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Modern physics is challenged by the puzzle of quark con nenire a strongly interacting sys-
tem. High-energy heavy-ion collisions can experimentpilyvide the high energy density required
to generate Quark-Gluon Plasma (QGP), a decon ned statearkgmatter. For this purpose, the
Relativistic Heavy lon Collider (RHIC) at Brookhaven Natal Laboratory has been constructed
and is currently taking data. Anisotropic ow, an anisotyopf the azimuthal distribution of parti-
cles with respect to the reaction plane, sheds light on tHg partonic system and is not distorted
by the post-partonic stages of the collision. Non- ow effe¢azimuthal correlations not related
to the reaction plane orientation) are dif cult to removerfr the analysis, and can lead us astray
from the true interpretation of anisotropic ow. To redut® tsensitivity of our analysis to non- ow
effects, we aim to reconstruct the reaction plane from ttievgard de ection of spectator neutrons
detected by the Zero Degree Calorimeter (ZDC). It can be shbet the large rapidity gap between
the spectator neutrons used to establish the reaction afahthe rapidity region of physics interest
eliminates all of the known sources of non- ow correlations this project, we upgrade the ZDC
to make it position-sensitive in the transverse plane, diideuthe spatial distribution of neutral
fragments of the incident beams to determine the reactmmepl

The 2004 and 2005 runs of RHIC have provided suf cient stiagsto carry out a systematic
analysis of azimuthal anisotropies as a function of obd#egalike collision system (Au+Au and

Cu+Cu), beam energy (62 GeV and 200GeV), impact paramegertrédity), particle type, etc.



Directed ow is quanti ed by the rst harmonic\{;) in the Fourier expansion of the particle's
azimuthal distribution with respect to the reaction plaaed elliptic ow, by the second harmonic
(v2). They carry information on the very early stages of theisiolh. For example, the variation of
directed ow with rapidity in the central rapidity region &f special interest because it might reveal
a signature of a possible QGP phase. This ow study using sh@fder reaction plane (the reaction
plane determined by directed ow) reconstructed using tB&€ZSMD has minimal, if any, in uence
from non- ow effects or effects from ow uctuations. The g@erimental results can be compared
with different theoretical model predictions such as AMRDQMD, UrQMD and hydrodynamic
models. We can also use our ow results to test the hypothafslaniting fragmentation - the
effect whereby particle emission as a function of rapiditythe vicinity of beam rapidity appears

unchanged over a wide range of beam energy.
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Chapter 1

Introduction

1.1 Quark-Gluon Plasma
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Figure 1.1: Phase diagram of nuclear matter.

Modern physics is challenged by the puzzle of quark (see AgigeA and B) con nement in a
strongly interacting system[1]. Displayed in Fig.1.1 ischematic phase diagram of nuclear mat-
ter. The behavior of nuclear matter, as a function of tempegaand baryon density, is governed
by its equation of state (EOS). Conventional nuclear plsyicuses on the lower left portion of

the diagram at low temperature and near normal nuclear nagtesity o. It is predicted that a



hadron-quark phase transition occurs (across the hataratlib Fig.1.1) in heavy-ion collisions at
ultrarelativistic energies, and leads to the formation @fuark-Gluon Plasma (QGP)[2], a decon-
ned state of quarks and gluons. QGP is believed to haveexigh the order of ten micro-seconds
after the Big Bang (the high temperature case in Fig.1.1) naay be present in the cores of neutron
stars (the high density case in Fig.1.1).

To experimentally provide the high energy density for gatieg such an excited state of matter,
the Relativistic Heavy-lon Collider (RHIC) at Brookhaveratibnal Laboratory (BNL) has been
constructed and is currently taking data. RHIC providegigigntly increased particle production
(thousands of particles produced) over any previous machimd opens the possibility to investigate

guark matter as well as the early universe.

1.2 Relativistic heavy-ion collisions

Figure 1.2: Reaction plane is de ned by the initial direatiof two colliding nuclei and the impact
parameterk).



