
partons is reduced through collisional energy loss and medium induced gluon radia-
tion. The effect of jet quenching in a QGP is the main motivation for studying jets
as well as high-momentum particle spectra and particle correlations in heavy ion col-
lisions. Accurate jet reconstruction will allow measurements of the jet fragmentation

functions, and consequently the degree of quenching, and provide insight into the



properties of the hot dense QGP medium created in the collisions. First evidence
of parton energy loss has been observed at RHIC from the suppression of high pr
particles manifested by the nuclear modification factor and the suppression of back

to back correlations [10],[11].

In heavy ion collisions, medium effects can be quantified via a quantity called nuclear

modification factor:

dNAA

Rap = —t—
A <Ncoll >de+p

(1.3)

where dN 44 is invariant yield of the measured hadron production from the jet frag-
mentation in A+A collisions and dN,,, is invariant yield of measured hadron pro-
duction from the jet fragmentation in p+p collisions. If Rs4 < 1, it means that
observed yield is suppressed for A+A collisions compared to naively scaled expecta-

tions in p+p collisions. If R44 > 1, it means that the observed yield is enhanced.

From Figure 1.5 we observe large suppression of high pr hadron production for
central Au+Au collisions. Those measurments have been done by the PHENIX
Collaboration. Separate measurements by the STAR Collaboration (Figure 1.6)
show complete disappearance of the high pr components of away-side jets in central

Au+Au collisions, while for p4+p and d+Au we can observe a clear peak.

The only possible explanation of those effects could be the presence of a strongly

interacting and very dense medium.

Another big goal of the heavy ion physics program at RHIC is to study charmonium
suppression, which may support that the very dense matter created in heavy ion

collisions is deconfined.

The bound state of the charm anti-charm (¢ and ¢) quark pairs form the charmonium

vector meson. The most stable charmonium vector meson is .J/v¢ particle, which

10
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Figure 1.5: The nuclear modification factor for 7° in Au+Au collisions for the very
central collision. Measurements performed by PHENIX [10].
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Figure 1.6: The distribution of the correlated two-particle azimuthal in very central
Au+Au, p+p and d+Au collisions. Measurements performed by the STAR experi-
ment [11].
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results from the hadronization of ¢ and ¢ quarks produced in the collision. The

confining potential between ¢ and ¢ at long distances varies as

Vo(r) ~ or, (1.4)

where ¢ is the string tension and r is distance between the quarks [12]. From this
relation we can conclude that a large amount of energy is required to break the
bound state of the charm anti-charm pair. But in very dense matter, the confining

potential depends depends on the other ”color” charges and varies as:

Vitr) ~ or [ == (15)

where p is inverse of the screening radius [13]. In the other words, production of J/1
particles should be suppressed in deconfined matter. Measurements from the SPS at
CERN [14] (Figure 1.7) exhibit suppression for central collisions, while there is no
suppression for peripheral collisions. This was regarded as a potential signal of the

creation of the Quark Gluon Plasma.

12
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Those results and also other observations at RHIC tend to support strongly inter-

acting and very dense matter produced in heavy ion collisions is deconfined.

1.4 Heavy Flavor Production in p+p Collisions

In heavy ion collisions at RHIC, the produced very dense deconfined matter consists
of gluons and mostly light quarks. There is only a small fraction of the heavy
quarks produced at RHIC center of mass energies. The production of heavy flavor
in p+p collisions is an important baseline for studying the heavy quarks in heavy
ion collisions. Heavy flavor production in p+p collisions also can be used to test
QCD at large center of mass energies. In heavy ion collisions depending on the mass
of the heavy quarks, they are produced before the creation of deconfined matter.
Those “early” quarks can be used as a probe of the matter created earlier. Because
of their interaction with the medium, their kinematics is modified, which is followed
by the modification of the heavy flavor hadron spectra. Better understanding of
those processes could lead to understanding the modification of the charmonium
production in heavy ion collisions. So for this reason the measurements of charm

anti-charm pairs have great importance.

In order to understand the mechanism of the production of heavy quarks in heavy ion
collisions, first we should understand the mechanism of heavy flavor production in
p+p collisions. Within the QCD framework, heavy flavor production is well enough
understood due to the past experimental observations, but there are still remain

important issues which should be determined.

Figure 1.8 represents the process of heavy flavor production in the hard p+p colli-
sions. Once the heavy quarks are created they hadronize into heavy flavor hadrons,
which afterward decay into other particles. Those product particles later can be

experimentally detected.

14



Figure 1.8: Hadronization process of the created cc-pair [15].
Factorization theorem

The factorization theorem framework [16], is used to theoretically describe the hadron
collisions in which the initial hard parton collisions produce the initial heavy quarks.
From the factorization theorem, the inelastic cross section for the production of heavy

quark ) produced in the collision of A and B is calculated by:

d36ij (8)
d>p

dUAB—)Q

E
d3p

= fija(z, 1) ® fip(z,p) ® E (1.6)
where fi/a(z;, jt) is the probability distribution function for i-th gluon, light quark
or anti-quark inside hadron A for a given energy scale p and momentum fraction
x of hadron A carried by the i-th parton, f;/p(z;, 1) is the probability distribution
function for j-th gluon, light quark or anti-quark inside hadron B for a given energy
scale p and the momentum fraction x of hadron B carried by the j-th parton and

,j(s) is the cross-section of heavy quark production in the collision between i-th and

7-th partons, with ® indicating a generic convolution.

15
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Figure 1.9: Leading order Feynman diagrams for the creation of heavy quark pairs:

quark anti-quark annihilation (far left) and three different kinematic channels of
gluon-gluon fusion[6].

In the context of the factorization theorem, point-like interactions of partons (not
hadrons) lead to the production of heavy quarks in hadronic collisions. Partonic
interactions with the specific hadron collision kinematics are dependent on the prob-

ability distribution functions.

Since the energy range (p ~ 2mg) of heavy quark creation is larger than the QCD
scale Agop, the running coupling constant, as(Q), is small. This means that the
cross-section ¢;; can be calculated as a perturbation series in a, and the leading
terms in perturbation series can be written as O(a?). Figure 1.9 shows the leading
order process for the heavy quark production ¢ — QQ and gg — QQ. But at
RHIC, gluon-gluon fusion is predicted to be the dominant contribution for heavy
flavor production. Since the densities of anti-partons are very small compared to the

densities of gluons inside the proton, quark anti-quark annihilation can be neglected.

Recent measurements have demonstrated that it is important for the Next-to-Leading

Order (NLO) of O(a?) contribution to be included in the calculations.

Fragmentation

Creation of the heavy quarks is followed followed by hadronization, during which
the produced heavy quarks become heavy hadrons. Less frequently the created pair

of heavy quarks forms a heavy quarkonium meson, where charmonium is the bound
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state of c¢ (and bottomonium is the bound state of bb).

In more than 99% of cases, the produced heavy quarks bind with light quarks to
form “open” heavy flavor mesons. The example of open heavy flavor mesons are: D
mesons which are a combination of ¢q or ¢¢ and B mesons, which are a combination
of bg or bg. D mesons are often referred to open charm mesons, while B mesons are

called open bottom mesons.

Figure 1.10 indicates process of fragmentation. The mechanism of the fragmentation
process is not completely understood. There is a momentum degradation of the
heavy quark resulting from the combination of the heavy quark with the light quark.
The momentum degradation can be described by the fragmentation function Dg (2),
which estimates the energy distribution of the formed hadron (Fy) with respect to

the energy of the heavy quark (Ep), where z = Ey/Eq.

The fragmentation functions are universal functions because the fragmentation pro-
cess is independent of the process in which the quark was produced. The qualitative

1 _ n
description of the hadronization light quarks is parametrized by Dg(z) x ﬂ

17].

Fal)

Figure 1.10: Possible heavy quark fragmentation process into heavy flavor meson
[18].

During the hadronization process, heavy quarks keep the dominant part of their
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Figure 1.11: Heavy quarks fragmentation functions: The parametrization from
Peterson et al. [18] (dashed lines) and the Lund string model parametrization [19]
(solid lines).

momenta. The Dg (z) distribution for heavy quarks has a peak near z = 1 [17],
as shown in Figure 1.11. The dashed lines represent the fragmentation functions

introduced by Peterson et al. [18] parametrized as

1
21— (1/2) —eq/(1 = 2)P?

D (z) o (1.7)

with the parameter eg, originally introduced as eg = (m,/mg)?, fixed at 0.06 for
charm and 0.006 for bottom. This function has a maximum at z =~ 1 — ,/€g. The
solid lines, corresponding to a harder fragmentation scheme, represent the predictions

based on the Lund string model [19] parametrized as

(1—2)* _tmi

H
DQ (Z) X Zl+me €

with a = 0.3, b= 0.58 GeV~2, m, = 1.5 GeV/c? and m;, = 4.8 GeV/c?.
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Figure 1.12: The invariant mass of D-mesons measured in pp collisions at /s = 1.92
TeV by CDF [20].