RHIC collides two beams of heavy ions (such as gold ions) toesalfter they are accelerated to
relativistic speeds (close to the speed of light). The bearitk energy per nucleon up to 100 GeV,
travel in opposite directions around RHIC's 2.4-mile “tWaoe racetrack.” At six intersections, the
beams cross, leading to the collisions. In each heavy-idiisiom event, where two ions collide
at other than zero impact parametby (known as a “non-central collision”), the beam direction
and the impact parameter de ne a plane, called the reaclammep(see Fig. 1.2). Event-by-event

analyses of the kind studied here need to estimate the sagutine. The estimated reaction plane

we call the event plane.

Pre-equilibriurn :

Figure 1.3: Space-time diagram of relativistic heavy-iotlisions.

Fig.1.3 shows a space-time diagram of heavy-ion collsidifee two ions rst approach each
other like two disks, due to the relativistic length contiae. Then they collide, smashing into

and passing through one another. Some of the energy thegd-aefore the collision is deposited



into the region of midrapidity (see Appendix C for the deinit and discussion of rapidity). If
conditions are right, the collision triggers a phase tit@msifrom the hadronic state of matter to a
QGP. Then the partons[3] that make up the QGP quickly coglared and coalesce into hadrons.
When the nal state particles stop interacting with eachegthwe speak of thermal freeze-out.
Experimenters can determine if a QGP was produced, not rahg it directly — its lifetime is
too brief — but by looking at the information provided by tharficles that shower out from the

collision.

1.3 Probes for QGP
1.3.1 Direct photons and dileptons

Electromagnetic probes like direct photons and dileptoaditile affected by the post-partonic
stages of the collision (they only interact electromagradif), and may provide a measure of the

thermal radiation from a QGP[4, 5].

1.3.2 Thermodynamic variables

The transverse kinetic energy distribution of particlesesied in relativistic heavy-ion colli-
sions can be represented by a simple exponential funcofi* =T, whereT is the slope parameter,
andmr is the transverse mass (see Appendix C). Kinetic equilidorabr thermal equilibrium is
thought to be visible predominantly in the transverse degyof freedom; therefore, transverse mass
distributions are used to extract temperatures from thetsdeslopes. A group of QGP signatures
can be classi ed as thermodynamic variables, involvingedutnation of the energy densitypres-
sureP, and entropy densitg of the interacting system as a function of the temperaiurand

baryon density .

1.3.3 Charmonium suppression
The J= makes a good probe for the very early stages of the collisitslifetime is long

enough that it decays into dileptons only when far away fromdollision zone. The production



of J= particles in QGP is predicted to be suppressed[6], due teffeet of Debye screening[7]
and quark decon nement. Less tightly bound excited statéBeocc system such as’and are

expected to dissociate more easily, and thus their yieldlbw/suppressed even more than dhe .

1.3.4 Strangeness enhancement

In hadronic reactions, the production of particles coritgjrstrange quarks is strongly sup-
pressed as compared with the production of particles with arandd quarks [8, 9], due to the
higher mass of thes quark pair. In relativistic heavy-ion collisions, if a QG#®formed at thermal
and chemical equilibrium, the occupation probabilitieshef quarks obey the Fermi-Dirac distribu-
tion, and the yields of multi-strange baryons and strandiebamyons are predicted to be strongly

enhanced as compared with a purely hadronic scenario aathe ®mperature[10, 11].

1.3.5 The Hanbury-Brown-Twiss effect

The interference of two particles emitted from chaotic searwas rst applied by Hanbury-
Brown and Twiss to measure the angular diameter of a stadb@s¢he correlation between two
photons[12]. In heavy-ion collisions, the HBT measurera@fiparticles emitted from the colliding
system yield the longitudinal and transverse radii as welha lifetime of the emitting source at

the moment of thermal freeze-out[13, 14, 15, 16, 17].

1.3.6 Highp; probes

High transverse momentunp:§ particles, emerging from hard scatterings, encounterggne
loss and angular de ection while traversing and interagtiith the medium produced in heavy-ion
collisions. The stopping power of a QGP is predicted to bédiidghan that of hadronic matter[18,
19, 20], and this results in jet quenching[21, 22] — suppoessof highp; hadron yield relative to the
expectation from p+p collisions scaled by the number of elaiary nucleon-nucleon interactions.
Jet quenching also involves angular de ection that destritye coplanarity of two jets with the

incident beam axis[23], and changes the azimuthal pattettmei particle distribution.



1.3.7 Anisotropic ow
Anisotropic ow describes the azimuthal momentum disttibo of particle emission with re-

spect to the reaction plane [24, 25, 26, 27]. This topic walldiscussed in later chapters.



Chapter 2
Anisotropic Flow

2.1 Introduction

Anisotropic ow provides indirect access to the EOS of theé &wd dense matter formed in the
reaction zone and helps us understand processes suchraalthation, creation of the QGP, phase
transitions, etc., since the ow is likely in uenced by th@mpression in the initial stages of the
collision. It is thus one of the important measurements latisgstic heavy-ion collisions, and has
attracted attention of both theoreticians and experinistgf28].

Itis convenient to quantify anisotropic ow by the Fourievef cient of the particle distribution

in emission azimuthal angle, measured with respect to thaion plane, which can be written as:

BN 1 2N R
Tp Z_ptdptdy(l+ . 2v, cosn ); (2.1)

where the de nition ofp; andy can be found in Appendix C, and denotes the angle between

the particle's azimuthal angle in momentum space and thetiomaplane angle. The sine terms
in Fourier expansions vanish due to the re ection symmetith wespect to the reaction plane. It

follows thathcosn i givesvy:
R

_cosn E %d

E4d 5
gosn (L -y 2V cosm )d
- " (1+ 1., 2vpcosm )d
2v, co€nd

2

= Vo (2.2)

hcosn i

R
where the orthogonality relation between Fourier coeintgee  [cosn cosm ]mwend = 0 has

been used.



2.2 Flow components

The rst and second harmonic, and higher even-order harosomie of interest. The rst two
ow components are called directed ow and elliptic ow, rnesctively. The word “directed” (also
called sideward ow) comes from the fact that such ow looleel a sideward bounce of the frag-
ments away from each other in the reaction plane, and the \ediptic” is due to the fact that the
azimuthal distribution with non-zero second harmonic d&®s from isotropic emission in the same
way that an ellipse deviates from a circle. Fig. 2.1[29] i€laesnatic diagram illustrating directed
and elliptic ow, viewed in the transverse plane denotes the azimuthal angle with respect to the

reaction plane).

/ \
e -
.\ -~
==
- I
/

Figure 2.1: Major types of azimuthal anisotropies, viewedhe transverse plane. The target is
denoted by T, and the projectile by P. Top: Directed ow on titejectile side of midrapidity,
positive (left) and negative (right). On the target side dadirapidity, the left and right gures are
interchanged. Bottom: elliptic ow, in-plane or positivieft) and out-of-plane or negative (right).

 f |

In the projectile rapidity region, if we follow the coorditgaconventions of Fig. 2.1, then di-
rected ow ispositive if hcos i > 0, andnegative if hcos i < 0. For mass-symmetric collisions
(i.e., projectile and target nuclei are the sanmeds i is an odd function of rapidity, and signs are
therefore reversed in the target rapidity region. For gflippw, we speak of in-plane elliptic ow

if cos2 i > 0, and out-of-plane elliptic ow ifcos2 i < 0. Elliptic ow has the same sign in the



projectile and target rapidity regions for mass-symmedyistems.

<cos f>
nucleons
0 ——————
-~ pions
<cos 2 f>
nucleons
0 - pions
| | | |

SIS AGS SPS
Bevalac

Figure 2.2: Schematic behavior of the magnitudes of dickai# (top) and elliptic ow (bottom)
as a function of the bombarding kinetic energy per nucleothilaboratory frame. Full lines:
proton ow; dashed lines: pion ow. The plot is from [29].