Decay

Because of their short lifetime, heavy flavor mesons can only be detected via their
daughter particles. Heavy flavor mesons decay into multiple decay channels. The
branching ratio is the experimentally measurable value which determines the proba-
bility of the each channel decay. There are two classes of decay modes of open heavy
flavor mesons: hadronic decays and semi-leptonic decays. An example of hadronic
decay is indicated on the left side of Figure 1.8, where the D meson decays into
K~7t. For this particular channel, the measured invariant mass distribution of the

daughter particles K~ and 77 is shown in Figure 1.12 (upper left).

For the case of semileptonic decay of open heavy flavor (the right side of Figure 1.8),
it is impossible to reconstruct all the daughter particles. From those daughter par-
ticles, in some experiments only the lepton can be measured experimentally. Later,

this “single” lepton is used for tagging the D° meson, which serves as an indirect
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measurement of open heavy flavor.

In studying the production of open heavy flavor via semileptonic channels, all the
detected lepton sources have to be identified carefully with backgrounds later sub-
tracted from the entire lepton yield. In addition, the predictions from theoretical
models must be foreseen, since the transverse momentum distribution of the result-
ing lepton yield will be different from the original transverse momentum distribution
due to semileptonic decay mode kinematics. Theoretical aspects and several experi-

mental results can be found in [21], [22] and [23].

1.4.1 Single Muon Production

The theoretical models which predict the single lepton production in p+p collisions

consist of three ingredients describing the process of heavy flavor production:
e The invariant cross section of heavy quarks should be calculated in the pQCD
framework.

e Fragmentation functions should be derived by the comparison of a dedicated

fragmentation model with eTe™ data.

e Final lepton yields should be calculated from semileptonic decays of heavy

flavor mesons.

The invariant cross section of the lepton production can be described as:

d3o(l) o (Q)
E =F D H, H l 1.
dgp ngpQ ® (Q_> Q)®f( Q_>) ( 9)
where Eg d;g(Q) is the heavy quark production invariant cross section, calculated

j2e]
from the factorization theorem, D(Q) — Hg) is heavy quark fragmentation function
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Figure 1.13: The FONLL prediction of the invariant cross section of non-photonic
e*’s, which are the products of the semileptonic decays of heavy flavor mesons. At
pr < 5 GeV/c the spectra is dominated by heavy flavor electrons from D — e. At
pr > 5.0 GeV/c electrons are mainly produced from B — e[24].

and f(Hg — () is the single lepton yield calculated from the heavy flavor meson

decays.

FONLL [24], an acronym for of “Fixed-Order(FO) plus Next-to-Leading-Log(NLL)”,
is the most advanced theoretical framework for predicting heavy flavor production

by incorporating the scheme described by Equation 1.9. Within the FONLL frame-

Ba(Q)
d3po

work, the heavy quark production cross section, Fg , is calculated by includ-
ing the standard fixed-order NLO results and the finalization of large perturbative
terms propotional to a™log®(pr/m) arising from renormalization /factorization scale
dependence [25], especially at high pr. The fragmentation functions for the charm
and bottom quarks, D(¢c — D) and D(¢c — B), used with the FONLL scheme are

extracted from the ete™ data using the parametrizations from [26] and [27].

For predicting the total single lepton yield from the decays of heavy flavor mesons,

the individiual lepton yields produced from D — [, B — [ and B — D — [ decays
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are combined. Those are extracted from BABAR and CLEO data, [28] [29]. Later,
single lepton yields are normalized by using corresponding branching ratios from [30]

and the chemistry of the production of D and B mesons.
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Chapter 2

Experimental Setup

2.1 Relativistic Heavy Ion Collider

The Relativistic Heavy Ion Collider (RHIC) is the first collider built and designed
for the ultra-relativistic heavy ion collisions. RHIC is located at the Brookhaven

National Laboratory (BNL) on Long Island, NY.

Figure 2.1 showns a schematic view of RHIC. The circumference of RHIC is about
3.8 km. The ring includes two separate beamlines, each of those beamlines equipped
with a series of the superconducting magnets. The injected ion beam is accelerated

almost up to the speed of light. The entire pre-injection process of the beam is

described in [15].

Two beamlines cross each other at six different points, where the actual collisions
can occur. Figure 2.1 shows the location of the four RHIC experiments: BRAHMS,
PHENIX, PHOBOS and STAR. Each of those experiments is located at a different

beamline crossing point.
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RHIC has the ability to accelerate various heavy ion beams up to 100 GeV per
nucleon energy, allowing experiments at center of mass energy /syny = 200 GeV per
nucleon-nucleon collision. As a remarkable exception, one should mention that in

2009, RHIC reached a center of mass energy for p+p collisions of /syny = 500 GeV.

o { e | |

relativistic heavy ion collider

- Alcernating
Booster e Gradient
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Tandern-to- s
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Figure 2.1: The RHIC complex.

Starting from the very first collisions in 2000, collisions of different nuclei species at
various center of mass energies have been delivered at RHIC. Table 2.1 illustrates
the main parameters for each run at RHIC starting from 2000. The data used for
the analysis presented in this thesis were taken in 2005 during Run 5, specifically
p+p and Cu+Cu collisions at 200 GeV center of mass energy per nucleon-nucleon

pair.
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Table 2.1: Collision species, center of mass energy, luminosity achieved by PHENIX,
total number of events, and the total size of data for RHIC runs since 2000.

’ | Year ‘ Species ‘ Vs [GeV] ‘ JLdt ‘ Ntot(sampled)‘ Data Size ‘
Run-1 2000 Au+Au 130 20 b1 10 M 3TB
Run.2 Au+Au 200 258 ub~t [ 170 M 10 TB

2001/02 | pip 200 T4pb ! [37B 20 TB
Au+Au 19 1M
d+Au 200 73 nb~! 5.5 B 46 TB
Run-3 2002/03 = 200 55pb 1 | 66B 35 TB
Au+Au 200 3.53 ub~t [ 1.5 B
Run-4 2003/04 | Aut+Au | 62.4 67 ub~t |58 B 10 TB
p+p 200 5.5 pb !
Cu+Cu 200 42.1nb~! | 170 M 173 TB
Cu+Cu 62.4 1.5 nb~ ! 3.7B 48 TB
Run-5 2004 /05 Cu+Cu 22.4 0.02nb~ ' | 3.7 B 1TB
p+p 200 205 pb 1 | 85 B 262 TB
p+p 409.8 0.1 pb~!
p+p 200 88.6 pb~! | 233 B 310 TB
Run-6 2006 p+p 62.4 1.05pb 1 |10 B 25 TB
Au+Au 200 7.25nb"! | 4.6 B 570 TB
Run-7 2007 Au+Au 9.2 small few K
d+Au 200 437 nb~! | 160 B 437 TB
Run-8 2007/08 p+p 200 38.4pb~t [ 115 B 140 TB
Au+Au 9.2 small few K
p+p 500 110 b~ ' | 308 B
Run-9 1 2008/09 - =0 200 114 pb T | 936 B
Au+Au 200 10.3nb~ ! | 8.2 G
Au+Au | 624 544 pb~t | 700 M
Run-10 2009/10 Au+Au 39 206 ub=t | 250 M
Au+Au 7.7 423 pb~1 [ 1.6 M
Aut+Au | 115 7.8 ub1
p+p 500 166 pb~!
—1
Run-11 | 2010/11 ﬁﬁiﬁﬁ ;}36 2362 /ﬁ‘bbl
Au+Au | 27 63.1 ub~!
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2.2 Setup of the PHENIX Experiment

The PHENIX (Pioneering High Energy Nuclear Interaction eXperiment) [31] Ex-
periment was built in order to study the properties of the matter produced in the

heavy ion collisions. It is one of the leading large physics experiments in the world.
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Figure 2.2: Scematic view of the PHENIX detector.

A schematic picture of the PHENIX detector is presented in Figure 2.2. The PHENIX
coordinate system is designed such that the interaction point of the beamlines serves
as the origin of the PHENIX coordinate system. In this coordinate system, the z-axis
for the Cartesian and cylindrical coordinate systems lies along the beamline, where
the positive direction is from South to North, which is from left to right in Figure

2.2. The kinematic acceptance of the PHENIX detector is presented in Figure 2.3.

The PHENIX detector consists of three main parts. The first main part of the

detector is composed of two subdetectors: the Beam-Beam Counter (BBC) and
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Figure 2.3: The kinematic acceptance range of the PHENIX detector.

Zero Degree Calorimeter (ZDC). BBC is responsible for measurements of the global
event characteristics, for instance determination of the centrality and measurements
of the z-coordinate of the collision vertex. Also, the BBC provides the selection
for minimum bias triggered events. The ZDC is used for triggering and centrality

determination. As of RHIC Run 5, ZDC operation was minimal.

The second main part of the detector is two “central arms” equipped with multi-
ple subsystems such as: Pad Chambers (PC), Drift Chambers (DC), Ring-Imaging
Cherenkov Detectors (RICH), Time Expansion Chamber (TEC), ElectroMagnetic
Calorimeter (EMCal), and a Time-Of-Flight detector (TOF). The total kinematic
coverage of both “central arms” is 7 in azimuth and |n| < 0.35 in pseudorapidity,

which is defined as:
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1
n=—1In <p+pz>7 (2.1)
2 P—D:

where p is the total momentum defined as p = |?| = (ps, Dy, P-) and p, is the momen-

tum along the z-axis. In this kinematic range it is possible to provide measurements

of electrons, charged hadrons, and photons.