At low energies (below aboutO0AMeV in xed target collisions), the interaction is domindte
by the attractive nuclear mean eld, which has two effectsst, projectile nucleons are de ected
towards the target, resulting in negative directed ow [3§¢cond, the projectile and target form
a rotating system, and the centrifugal force ejects padia@h the rotation plane[31], producing
in-plane elliptic ow[32, 33]. At higher energies, indivihl nucleon-nucleon collisions dominate
over mean eld effects. They produce a positive pressureachvte ects the projectile and tar-
get fragments away from each other in the center of mass f(dmence-off” and “sidesplash”
effects [26]), resulting in positive directed ow. Furthmore, the participant nucleons, which are

compressed in the region where the target and the projestddap (see Fig. 2.1), cannot escape in
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the reaction plane due to the presence of the spectatoramsc{esqueeze-out effect” [34]), produc-

ing out-of-plane elliptic ow.

2.2.1 Directed ow

At RHIC energies, as the collision energy goes higher antddrjgdirected ow decreases and
becomes relatively dif cult to detect (Fig. 2.2). The rstidence of directed ow at the SPS accel-
erator at the CERN laboratory was reported by the WA98 cotiaion[35]. Further measurements
were made by NA49[36] and CERES[37]. The strength of digkctev at SPS is signi cantly

smaller than at lower energies, especially in the mid-igpregion.
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Figure 2.3: Upper part: De nition of the measuseftening S, describing the deviation d?x(y)
or vy (y) from the straight line behavioay, around midrapidityS is de ned agay P (y)j5ayj.
The lower gure shows a typical example for uid dynamicallcalations with Hadronic and QGP
EOS. QGP leads to strong softening,100% The plot is from [40].
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It has been argued that the increased entropy density ahtiet of QGP production should lead
to a “softest point” in the nuclear equation of state [38].Ref[39], this softening was predicted
to lead to a reduction of the directed ow, making the phasadition visible as a minimum in its
beam energy dependence. A different manifestation of siofjedue to possible QGP formation
was discussed by Csernai and Rohrich [40] (see Fig. 2.3).héws by the hydrodynamic calcu-
lation with QGP in Fig. 2.3, directed ow as a function of rdftiy crosses zero three times in the
neighborhood of mid-rapidity, and displaysvéggle shape. The wiggle here is predicted to occur

in close-to-central collision events. A follow-up studylJddemonstrates that the wiggle structure

0.1 - - . . . . . . .
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Figure 2.4: Directed ow, as a function of rapidity, fromtéd, ellipsoidally expanding uid sources.
The chain curve refers to a source with tilt angle,6 , and half-axes = 10 fm, b= 8 fm and
¢ = 6 fm, while the full curve refers to a source with tilt angle; 10 , and half-axes = 10 fm,
b=4 fm andc = 2 fm. The plot is from [41].

-0.06

in v1(y) could be produced by a tilted, ellipsoidally expandingdusource with QGP. Fig. 2.4
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[41] shows the hydrodynamic calculation wf(y) from tilted uid sources. The magnitude of

becomes larger when the source is more tilted.
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Figure 2.5: RQMD calculations of; (lled circles) ands; (open circles) for nucleons (left panel)
and pions (right panel) in Au + Au collisions at RHIC energi€he plot is from [42]

The wiggle structure in the rapidity dependence of direateds also predicted by RQMD [42]
calculations (see Fig. 2.5). RQMD (Relativistic Quantumi®&oilar Dynamics) is a microscopic
nuclear transport model and does not assume formation of B @Ghis simulation, the wiggle
results from the combination of space-momentum correlaticharacteristic of radial expansion,
together with the correlation between the position of a@mlin the nucleus and how much rapidity
shift it experiences during the collision.[42] The wigglee@icted by this mechanism appears in
peripheral or mid-peripheral collision events.