The third main part of the PHENIX detector is two muon spectrometers, called the
North and South muon arms. Both muon arms are designed to measure muon tracks
within 1.2 < |n| < 2.2 pseudorapidity, as well as measure muon tracks over the entire

azimuth.
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2.3 PHENIX Muon Arms

The muon arms have the ability to measure muons at forward and backward rapidi-
ties. Those muons are extremely important for the detection of Drell-Yan processes
as well as for the production of vector mesons and heavy quarks. The Drell-Yan
process occurs when a quark of one hadron and an antiquark of another hadron

annihilate.

The muon arms have great importance in the spin physics program at RHIC, since
they are used to reconstruct single muons with high transverse momentum (pr).

Those single muons are an essential tool for studies of the production of W bosons.

The data used for the analysis in this thesis primarily consist of data collected from

the muon arms.

Each muon arm includes two different sub-detectors: the Muon Tracker and the
Muon Identifier. The Muon Tracker is responsible for momentum measurements,
while the Muon Identifier is responsible for the separation of muons from hadrons.
The Muon Tracker in the north muon arm is 1.5 meter longer than the Muon Tracker

in south muon arm (permitting removal of the PHENIX magnet from the collision

hall).

2.3.1 Muon Tracker Sub-detector

The Muon Tracker sub-detector (MuTR) has a spatial resolution of approximately
100 pm, which is around o(M)/M = 6%/v M to the relative mass resolution, which
permits separation of p/w peak from ¢, J/1» and ', and satisfactory separation of

Y and Y.

As seen in Figure 2.4, MuTR is equipped with three stations of cathode-strip tracking
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Figure 2.4: Drawing of the south Muon Tracker sub-detector [6].

chambers. A more detailed view of those three stations is shown at Figure 2.5. There
are three gaps in the first and second stations and two gaps in third station. In
every gap there is a combination of two 1 mm wide cathode strips with an almost
azimuthally running anode wire plane in between. In the first plane, cathode strips
are perpendicular to the anode wires, while in the second plane they make a +11.5°
angle from the perpendicular strip. This configuration of cathode strips results in a

resolution of 100 um. The operational voltage of the anode wires is 1850 V.

The momentum of the track of the charged particle in the magnetic field is calculated
by:
p=q-B-R (2.2)

where B is the magnetic field strength, ¢ is the charge of the particle and R is radius
of the sphere on which lies the trajectory which the particle makes while moving

in the magnetic field. The magnets in the north and south arms are different in
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Figure 2.5: The MuTR stations and their numbering scheme [6].
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size, but both provide [ B -dl ~ T-m at a 15° polar angle. More details about the
PHENIX magnets can be found in [32].

2.3.2 Muon Identifier Sub-detector

Another detector which is a part of both muon arms is the Muon Identifier sub-
etector (MulD). The MulD is responsible for separating muons from hadrons. The
amount of hadron background reduced by the MulD is huge thanks to the size,
segmentation, and placement of the absorber material which is implemented in the
muon spectrometers. Because of ionization energy energy loss [30], muons going
through absorber lose a constant amount of energy. Hadrons also interact with
absorber material. Those interactions make hadrons lose all or a significant amount of
their energy. Thus, the hadron flux inside the absorber decreases due to penetration

depth.

After the initial collision produced particles first reach the “nosecone” absorber mate-
rial which is located immediately before the first station of the MuTR. This material
is approximately 80 c¢m thick and represents about 5 A; of integrated nuclear inter-
action length. The muon magnet backplate is the next absorber material. It is 20
cm thick in the south muon arm. The muon magnet backplate in the north muon
arm is 30 cm thick, due to different sizes between north and south muon arms. The
muon magnet backplate is placed right after the MuTR and is followed by four layers
(10, 10, 20, and 20 cm thick) of muon identifier detector. The schematic picture of

the absorber material in the south muon arm is illustrated in Figure 2.6.
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Figure 2.6: Schematic view of the absorber materials in the south muon arm [6].

The absorber material in the MulD provides space for five instrumented gaps (layers)
in the MulD. Those gaps are number from 0 to 4, where the gap 0 is closest to the
collision point and the gap 4 is farthest. The MulD detector contains steamer tubes,
“larocci Tubes”, which are 8.35 cm wide, 1.3 ¢m thick and some are over 2 m long.
Each of these tubes is divided into eight 9 x 9 mm cells, each equipped with 100 pm
anode wires located inside the graphite-coated plastic cathode box, as illustrated in
Figure 2.7. In order to increase efficiency for the detection of the particles, the tubes
are ganged into two rows, called “two-packs”, displaced by half a cell. The tubes are

operated at 4500 V.

There are six panels around the square beampipe hole in every MulD gap (Figure
2.8). Each panel has horizontally and vertically oriented layers. In total, there are
6140 “two-packs” in the MulD. Each “two-pack” registers signal from particles which

deposit sufficient energy.
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—a

Figure 2.8: Schematic view of a MulD layer from the interaction point. The panels
are numbered from 0 to 5 in the clockwise direction [6].
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2.4 Reconstruction of Tracks in the Muon Arms

All online information recorded by the MuTR and MulD are combined in order to
reproduce the tracks of particles in the muon arm. The reconstruction process is done
offline and important information is recorded. The algorithm used for reconstruction
begins by forming the “roads” in the MulD. Since in each gap we have horizontally
and vertically directed “two-packs”, the maximum possible number of signals is two.
For each orientation, one dimensional “roads” are created by fitting the signals with
a line. Afterwards, those “roads” are merged, creating two dimensional “roads”. A

detailed description of the MulD “road” creating process is provided in [33].

After the merging process, each possible two-dimensional “road” is matched with
tracks reconstructed in the MuTR. Particles passing through the MuTR stations are
later combined to create “clusters”. Later, the “clusters” located close to each other
are combined by a linear fit to create the MuTR “stubs”. Each of those “stubs”
provides information in the corresponding station in two dimensions because strips

in the layers have two directions.

After all “stubs” are created, a tracking algorithm matches tracks with a “roads”,
by picking up the closest “stubs” from the MuTR station 3 for every “road”. Once
the initial matching is done, the tracking algorithm extrapolates to the stubs in
stations 2 and then 1 in order to create an entire track. Once the track is entirely
reconstructed, one obtains information about the momentum of particle and other

relevant information.
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2.5 Minimum Bias Trigger

The BBCLLI trigger is so called minimum bias (MinBias) trigger used to select
Cu+Cu collision events. The “MinBias” trigger selects least biased events, for ex-
ample for the most central collisions, the efficiency for triggering the event is almost
100%, while it drops for the peripheral collisions. For an event to be selected by the
“MiniBias” trigger, the event must at least have one registered signal in each of the

four Beam-Beam Counters, and should have a collision vertex within +37.5 cm of

the PHENIX origin.

2.6 PHENIX Dataflow

The PHENIX Data Acquisition system (DAQ) is responsible for collection of raw
data. This information is written to PHENIX Raw Data Files (PRDF). The size of
those files is typically 2 GB. Later, each PRDF is converted into a Data Summary
Tape (DST) files and subsequently into picoDST files. A DST contains information
about signals in each detector, while a picoDST contains track-by-track information
(in the muon arms for instance). Collected picoDST files later are converted into

femtoDST files, which are then ready for final analysis.
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Chapter 3

Single Muon Analysis

3.1 Overview

In this chapter, the measurement of the single muons produced from semileptonic
decays of heavy flavor mesons created in Cu+Cu collisions at /sy = 200 GeV
is presented. In our analysis, we define collisions by three different intervals of
centrality: most central collisions (0% - 20%), mid-central collisions (20% - 40%)
and peripheral collisions (40% - 94% ). Measurement of the single muon yield is
done for 1.4 < n < 1.9 rapidity and 1.0 GeV/c < pr < 4.0 GeV/c momenta range,
for all centralities. The data used for our analysis was collected during PHENIX
Experiment RHIC Run-5 in 2005.

Later in this thesis, those measurements will be compared with the measured single
muon yield in p+p collisions at /syy = 200 GeV, in order to to calculate the nuclear

modification factor.

As described in Chapter 2, the MulD detector contains multiple layers. In the last

layer (Gap 4), all reconstructed tracks are considered to be heavy flavour muon candi-

37



dates. However, many of those tracks do not come from heavy flavor mesons. Those
tracks are constitute a background. Unfortunately, it is impossible to distinguish
such tracks in the PHENIX muon arms on an event-by-event basis. So, we subtract

this non-heavy flavor background in a statistical manner.

Statistical subtraction of the background results in the single muon yield. Estimation
of the background in Gap 4 is done by using a data driven Monte Carlo simulation
of light hadron decay, called a “Hadron Cocktail”. Figure 3.1 shows the results of
the subtraction procedure, to obtain the heavy flavour muon signal. (Triangles are

single muon yields, stars are backgrounds, and circles are inclusive spectra).

As indicated in Figure 3.1, there is a large amount of background, dominantly com-
ing from light hadrons decaying between the absorber and collisions vertex. The
background consists of two main components: Decay Muons (DM) produced from
the decay of light hadrons, and Punchthrough Hadrons (PH) which are hadrons

produced at the collision vertex and reach the last MulD gap.

Decay Muons are the largest background component, especially at low momenta.
The dominant source of those are the kaons and pions. Those particles are either
produced directly or via decays. The inclusive branching ratio for charged kaons into

muons is 99.98%, and for charged pions into muons is 66%.

The distance travelled by kaons and pions before decay is on average two orders of
magnitude smaller than the distance between the collision point and the absorber.

This means that relatively few kaons and pions reach the absorber before they decay.

The decay probability of kaons and pions into muons can be expressed:

Az

P(Az)=1—¢ 7. (3.1)
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Figure 3.1: Representative muon inclusive spectrum (solid circles), prediction for
total background (asterisks), and uncorrected single muon yield (triangles) which
have been reconstructed in the south arm [6].

The probability of light hadron decay into muons is larger away from the absorber
than close to the absorber. So, the vertex distribution of decay muons increases
linearly with distance. Since DM are the largest contribution to the total inclusive
spectra, the total sample of muon candidates also increases linearly with increasing

distance from absorber (Figure 3.2).

The background contribution of punch-through hadrons is larger at high momenta.
Light hadrons produced within the acceptance of the muon arms reach the absorber.
Since those hadrons can interact with the material, the hadronic flux decreases with
the number of interaction lengths of the absorber. Since the length of absorber
between the collision point and MulD is quite large, very few light hadrons penetrate
the entire detector and are detected at MulD Gap 4. Also, punch-through hadrons
exhibit very small vertex dependence. Ultimately, the total number of punch-through
hadrons are comparable to the number of muons resulting from the decay of heavy

flavor.
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Figure 3.2: The Vertex position along the z-axis for the muon candidate tracks in
the north arm, normalized with the event vertex z-coordinate distribution, BBCz [6].

Light hadrons stopped at MulD Gap 2 or Gap 3 are not considered single muon
candidates, however, those tracks are very helpful in order to properly identify the
background in MulD Gap 4. Those hadrons primarily stopped in the material due
to nuclear interactions. Figure 3.3 shows that the of the muons produced from the
decay of hadrons are within the peak, and hadrons which did not decay into muons
are reconstructed in the tail. This is due to ionization energy loss, —dE/dz. Muons
passing through material lose energy. A clean sample of hadrons can be obtained
by choosing tracks which are beyond the peak. Those hadrons are called “stopped

hadrons”.

3.2 “Hadron Cocktail”

Unfortunately, the PHENIX muon arms can not characterize the punch-through
hadron yield at Gap 4; we need a Monte Carlo simulation in order to properly esti-
mate the hadron background. Since there are no measurements of light hadrons at

forward rapidity acceptance, the background is not well constrained. For that rea-
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Figure 3.3: The distribution of the longitudinal momentum for tracks stopping in
Gap 3 which is produced in the light hadron simulation [6].

son, we introduced a “Hadron Cocktail” in our analysis: a full-scale data-constrained
Monte Carlo simulation including the full PHENIX detector geometry using the
GEANT-3 package [34]. The hadron cocktail generates a prescribed mix of kaons
and pions with specified py spectra within the acceptance of the muon arms as in-
put. Later, those generated particles are propagated and subsequently reconstructed
using the muon arm tracking software. This propagation is done using GEANT soft-
ware simulation of the full geometry and material of the PHENIX detector. After
reconstruction, the tracks are embedded into real Cu+Cu events. This reproduces
the high multiplicity environment detector occupancy present during heavy ion col-
lisions. Once the tracks are embedded, we normalize the input of hadron cocktail
and adjust the pr shape in order to match the prediction of stopped hadron yields
in Gap 3 with the measured stopped hadron yields from data. We make sure that
the simulation agrees with the measured hadron yield in Gap 2. Also, the shape of

the measured vertex distribution is reproduced via the hadron cocktail input.
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3.3 Signal Production

In our analysis we measure the invariant single muon yield separately for each muon
arm. First, we observe the raw yield of single muons and subsequently convert it to
an invariant yield. Once the single muon yield is converted, it is corrected for the

finite acceptance of the detector and the efficiency of the selection criteria.

1 1 Nl,raw - NC,raw

N —
u(pr) 2mpr dydpr Ny - A€y

(3.2)

Equation 3.2. provides the calculated invariant single muon yield N, (pr), where Ae,
is the acceptance and efficiency correction factor, Ny;p is number of events analysed
in terms of minimum bias, Ny, is the yield of inclusive tracks, and N¢ g, is the
yield of background. The extraction process of single muon signal is done by the

following consecutive steps:

e The extraction process starts with preselecting the sample data of events of

Cu+Cu collisions by the MinBias trigger.

e For Ny g, we need so-called “good” MinBias events. So after preselection, we

perform initial QA (quality assurance) in order to define the “good” Njp.

e As mentioned above, the invariant single muon yields are measured separately
for North and South arms. Therefore the spectra for negatively charged parti-

cles are reconstructed in both arms separately.

e Since we want to select only stopped hadrons, in Gap 2 and Gap 3 we make a

cut on longitudinal momentum.

e The next step is a so-called “analysis cut”, which is a set of track selection

criteria. The kept track yields in each gap of both arms are converted to raw
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invariant yields, normalized by the total number of events Nj,;p and corrected

by a phase-space correction process.

After normalization and correction, we start simulations. For simulations, we
use several hadron cocktail packages, each of those packages are equipped with
FLUKA or GHEISHA shower code. In combination with shower code, we use
the specified modified value of nuclear interaction cross section for the absorber
material. All of this is done using the GEANT Monte Carlo framework. All
those cocktail simulations differ only by choice of the shower code and nuclear

interaction cross section.

The analysis cuts for data are identical to the cuts for simulations in Gap 2,
Gap 3 and Gap 4, in order to be able to make comparison between cocktail
packages and the data. The hadron flux produced by simulations of stopped

hadrons is normalized for approximate matching of the data in Gap 3.

After the matching process, the input transverse momentum spectra of light
hadrons is modified multiple times until the simulation output matches the

data for the full transverse momentum in Gap 3.

For each muon arm, multiple tuning of the input spectra is performed sep-
arately, for each cocktail simulation. As an outcome, we end up with two
different input spectra and both of them are averaged for both arms, in order

to create one input spectrum for each cocktail package.

The simulation should reproduce the vertex dependence of the decay muon in-
clusive yield very precisely. Also, simulation should match the stopped hadron
data in the shallow gaps. Coincidence of the output from each simulation with

data is checked at the same time in Gaps 2, 3 and 4.

For each transverse momentum bin, predictions are taken in account only if

they satisfy matching criteria. The cocktail simulations for the yield in Gap 4
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are averaged to obtain the value N¢(pr) which is the predicted background for

the corresponding transverse momentum bin.

e The muon yield is computed and corrected for the detectors acceptance and

efficiency.

e Finally, the muon yield, computed and corrected for each muon arm, is com-

bined in order to get the muon yield resulting from heavy flavor decay.
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3.4 Acceptance and Efficiency Corrections

PHENIX has a full detector response implemented in the GEANT 3 package. The
efficiencies for the muon spectrometer were very stable over the course of the multiple
month period in which data were recorded. Realistic efficiencies are implemented in
the simulation framework on a run basis over the course of data runs included in the

full dataset.

Areas of differing acceptance between data and simulation are removed from both
datasets using reliable geometric acceptance cuts. The extent of the remaining dis-
crepancy serves as a direct source of systematic uncertainty in the final measurements
of the p+p transverse momentum spectra and nuclear modification factor. An uncer-
tainty in the acceptance xefficiency of ~ 8% is assigned based on hit map comparisons

in the MuTR and MulD detector layers.

Due to the performed analysis cuts and geometric acceptance of the muon arms, the
sample of reconstructed single muon tracks must be corrected to obtain the yield of
heavy flavor muons entering the muon arms. The efficiency for reconstructing tracks
depends on the performance of the detector. This means that at the last step of
the analysis, one has to make corrections to the uncorrected single muon yield, and

those corrections must be done with taking in account acceptance xefficiency factors

(Aeu).

For the calculation of Ae¢,, simulations starting exclusively from muon tracks have
been performed. The simulation starts with the generation of single muon tracks
within the transverse momentum interval 0.8 GeV/c - 10.0 GeV/c and rapidity in-
terval 1.1 <| y |< 2.1. In order to have sufficient statistics at high pr, several
simulations have been performed separately, where the muons are thrown with iden-
tical shape with the initial py close to the low end of the analyzed bin. A more

detailed description of this process can be found here [15].
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The Acceptancex Efficiency factor depends on the kinematics of the reconstructed
muon track. Thus Ae, should be calculated separately for each centrality class, each

pr bin, and each z-vertex position as:

NT@CO A 7A
Aeu(Apr, Az) = (Apr, A2)

= 3.3
Nthrown (ApTa AZ) ( )

where Nyprown (P, Az) is the total number of the single muon tracks thrown within
the given Apr bin and Az z-vertex position, and Ny.c.,(Apr, Az) is the total number

of simulated muon tracks reconstructed after applying the analysis cuts.