An investigation of possible wiggle structures at RHIC isoag the main goals of this disser-

tation.
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2.2.2 Elliptic ow

Elliptic ow results from the initial geometric deformatioof the reaction region in the trans-
verse plane. At RHIC energies, elliptic ow tends to prefaially enhance momenta along the
direction of the smallest spatial extent of the source [43, dnd thus the in-plane (positive) com-
ponent of elliptic ow dominates. In general, large valudstiptic ow are considered signatures
of hydrodynamic behavior, while smaller signals can haterahtive explanations.

The centrality dependence of elliptic ow is of special irégst[45, 46]. In the low density
limit(LDL), the mean free path is comparable to, or largeaarththe system size, and the colliding
nuclei resemble dilute gases. The nal anisotropy in momenspace depends not only on the ini-
tial spatial eccentricity (de ned below), but also on the particle density, which affethe number

of rescatterings. In this limit, the nal elliptic ow (see more detailed formula in [47]) is

where dN=dy characterizes density in the longitudinal direction &d- R xRy is the initial
tranverse area of the overlapping zone, with h x?i andRZ h y?i describing the initial
geometry of the system in the andy directions, respectively. (The z axes determine the
reaction plane). The averages include a weighting with timaber of collisions along the beam

axis in a wounded nucleon [48] calculation. The spatial etragty is de ned as

2 2
- Eé + E% 2.4)
and for hard spheres is roughly proportional to the impacameter over a wide range of that
variable.

As follows from Eq. 2.3, the elliptic ow increases with theagticle density. Eventually, it
saturates [29] at the hydro limit. In a hydrodynamic piciumnere the mean free path is much

less than the geometrical size of the system, the ratip @b is expected to be approximately

constant [24].
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Fig. 2.6[45] shows that the position of the maximumviifb) shifts towards peripheral events

going from an LDL calculation to a hydrodynamic calculation
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Figure 2.7:v, per number of constituent quark) as a function ofx=nq for ~ + ™ (lled

circles) and + - (lled squares). [49] The quantities are also shown for + (open

diamonds)p + p (open triangles) [50K 2 (open circles), + ~ (open squares) [51]. All data are
from 200 GeV Au+Au minimum bias collisions. The dot-dashied-is the scaled result of the t
toK2and [52]. The plot is from [49].

The differential momentum anisotropy(p;) is also of interest, especially for different hadron
species. Fig. 2.7 shows per number of constituent quark) as a function of;=nq for various
particle species [49, 50, 51, 52]. All hadrons, except pitakinto the same curve within statistics,

and there are plausible reasons to expect the pions to dg8ibt This universal scaling behavior

lends strong support to the nding that collectivity is deymed in the partonic stage at RHIC[49].
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2.3 Flow analysis with event plane

Eq. 2.2 provides a way to evaluate ow components using tlaetien plane. The estimated
reaction plane is called the event plane. If the event plamstimated from the m-th order of ow
component, then we speak of the m-th order event plane. Wétlobserved event plane instead of

the ideal reaction plane, Eq. 2.2 becomes

hcosh(" )l

Vv = hcosn i = heosp(' )i = rcoskm( r)]i;

(2.5)

where' denotes a particle's azimuthal angle, represents the azimuthal angle of the reaction
plane, and , the m-th order event plane. The numerator of Eq. 2.5 is censitito be the observed
ow value, and the denominator characterizes ¢vent plane resolution [53]. In general, better
accuracy for determination of, is obtained with the event plane () estimated from the same
harmonic (n = n, k = 1). That is because the resolution deterioratek mEreases (see detailed

discussion on event plane resolution in Chapter 6 and [28]).

2.4 Non- ow effects

There are sources of azimuthal correlation, known as naneffects, which are not related to
the reaction plane orientation. Examples include coiimxatcaused by resonance decays, (mini)
jets, strings, quantum statistics effects, nal stateratdons (particularly Coulomb effects), mo-
mentum conservation, etc. To suppress the sensitivity @f analysis to non- ow effects, the
multi-particle cumulant method [54, 55] and the mixed hamincevent plane method [56] have
been developed, and the results of these two methods for Awefisions alp Sun = 200 GeV
are discussed in [57]. Itis one of the goals of this dissertab use a new detector subsystem, plus
a new method of ow analysis to minimize the in uence from naw effects. As discussed in
Chapter 4, this new detector and its associated method ofaoalysis offers some unique advan-

tages over the previous approaches for studying anisotropi



Chapter 3

STAR Experiment

3.1 The layout of the STAR experiment

The Solenoidal Tracker at RHIC (STAR) is one of the two largéedtor systems constructed
at RHIC. The perspective view of the STAR detector is showRigure 3.1. STAR was designed
primarily to measure hadron production over a large solidlgnfeaturing detector systems for
high precision tracking, momentum analysis, and partidénii cation at mid-rapidity. The large
acceptance of STAR makes it particularly well suited forrgvgy-event characterizations of heavy

ion collisions [58].

Figure 3.1: The perspective view of the STAR detector, witlutaway for viewing inner detector
systems. The gure is from [58].

A cutaway side view of the STAR detector as con gured for thHél® 2001 run is displayed

17
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in Figure 3.2. A room temperature solenoidal magnet [59Vides a uniform magnetic eld of
maximum strength 0.5 T for charged particle momentum aislyslarge volume Time Projection
Chamber (TPC) [60] for charged particle tracking and plrtidenti cation is located at a radial
distance from 50 to 200 cm from the beam axis. The TPC is 4.2ns&ing, and covers a pseudo-
rapidity rangej j < 1:8 for tracking with complete azimuthal symmetry. To extend tracking
to the forward region, a radial-drift TPC (FTPC) [61] is ialéd covering2:5 < j j < 4, also
with complete azimuthal coverage and symmetry. Chargeitjgatracking close to the interaction

region is accomplished by a Silicon Vertex Tracker (SVT)][62

Figure 3.2: The cutaway side view of the STAR detector as gared in 2001. The gure is
from [58].

The fast detectors that provide input to the trigger syst@&Bj dre a central trigger barrel(CTB)
atj j < 1and two zero-degree calorimeters (ZDC) [64] located in trevérd directions at< 2
mrad. The CTB surrounds the outer cylinder of the TPC, agdéris on the ux of charged particles

at mid-rapidity. The ZDCs are used for determining the epefgspectator neutrons.



19

3.2 STAR main TPC

Figure 3.3: Perspective view of the STAR Time Projectioni@har. The gure is from [60].

The TPCis a continuous tracking detector capable of hamélents with thousands of tracks [65].
It determines the momenta of individual particles by trgcihem through a solenoidal magnetic
eld and identi es many of them by making multiple energy fosmieasurements.

The major mechanical components of the TPC (Fig. 3.3) cookibe outer eld cage (OFC),
the inner eld cage (IFC), the high voltage central membré@iel) and some other support devices.
The CM is located in the middle of the TPC and is held at highag® ( 31 kV). The OFC and
the IFC de ne the active gas volume (see below), while theajonfunction is to provide a nearly
uniform electric eld along the axis of the cylinder in whighectrons drift to the anode plane. The

TPC is lled with a mixture of 986 Ar and 186 CH4 gas. When a charged particle traverses the
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TPC volume, it ionizes gas atoms every few tenths of a mitignalong its path and leaves behind
a trail of electrons. The paths of primary ionizing partickre reconstructed with high precision
from the trails of the released secondary electrons whiithtdithe readout end caps at the ends of
the chamber.

The performance of the TPC meets the original design spations[66]. For reference, the
standard deviation of the position resolution for pointsngl a track traversing the TPC parallel to
the pad plane was found to be 0.5 mm. The momentum resolutisrdetermined to b@=p < 2%
for tracks with momenturp = 500 MeV=c. The resolution in ionization energy losdH=dx) was

found to react8% for tracks measured over the entire radial dimension of fR€.T

3.3 STAR forward TPCs

Figure 3.4: Schematic diagram of a STAR FTPC. The gure isfié1].