Figures 3.4 and 3.5 illustrate the dependence of the simulated Acceptance x Efficiency
corrections for each muon arm on the z-vertex position, centrality class, and pr bin.
Since the dependence of Ae, on the z-vertex position is fairly small, we can apply
the Ae, factors depending only on transverse momentum bin and centrality classes.

In Figure 3.6, we clearly see the difference for each centrality class.
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Chapter 4

Background Monte Carlo

Simulation

4.1 Overview of “Hadron Cocktail”

The “Hadron cocktail” is a Monte Carlo simulation of the light hadron background
produced in the muon arms. It was implemented in order to determine the amount

of background which plays a significant role in our analysis.

The transverse momentum distribution of 7%, K= p,p, K? K particles are gen-
erated as input using the GEANT simulation package. Since there are almost
no measurements of light hadrons spectra at p+p and Cu+Cu collisions for the
1.4 < |y| < 1.9 rapidity interval, we decided to select measurements of the 7 spec-
trum at y ~ 0 in p+p collisions as an initial estimate. Also, one must convert the
measured spectrum into particle yields since it was measured as an invariant cross

section.

After construction of the m meson distributions, we determine the input for kaons
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by using the measured K /7 ratio. This ratio depends on transverse momentum and

is formed by combining STAR and PHENIX measurements of pions and kaons [35].

The light hadrons are propagated using the GEANT 3 simulation package [34], which
includes the exact geometry of the PHENIX detector. The number of simulated
tracks in MulD gaps 2, 3 and 4 depends on the hadron track propagation and ab-
sorber. In GEANT, shower code models the strong interaction physics for the hadron

tracks passing through the absorber.

Two different hadronic interaction packages within the GEANT framework are used
for our analysis: GHEISHA and FLUKA. Unfortunately, those two packages are not
able to reproduce the measured hadronic flux in all MulD gaps. A particle weighting
scheme has been introduced which permits the input hadron distributions to the
hadron cocktail to float. A set of hadron cocktail simulations are generated with
a modified value of the experimentally observed hadron interaction cross section in
order to provide the best matching of hadron cocktail simulation distributions to

PHENIX data.

In Cu+Cu and p+p collisions, the spectra of the background track yields are sub-
tracted from the yield of inclusive muon candidates in order to extract the heavy
flavor yields. Since GEANT 3 does not have ability to accurately propagate shower-
ing hadrons through the 1.5 m of absorber the hadron cocktail calculations are not
able to reproduce the observed data yields in Gaps 2, 3 and 4 of the MulD detector.
Because of that, we introduce a set of hadron cocktail packages with modified hadron
interaction cross sections in order to produce the background estimations. The set
of background estimates are combined in a weighted fashion in order to determine
the central values. The systematic uncertainty produced by this package mismatch
is assigned and used together with other sources of systematic uncertainty for the

determining the central values for the p+p cross section and R4.
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Each hadronic shower code has been modified in order to allow the hadronic interac-
tion of pions and kaons in steel to be scaled for FLUKA and GHEISHA, respectively.
FLUKA hadron simulations produce less particles than GHEISHA. Therefore, the
cross section in FLUKA is increased (and decreased in GHEISHA). There are three
different packages of FLUKA (FL105, FL106 and FL107) and two different packages
of GHEISHA (GH92 and GH93). The names of each package represent the per-
centage scaling for the nuclear interaction cross section. In addition, each package

represents a total of 10!° simulated hadrons.

4.2 Initial Data Production

For the nuclear modification factor calculations in our analysis, we used datasets of

Cu+Cu and p+p collisions at the center of mass energy per nucleon nucleon collisions

A/SNN = 200 GeV.

For the p+p data recording, three kind of triggers have been used. The first trigger
is the MinBias trigger, which requires at least one hit registered in each Beam Beam
Counter subdetector. Around 55% of the total p+p inelastic collision cross section
is covered by MinBias trigger. The RHIC Run-5 integrated luminosity sampled with
the MinBias trigger is around 44.3 nb™!.

The other two triggers are the muon enriched triggers which use information collected
in the MulD detector. The difference between those two triggers is the different re-
quirements for the penetration depth for muon candidates inside the MulD detector.
One trigger requires that at least one muon candidate should reach Gap 4 in MulD.
This trigger is called the Deep Trigger. The other one requires that at least one
muon candidate should reach Gap 2 in MulD and is called the Shallow Trigger.

The Cu+Cu collision data used for our analysis were selected solely by the MinBias
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trigger. The coverage of the MinBias trigger for Cu+Cu collisions is different from

p+p collisions. It is approximately 94% of the total inelastic cross section.

Centrality Selection

As mentioned in Chapter 1, the centrality of the collision can not be measured
directly at RHIC. However, we can perform experimental measurements of particle
multiplicity and combine it with the Glauber model based Monte Carlo simulation, in
order to estimate impact parameter b, number of participant nucleons per heavy ion
collision N4+, and the number of the subsequent inelastic binary nucleon-nucleon

collisions N_y;.

For the estimation of those variables and also for determination of the z-coordinate of
the collision vertex in p+p and Cu+Cu collisions, the Beam Beam Counters (BBCs)
are used. For example, centrality in Cu+Cu collisions is determined by energy de-

position in the BBCs.

In our analysis we use three classes of centrality: 0 - 20 % (central), 20 - 40 % (mid-
central), and 40 - 94 % (peripheral). For qualitative estimation of the centrality
classes, heavy ion collisions at PHENIX are required to be within 30 cm of the

center of PHENIX detector along the beam axis.

4.2.1 Variables in the Analysis

In our analysis, for the measurements and the simulations, we used sets of variables

indicated in Figure 4.1:

Each of the quantities in Figure 4.1 was carefully simulated and compared to realistic

backgrounds presented in data [6] [15] in order to obtain optimal cut values.
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BBCz - The event z-vertex position measured by the BBC detector.

refitZ - The z-vertex position of a track provided by the muon track reconstruction framework,
taking the momentum of this track reconstructed in Station 1 of the MuTR and projecting
back to the collision vertex through the nosecone absorber.

Number of MuTR hits - Any track passing through the three stations of the MuTR can
register up to 16 hits per arm.

e refR - The refR variable, indicated in Figure (a), is the projected radial offset of the track
associated MulD road at the z=0 plane. The refR variable is calculated from /Axz2 + Ay?2,
where Ax and Ay represent the separate offsets at z=0, which are obtained by extrapolating
to the z=0 plane the one-dimensional slope in either x or y of the MulD road through the
gap 0 hit position.

_ Pstal

Pre-MuTR  Station 1
absorber

(a) Pictorial representation of re- (b) Pictorial representation of (c) Definition of pd6.
fRad variable. DGO and DDGO variables.

[(dz\?  [dy\®
e Road Slope - MulD road slope in Gap 0, (dl) + (dy) , which is used to eliminate
Z 2

tracks that point to the square hole in the absorber steel and MulD gaps.

e DGO - The 2D-distance (in centimeters) at Gap 0 between the MulD road projection and
the MuTR track projection from Station 3 (Figure (b)).

e DDGO - The angle (in degrees) between the MuTR track projection vector from Station 3
and the MulD road projection vector (Figure (b)).

e pdf - The scattering angle of the track in the nosecone absorber, 66, scaled by the average of

the momentum magnitude at the vertex and at Station 1, p = M

The 66 angle, indicated in Figure (c), can be calculated from the following:

06 = cos™! (ﬁ?%z’:—‘]‘) The quantity ? Sta1 18 the momentum vector measured at Station
1, whereas, ?mﬂ is the momentum vector at the event vertex estimated by the tracking
algorithm. For a given track, the §0 angle essentially measures the extent of deflection due to
multiple scattering and radiative energy loss occurring in the nosecone absorber. The angular
deflection of a track in the absorber is expected to be inversely proportional to the momentum.
Therefore scaling the scattering angle by the total momentum ensures, in principle, that the
total distribution, pdf, remains approximately a Gaussian with constant width in all py bins.

e 0Z - The difference between the event vertex reconstructed by the BBC and the vertex re-
constructed from the muon reconstruction code, §Z = BBCz — refitZ. Those tracks which
show large differences between the event z-vertex and the track fit vertex correlate strongly
with those tracks exhibiting pathologically large pdé values.

Figure 4.1: The description of the variables used for the measurements and the
simulations [6].
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4.2.2 Non-hadron Cocktail Background

The hadron cocktail is the primary basis for the estimation of the inclusive muon
background. However, there is a small non-hadron cocktail background component,
which is not reproduced by hadron cocktail. This non-hadron cocktail background
is due to increasing background tracks for increasing transverse momentum. This
background is estimated separately and is subtracted statistically from the inclusive

muon yield.