The two FTPCs in STAR cover the pseudorapidity ra8ge< j j < 4.0, correspond to track
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angles from2 to 9:3 with respect to the beam axis. To get good momentum resolditiothe
tracks in this region of high particle density, a high sgatsolution is needed, and a two-track
separation on the order of 2 mm is necessary. [61] To meetddfdtiese criteria, a drift toward the
detector endcaps, as in STAR's main TPC, is not practicaladial drift design was adopted to
achieve the desired performance.

In Fig. 3.4, a schematic diagram of a STAR FTPC is shown, dioly the eld cage with
potential rings at the endcaps, the padrows on the outeacgudf the gas volume and the front end
electronics. In this geometry, the clusters originate frogar the inner radius of the detector, drift
radially towards the outer surface, and spread apart, whiphoves the two-track separation. The
short drift distance in the radial direction allows the us&I=CO, (50%=50%), a gas mixture with
small diffusion. [61]

Based on the prototype measurements and simulations, fR€$-achieve a position resolution
of 100 m, a two-track separation of 1 mm, a momentum resolution éetwl 26 and 186, and an

overall reconstruction ef ciency between%and 8Qx%. [61]

3.4 STAR ZDCs

STAR ZDCs are placed at 18 m from the center of the intersection, and each consists of 3
modules containing a series of tungsten plates. [63] The ZDEasure the energy of neutrons as-
sociated with the spectator matter, and are used for bearioring, triggering, and locating inter-
action vertices. A minimum bias trigger was obtained byd@ig events with a pulse height larger
than that of one neutron in each of the ZDCs, which correspao®5 percent of the geometrical
cross section. [58]

Fig. 3.5 shows the correlation between the ZDC and the CTBlafge impact parameters, the
signals in both the ZDC and the CTB are small because only sf@etator neutrons are produced
and multiplicity is relatively low. The CTB signal decreassontinuously as the impact parameter

decreases while the ZDC signal increases to saturation,dbereases eventually for small impact



22

parameters. The combined information can be used to previdgger for collision centrality.

Zero Degree Calorimeter (arb. units)

o 5000 10000 15000 20000 25000
Central Trigger Barrel (arb. units)

Figure 3.5: Correlation between pulse heights from the Z¥gree Calorimeters and the Central
Trigger Barrel in a minimum bias trigger. The gure is from3p

Baseline ZDCs only measure the event-by-event energy deposf spectator neutrons, and
have no transverse segmentation. To study the spatiabdistn of the neutron hits on the trans-
verse plane of the ZDCs, a Shower Maximun Detector (SMD) wakalled between the rst and
second modules of each existing STAR ZDC during the earlyestd RHIC run IV (2004). The

details of this upgrade will be discussed in later chapters.



Chapter 4

Upgrade of STAR ZDC

In October 2003, we proposed the addition of a Shower MaxinDetector (one plane of 7
vertical slats and another of 8 horizontal slats) to the ST2dRo Degree Calorimeters, closely
resembling the ZDC-SMD already used by PHENIX in RHIC run The SMD was installed
on Feb 4 2004, and since then has added signi cant capabli§TAR in four areas of physics:

anisotropic ow, strangelet searching, ultra-periphearallisions, and spin physics.

4.1 Physics motivation

The STAR ZDCs in their baseline form provide a signal thataeelated with the number of
spectator neutrons produced in the collision. An upgradepiovides some information about the
event-by-event pattern of transverse momentum among tlegeons opens up enhanced physics
capabilities. In the subsections below, we discuss fouasamd STAR physics where this new

information is of signi cant value.