This background is observed in the pdf distributions that shows a broadened mul-
tiple peak in the higher transverse momentum bins. The broadening of the pdf
distributions is associated with poorly reconstructed tracks indicated by large 67
(Figure 4.2). The non-hadron cocktail background is then estimated and subtracted
using pdf and 0Z. Once this background is subtracted, the pdf distributions for the

hadron cocktail reproduces the distribution observed in data.

Since the pd# distribution is peaked at a constant value for all transverse momentum
bins, tracks with pd# value less than 0.2 are accepted. The non-hadron background is
observed by inspecting the pdf distribution inside and outside the §Z cut (Figure 4.2).
The left panel of Figure 4.2 shows the pdf distribution of the inclusive muon yield
inside and outside the 67 cut. The right panel of Figure 4.2 repeats the fraction
of the inclusive muon tracks outside the 67 cut and shows a scaled distribution of

those inside the 7 cut.

The observed non-hadron cocktail background happens to be less than 1% of the
total inclusive muon yield for the lowest transverse momentum bin, around 5% for

the highest bin.
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Figure 4.2: pdf distributions of the stopped hadrons reconstructed in Gap 3 of the
north arm for the transverse momentum range 2.5 to 3.0 GeV /c. The left panel shows
the comparison between the raw distribution of 67 < 2 c¢m to the raw distribution for
07 > 2 cm. The right panel shows the comparison between the initial distribution
of 67 < 2 cm with the initial distribution of 07 > 2 cm, which is scaled in order to
match the tail of the pdf distribution of 67 < 2 cm [6].

4.3 Matching of Data

The cocktail background simulation serves to predict backgrounds in Gaps 2 and 3
as well as 4. By iteratively “tuning” weights associated with the cocktail tracks and
comparing to data for tracks stopping in Gap 2 and 3, it has been possible to adjust

our cocktail to the observed background.

Measurements for all particles needed in the hadron cocktail are not available at
RHIC for y ~ 1.65. Estimated transverse momentum distributions of 7 and K at
y ~ 1.65 have been produced using analysis of all available data sets for y=0 and
y > 2.2. Measurements for the remaining hadron distributions that contribute about
1% of the total yield are not available. In order to include these contributions in the
hadron cocktail, transverse momentum distributions of kaons have been scaled by

the ratio of the particle yields at y=0.

The range of the pseudorapidity in our analysis is 1.4< n <1.9, while the acceptance

of the muon spectrometer is 1.2< n <2.2. The particles have been generated for
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entire range of pseudorapidity.

In order to reproduce the high multiplicity environment in Cu+Cu collisions, the
Cu+Cu hadron cocktail has been embedded in Cu+4Cu minimum bias collisions.
The track reconstruction algorithms are run on the combination of a single simu-
lated hadron, which has been determined from the hadron cocktail input distribution
together with additional hits associated with a sample event from a pool of mini-
mum bias events. For the embedding process, the pool has sufficient size in order to

minimize potential biases during the track reconstruction process.

The next step is applying the track based selection criteria. The data and each
hadron cocktail package output are passed trough the track reconstruction software.
The particles are binned in transverse momentum pr and normalized according to
the z-vertex dN/dz. The hadron cocktail is initially generated with a flat dN/dz
distribution and is normalized to provide the best overall data matching. There
are two reasons causing a difference between the hadron cocktail pr and dN/dz

distributions and the corresponding data distributions:

e The failure of the simulation and hadron shower code to correctly reflect pro-
duced data which is compensated by producing a set of hadron cocktails with

varying hadronic interaction cross sections.

e The difference between measured data and the particle input distribution of
the hadron cocktail which is compensated by iteratively re-weighting the input
particle’s transverse momentum bins, in order to optimize the match between

data and hadron cocktail for Gaps 2, 3 and 4 in MulD detector.
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4.4 Systematic Uncertainty

The hadron cocktail which provides the essential background estimation, also creates
some systematic uncertainties. The two main systematic uncertainties of the hadron

cocktail are:

® Ogystpack 1S the correlated systematic uncertainty associated with the implemen-
tation of the hadron cocktail cocktail simulation package. ogystpack is composed
of two components: the uncertainty on the hadron cocktail input distributions
and the MulD Gap3 and 4 efficiency matching as determined from the simu-
lations. The uncertainty on the hadron cocktail input uncertainty is assigned
a 20% uncertainty. The MulD Gap 3 to 4 efficiency match is assigned a 10%
uncertainty. These two uncertainties are uncorrelated and added in quadrature

are approximately 23%.

e The hadron package mismatch uncertainty opacvismaten characterizes, as a func-
tion of transverse momentum bin, the weighted dispersion of the different back-
ground estimations (i.e. hadron cocktail packages). A single hadron cocktail
package represents a choice of a single hadron shower code and a particular
hadronic cross section. The output of the hadron cocktail does not exactly
match the data yields in MulD Gaps 2, 3 and 4. In order to determine the
dispersion for a single hadron cocktail calculation, that cocktail is tuned four
times so that it is made to separately match each of the MulD Gaps 2, 3 and
4. A fourth “optimal” tuning of each hadron cocktail represents a single best

match to MulD Gaps 2, 3 and 4 simultaneously.

The dispersion in the Gap 4 yield of the four different tunings is used to calculate
the value of opaaaismatch. Lhe values for opaaavismaten are calculated for both muon

spectrometer arms and for each of the five hadron cocktail packages used in our
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analysis. The mathematical details of the calculation are described in detail in
Appendix A. Since the optimization is arm dependent, this uncertainty in the North
and South arms is uncorrelated. The approximate magnitude of this uncertainty is

10 to 20% and varies with transverse momentum.

Another source of backgrounds are, the so-called non-hadronic backgrounds:

Light hadron decay in the tracking volume between the front absorber and the

final plane of th MulD.

Muons from heavy flavor resonance with leptonic decay.

Muons from Drell-Yan processes.

Muons from light vector meson decay.

The background tracks from quarkonia, light vector meson decay and Drell-Yan pro-
cesses have less contribution to the inclusive yields compared to background tracks
coming from light hadron decays. The outcome from Monte Carlo simulations [36]
is that the overall contribution to the final heavy flavor single muon transverse mo-
mentum yield is less than 5% over the entire transverse momentum range included
into the analysis. The background tracks from Drell-Yan and light vector mesons is
fairly small compared to the total number of background tracks in Gap 4. Neglect-
ing those contributions, we summarize that the source of remaining tracks are the

hadrons which penetrate the entire muon arm.

For the estimation of the effects of all analysis and cuts on the detector acceptance
and efficiency for the reconstructing heavy flavor muon tracks, we used Monte Carlo
simulation of single muon tracks into the muon arms kinematic acceptance. For the
Cu+Cu collisions, the single muon tracks are embedded into the “MinBias” Cu+Cu

data to account the effects of increased detector occupancy in Cu+Cu collisions. The

59



software trigger emulator was run for the hadron cocktail and single muon simulations

in order to include effects from different muon triggers for the p+p data collection.

Table 4.1 shows the summarized final results for the uncertainties in the acceptance x efficiency
corrections and also other individual components which are included in quadrature

to estimate the total o4, .

Table 4.1: Uncertainties in the acceptance and efficiency corrections. The individual
components are added in quadrature to assign the total value of 04..

’ \ Component \ Value ‘
O MuTr MuTr station data/MC 8%
OMuID MulD Gap4 efficiency uncertainty 4.5%
O run to run Run to run variation 2%
Tp—scale J/V¥ mass peak 1.5%
oA, Total 9.5%
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Table 4.2: Uncertainties in the single muon analysis. The individual components
contribute to the final uncertainty as discussed in Appendix A.

’ Component \ Value
Package mismatch varies, of order ~ 10%
Single package uncertainty varies, of order ~ 10%
Dispersion between packages varies, from 10 to 20%
Acceptance and efficiency 9.5%
Arm mismatch ~ 20%

In addition, Table 4.2 is the summary of the systematic uncertainties associated with
the determination of the transverse momentum spectrum and nuclear modification

factor which are used for calculation of the central values described in Appendix A.
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4.5 Single Muon Yield

For both p+p and Cu+Cu collisions the double differential heavy flavor muon in-
variant yield is defined by:

#N*  dN; — dNg — dNx
2mprdprdn Ae,

(4.1)

where the left side of the equation is the double differential invariant yield of heavy
flavor single muons, dN; is the inclusive muon track sample, tracks which passed
all selection criteria and reached the Gap 4 in MulD detector, dN¢ is the invariant
yield of hadron background, dNy is the invariant yield of the non-hadron cocktail

background and Ae, is the product of acceptance and efficiency corrections.

For p+p collisions the double differential invariant cross section is defined by:

d20"u o dN]—ch—dNX O'%pBC (4 2)
2mprdprdn Aey 6?1?5 .

where o35 is the cross section measured in p+p collisions by Beam Beam Counter

cc—

detectors and €554 is the BBC trigger efficiency.

A set of hadron cocktail calculations weighted by their ability to reproduce measured

data are used for the final background contribution calculations.

4.6 Nuclear Modification Factor Calculations

Simplistic application of Equation 1.3 does not allow for the cancellation of system-

atic uncertainties in the hadron backgrounds that can be obtained by incorporating
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both p+p and Cu+Cu data in the calculation of that background. Instead, the
nuclear modification factor R44 is calculated separately for the two muon arms for
hadron cocktail background calculations weighted according to their ability to repro-

duce the both data sets:

i 1 dNCu+Cu i
YA = . ’ 4.3

coll

where the index ¢ denotes a hadron cocktail background calculation for the same set
of physics used for the p+p and Cu+Cu data. The method of the R4, calculations
is described in detail in Appendix A.

The idea to introduce the method of the nuclear modification factor calculations
via Equation 4.3 has been implemented in order to reduce the overall systematic

uncertainties associated with the final R4 calculation.
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Chapter 5

Experimental Results

The methodology described in Chapter 4 is used to measure the pr spectra of heavy
flavor single muons in p+p and Cu+Cu collisions. The single muon pr spectra in p+p
collisions is later used to calculate the charm production cross section. Also in this
chapter, the measurements of the nuclear modification factor for Cu+Cu collisions

will be presented.

5.1 Single Muon Spectra

The pr distribution of the differential cross section of muons from heavy flavor decay
has been measured in the both arms independently at (y) =+ 1.65 and averaged
(Figure 5.1). The measurements for both arms are combined in order to reduce
systematic uncertainties. Those measurements are compatible within systematic
errors. Following the method for central point determination described in Appendix
A, the sources of systematic uncertainty have been combined to provide the final

uncertainties.
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Figure 5.1: The pr distribution of the differential cross section for the production
of single muons from semileptonic heavy flavor decay in p+p collisions [37].
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Figure 5.2 presents the pr distributions of the invariant yields of negatively charged
single muons from heavy flavor decay for all three centralities in Cu+Cu collisions
and the pr distribution of the invariant yield of negatively charged single muons from

heavy flavor decay in p+p collisions.
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5.2 Cross Section Measurements

In order to estimate the charm production cross section do.:/dy at (y)=1.65, we use
the p+p heavy flavor single muon transverse momentum spectrum. The range of
transverse momentum for the single muon spectrum is from 1 GeV/c to 7 GeV/c.
In order to estimate the full charm cross section one must perform a theoretical
extrapolation for pr < 1 GeV/c. The theoretical calculation we used is called Fixed-

Order plus Next-to-Leading-Log (FONLL).

1 1 do, (5.1)

dcéd = : :
7es/ BR(c—p) Ceyp dy

Equation 5.1 is used to calculate the charm production cross section do.z/dy, where
BR(c — p) is fixed at 0.103 in FONLL, the total muon branching ration of charm,
Ce/p is the kinematical correction factor for the different rapidity distribution of
leptons and D mesnons, and % is the integrated cross section of single muons over
all pr which is extrapolated from the smallest measured transverse momentum to
zero GeV /c using FONLL. Because of the large amount of iron material between the
interaction point and the muon spectrometer, the lowest measurement bin of trans-
verse momentum is 1. GeV/c. Based on FONLL calculations, 6% of the total charm
production cross section extends beyond pr of 1 GeV/c. The integral of bottom
quark decay is negligible compared to total integral spectrum, so its contribution
is ignored. The statistical error of the integral of the measured heavy flavor muon
transverse momentum spectrum greater than 1 Gev/c is calculated by summing the

the statistical errors for each data bin.

The extrapolation method of the single muon transverse momentum spectra is given

by Equation 5.2
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dUcE/dy ’PHENIX: dO’cE/dy ’FONLL 'SCCLleFONLL (52>

where ScaleONEL ig defined by fitting the data spectrum to FONLL E %;. We use

Equation 5.2 to calculate the charm cross section do.:/dy at (y)=1.65.
The total systematic uncertainty of the charm production cross section is the combi-
nation of the data and theoretical uncertainties. In order to identify the data uncer-

tainties, we fit the upper and lower data systematic uncertainties of the transverse

momentum spectrum with the FONLL central value spectrum. This process gives

FONLL FONLL

the upper and lower bound Scale value. The extracted Scale uncer-
tainty is about 35% of the data systematic uncertainties. The dominant theoretical
uncertainties are associated with the scale and mass parameters. The transverse
momentum spectrum is fit to the upper and lower FONLL bounds to obtain the

theoretical uncertainties.

Figure 5.3 shows the calculated value of the charm production cross section do.z/dy
at (y)=1.65, together with the results from FONLL calculations, where the solid

circle refers to (y)=-1.65 and with a symmetrical point at (y)=1.65.
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Figure 5.3: The rapidity distribution for the charm production cross section in p+p
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5.3 Ry4 Measurements

Measurements of the nuclear modification factor for single muons produced in heavy
flavor decay have been performed for three different centralities and extracted for
each muon arm separately. In order to reduce the systematic uncertainties Equation

5.3 is used to calculate the final Ry4:

, 1 dNcucw \'
=ty () )
where index i represents the package for the p+p and Cu+Cu background hadron
cocktail calculation with the same set of physics assumptions. The methodology
of calculation of R4, is further described in Appendix A. Figures 5.4, 5.5, and 5.6
present the pr distributions of the nuclear modification factor for production of single
muons produced in heavy flavor decay for three different centrality ranges: 0-20%,
20-40%, and 40-94%, respectively. From those figures, we clearly observe that there
is a significant suppression for the most central collisions for muons produced in

heavy flavor decay.
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Figure 5.4: The transverse momentum distribution of the nuclear modification
factor for single muons in Cu+Cu collisions for 0-20% centrality [37].
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Figure 5.5: The transverse momentum distribution of the nuclear modification
factor for single muons in Cu+Cu collisions for 20-40% centrality [37].
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Chapter 6

Conclusions

The main goal of this thesis is to describe the measurement of the nuclear modifi-
cation factor in Cu+Cu collisions at /syny = 200 GeV for the production of heavy
flavor at forward rapidity. The nuclear modification factor has been measured near

ly| ~ 1.65.

6.1 Overview

The achievements and advancements of the analysis described in this thesis include:

e The measurement of the transverse momentum distribution and centrality de-
pendence of the nuclear modification factor for heavy flavor muons at /syy =
200 GeV for Cu+Cu collisions at forward rapidity. The nuclear modification

factor has been measured for three different centrality intervals.

e The measurements show very strong suppression of heavy flavor production for

the most central collisions.
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The first published measurements of the production of open heavy flavor mesons

at forward rapidity in heavy ion collisions.

The measurement of the transverse momentum distribution of the invariant
yield of muons from open heavy flavor decay for all intervals of centrality in

Cu+Cu collisions.

The measurement of the transverse momentum distribution near |y| = +1.65
of the differential cross section for muons from open heavy flavor decay in p+p

collisions and estimation of the total charm production cross section.

The developments presented in this thesis represent enhancements beyond two
recent UTK PhD theses ([6] and [15]) with an improved joint analysis in order to
achieve optimal cancellation of systematic uncertainties. These enhancements

include significant reduction of systematic errors.

Using the method described in Appendix A, reduced systematic uncertainties

for R44 have been achieved relative to PHENIX preliminary analysis.

6.2 Discussion

The main goal of this thesis is to study open heavy flavor production. In order to

test previous theoretical predictions, the pr and centrality dependence of the nuclear

modification factor in Cu+4Cu collisions have been measured. Another important

result is the differential cross section for muons decaying from open heavy flavor in

p+p collisions. This has been integrated in order to obtain the measured charm pro-

duction cross section for p+p collisions at /syny = 200 GeV. Another achievement

of the analysis are the measurements of the single muon spectra in Cu+Cu collisions

since those represent the first measurements of the pr spectra of invariant yields of

open heavy flavor production in symmetric heavy ion collisions at forward rapidity.
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The nuclear modification factor measurements for Cu+Cu central collisions show
the yields are suppressed compared with p+p scaled collisions. There is indeed large
suppression for Cu+Cu collisions at forward rapidity. Key techniques for the single
muon signal extraction were developed and implemented by former UTK graduate
student Donald Hornback [15]. Estimating the hadron background via the hadron
cocktail improved measurements significantly. For Cu+Cu central collisions, high
multiplicity is observed. Because of the high multiplicity environment the back-

ground simulations were embedded in real Cu+Cu events.

6.3 Comparisons

The measurements presented for the R4 for 0-20% centrality agree very well with
theoretical predictions using modified energy loss mechanisms [38]. There are few
theoretical predictions for the semi-leptonic muon distributions due to charm decay
in heavy ion collisions. As demonstrated in Appendix B, it is critical to have a
prediction for the muon (not charm) transverse momentum distribution. Figure
6.1 shows good agreement between recent theoretical predictions and our result for

0-20% centrality.
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6.4 Future plans

The joint analysis described in this thesis leaves room for future important measure-
ments. For PHENIX Run 11, the high resolution silicon vertex detector (VITX) has
been installed which will perform measurements of the charm and bottom production
cross sections with less background, smaller systematic uncertainties, and extended
range of pr. The results of our analyses should help interpret measurements of J /1
suppression in heavy ion collisions. Also, single electrons will continue to be used to

study heavy flavor suppression.

The listed future measurements will certainly enrich our understanding of the in-
medium energy loss mechanisms in hot dense partonic matter, as well as under-

standing of QCD matter at extremes of energy and density.
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Appendix A

Weighted Sample Mean

The use of multiple background simulations, referred to as “hadron packages” have
previously been discussed in [6] and [15]. These packages are a result of the mod-
ification of the internal GEANT3 hadron code cross sections (known as FLUKA
and GHEISHA). Modification of these cross sections improves the match of data to
simulation for gap 3 stopped hadrons and gap 4 inclusive muon candidates. The
hadron package simulations are used to estimate backgrounds that are statistically
subtracted to achieve a single muon yield. The procedure for mathematically com-
bining the results from multiple simulation packages as well as how to propagate the
systematic errors due to the hadron packages are outlined in the following 7 steps
and represent how the final results are calculated. These steps describe how the p+p
spectrum is calculated as well as the Cu+Cu Ra4. Subtle differences in the Rax

calculation are explicitly noted in each step.
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A.1 Ry, Calculation Steps

Step 1

Step 2

Step 3

For each pr bin 4, hadronic cross section package j, and package tuning k,
calculate the p+p cross section (or Cu+Cu Ry4) Q; ;x Where

e k=1 represents an overall optimal tuning for gaps 2, 3, and 4,

e k=2 represents tuning to reproduce the Gap 2 yield,

e k=3 represents tuning to reproduce the Gap 3 yield,

e k=4 represents tuning to reproduce the Gap 4 slopes.
The tuning k=1 is used for the central value.

The package mismatch contribution to the error on the measurement @ is

estimated by the sample standard deviation of the 4 particular different tunings

S @ik e QEaN? 1o 2
U?Dack’Mismatch,i,j = 4 e ( A - ) = 4_1 Z (Qi%k - <Q’i7j7k>>
(A1)

k=1

For each pr bin and package, compute the associated error o; ; which includes
all sources of error for the given package including the package mismatch un-
certainty computed in Step 2. For p+p, uncertainties are propagated for the
differential cross section (not yield) so the BBC uncertainties, 0,,,., are in-
cluded in the full calculation. RAA is calculated using p+p and Cu+Cu yields

so the BBC error term in not included.

The acceptance and efficiency uncertainty, o4, is formed from four compo-
nents: MuTR station data/MC comparisons (8%), MulD Gap 4 efficiency un-
certainty (4.5%), run to run variation (2%), uncertainty in the J/¢) mass peak
(1.5%). These four components added in quadrature amount to 9.5%. osystpack
is the North/South arm common uncertainty associated with the hadron cock-

tail simulations. It is comprised of two 10% errors added in quadrature (which
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Step 4

Step 5

amounts to 14.14%). The two components are uncertainty on the cocktail in-
put distributions and the Gap 3 to Gap 4 efficiency matching error determined

from simulations.

The full list of uncertainties are then given by the following:

2 2 2 2 2 2
Ui,j - gStatData,i + UStatPack,i,j + gSystPack,i,j + O-PackMismatchJ,j + UAe,i,j (AQ)

Note that ogystpack,i,; is the same (common) for all j and is multiplied by the
Background/Signal ratio. In the case of Ra4, the o4.; error cancels and is not

included.

Using a - from Step 3, for each pr bin compute the weighted sample mean of

Q for the different packages:

5
Qi) =Y Wi;Qijr= (A3)
j=1

where

_ i,J
PO

3y

The total error on the final measurement is the variance of the weighted sample

mean:

5
Var Qz Z W2 VC”" Qi,j,k:l) +2 Z wi,jwi,mCOU(Qi,j,k:I; Qz’,m,k:1)
j<m

(A.5)

In our case and using o; ; defined in Step 3, this becomes:
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Step 6

Step 7

5 5
VCLT(<Q,L>) = Z w?,jazz,j + 2 Z wi,jwivmagommon,i (A6>
j=1

j<m
where
2 _ 2 2
O common,i = Ui,j - O-PackMismatch,i,j (A7)
or
2 _ 2 2 2 2
Ucommon,i = O0StatData + JStatPack:,i,j + USystPack,i,j + JAe,i,j (A8)
Defining osiatcompined,i €rror as the quadratic sum of the statistical errors of

data and simulation, the final measurement per arm for a given pr bin is:

<Qz> + O StatCombined,i + JMadel,i = O-Ae,z' + O-O'BBC,i (Ag)

where o proger,i 1s defined as:

O Model,i = (VCLT’((QZ>) - UgtatCombined,i - O'Uie’i’j)()ﬁ (A]'O)

The BBC uncertainty o,ppc is taken from the uncertainty on o% .- and has

a value of 9.6%. For the case of Raa, both 0,550, and o4, are not included.

The independent North and South Measurements are combined and repre-

sented by @), where j is the arm index and i is the py index:

2
(Qi) = Zwi,jQi,j (A.11)
j=1

and the weights, as before, are calculated by:
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w; ;= — 1 (A.12)

An arm mismatch error is assigned so that the total uncertainty for the final

combined arm measurement:

2 _ 2 2 2 2
g; = UStatCombined,i + UModel,i + JAe,i,j + UArmMismatch,i <A13)

where the arm mismatch error is calculated in step 2:

(A.14)

2 2 2
9 o Zj:l i, <2j1 Qiu')z
UArmMismatch,i - -
2 2
For the case of R44 and o4, cancels and is not included. For p+p, inclusion
of o,BpBC,; is postponed at this point and is added in quadrature in the final

step. The final combined arm ¢? is calculated according to the following (where

again j is the arm index and 7 is the pr index):

2

5
VCLT’(<QZ>) = Z Wz’?jo-zz,j + 2 Z wiv]‘wiymoﬁrmcommon,i (A15)

J=1 Jj<m

where

2 2 2
O-armcommon,i - UAe,i + USystPack,i (A16)

2 . is asserted to be the contribution to the covariant

armcommon,t

The uncertainty o
term (arm correlated) and arises from an uncertainty common to both arms.

For the case of R4, 04, is not included.

The final statement of the combined systematic uncertainty bands for @); for

plotting purposes is (for the case of Raa, 0,ppc, is not included):
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U%inalError,i = (VCLT’((Q») - O-g’tatCombined,i) + O-g'BBC,i <A17>

A.2 Final Step

The final statement of the measurement and uncertainties is then:

<Q’L> + O Final Error,i + O StatCombined,i (A18)

where again for the case of Ra4, 0,5p¢; is not included in the systematic uncertainty
bands represented by o pinaigrrori- (@) is the weighted mean of the North and South
arm measurements. O pinalError,i 15 drawn as the one—sigma systematic uncertainty
bands and 0%;,compinea: 1S drawn as the point—to—point uncorrelated statistical

error bars.

A.3 Simple Example

Consider the weighted mean and weighted sample variance for a set of measurements

- (A.19)
' o
T — )2
o2 = M (A.20)
Zi (;)



For the case of two measurements of 204+1 and 40+1, the weighted results are:

2 40
p=L 10 =30 (A.21)
[ERET
20 —30\2 /40 — 302
2 ( 1 >+< 1 ) '
aH:{ } =10 (A.22)

142 1\2
() + ()
In this case, the results are the same as ROOT TH1::GetMean and GetRMS for the

related distribution. Note that the weighted sample variance is not o = \/0? + 03 =
v14+1=141

Next, for the related case of 20+1 and 40+10, the weighted mean (which is very
different from GetMean for the related distribution) and weighted sample variance

are:

20 , 40
p=L1 105 909 (A.23)
[ERTE
20 —20.2\2 /40 — 20.2\2
C) )y
02 = { 1 1 } =10 (A.24)

() + ()
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Appendix B

Charm Meson Decay Kinematics

In our analysis, we study the production of D mesons in p+p collisions which later
decay semi-leptonicly into muons and other particles depending on whether it is
a three-body or more decay. Muons produce via semi leptonic decay have great

importance in our analysis since we use them to tag open heavy flavor.

In this Appendix we present kinematic studies of the semi-leptonic decay of D mesons
into muons performed using PYTHIA generator. About 1000000 p+p collisions have

been generated.

Figure B.1 (upper panel) compares the total momentum of D mesons and resulting

muons. Figure B.1 (lower panel) compares transverse momenta.
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Figure B.1: Upper plot illustrates the distribution of total momentum of D meson
(black line) and muon (red line), lower plot illustrates the distribution of transverse
momentum of D meson (black line) and muon (red line).
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Figure B.2 compares the pseudorapidity (upper panel) and rapidity (lower panel) of

mother and daughter particles in heavy flavor semi-leptonic decay.

In conclusion, we see that it is not possible to clearly obtain the parent D meson
(or ¢ quark) momentum accurately by using single leptons. Instead, a theoretical
prediction of the differential suppression of D mesons (or ¢ quarks) must be followed
by a simple (after-burner) prediction of the (suppressed) single lepton production as

a function of transverse momentum.
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Figure B.2: Upper panel shows the distribution of pseudo rapidity of D mesons
(black line) and muons from their semi-leptonic decay (red line). Lower panel shows
the distribution of rapidity of D mesons (black line) and daughter muons (red line).
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