4.1.1 Flow

Besides the opportunity to study directed ow of nucleonshie nuclear fragmentation region,
a new rapidity region for STAR, the addition of the SMD praegchew information on the reaction
plane, and can enhance the full range of anisotropic owistith the central TPC and the FTPCs.
The main advantages of using the reaction plane from the BMD- compared to the technigues

previously used are:

New knowledge concerninthe direction of the impact parameter vectsince the reaction

plane is determined from the rst harmonic ow. Besides atlhene ts mentioned below,

23
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this makes possible some measurements that were totallydextcbefore, like HBT mea-
surements with respect to the rst order reaction plane @asure the source tilt with respect

to the beam axis).

Minimal, if any, non- ow effects Non- ow azimuthal correlations originate mostly from
various kinds of cluster decays and jet-like correlatiohisese effects span a rapidity region
of at most a few units. The ZDC, located in the projectile fn@gtation region, is at least 6

units away from midrapidity.

Minimal, if any, effects from ow uctuationsThe possibly large effects of ow uctuations
in previous measurements are due to the fact that, for exarepiptic ow was measured
with respect to the reaction plane determined from the saw@nsl harmonic ow, and in the
same pseudorapidity region. Measurements ofithdharmonic signal, from some methods
are of the formhvki = etc rather than being the desired quartityi , averaged over a certain
set of events, and event-by-event uctuations can causetiveo observables to differ. The
use of the reaction plane determined from the directed awd furthermore, from directed
ow of spectator neutrons (as opposed to produced parjialeastically suppresses these

undesired effects.

In the previous STAR con guation, only the FTPCs providetbimation on the directed ow
(v1). Unfortunately, the directed ow among charged partickdd=TPC pseudorapidities is very
small, andvi( ) possibly changes sign within the region covered by the FTPEBsth of these
factors result in the FTPCs not being suitable to substitutbe role of the ZDC-SMD detector as
explained above.

It is not required that the reaction plane resolution from ZDC-SMD be as good as the 2nd-
order reaction plane resolution obtained from the main TIR@.typical analysis that is limited by

systematic uncertainties rather than statistics, a deerigathe reaction plane resolution may not
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adversely affect the result. The reaction plane resolutian the ZDC-SMD provides depends on
the magnitude of;, among spectator neutrons, which had not yet been measuRidI&t before
the installation of the ZDC-SMD. The best available indimas suggested that spectataris quite
large. WA98 has measured a 2086signal among spectators at the SPShnd 25 MeV [67].
STAR measurements ©f among charged particles at FTPC pseudorapidities are kalvgrclose
to thev; for pions in NA49 at the same pseudorapidity relative to tharb [68]. This observation
is consistent with limiting fragmentation [69] and is supp@ of the conclusion that; among

spectators is independent of beam energy between SPS ail RHI

4.1.2 Strange quark matter

Strange Quark Matter (SQM) is matter with about equal nusibéu, d and s quarks, existing
in one QCD bag. It has been predicted to be metastable oeg#dl It can be as small as the A=2
H-Dibaryon, or as large as a strange star witlk 10%7. Strange quark matter has many fascinating
properties, and its existence would have major impacts gsigd, astrophysics, cosmology, and
possibly on technology as well [70]. Strange Quark Mattey bheen searched for among pulsars,
stars and cosmic rays, as well as in the earth's soil, and @anhéen collisions. An extensive
review of experimental results is provided in Ref. [71]. keakry ion collisions, there have been
several experiments dedicated to strangelet searched: &86E896 at the AGS, and NA52 at the
CERN/SPS. Further strangelet searches has been proposedt#oried out by AMS, ALICE and
CMS. The ZDC-SMD allowed us to search for strangelets with mass. 100GeV/c? in STAR.
The basic idea is to search for a large energy depositionauii@rrow tansverse pro le in the ZDC
in central AuAu collisions. Central AuAu collisions proediolent compression of the nucleus and
large numbers of baryons at forward rapidity, and is ideaksfoangelet searching. Since the DX
magnets sweep away the beam particles and other chargadgsathe ZDCs are only sensitive to

neutral particles or matter with abnormally small chargerass ratio, like strangelets.
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4.1.3 Ultra-peripheral collisions

Adding an SMD to the STAR ZDCs qualitatively expands the STARC program, by allowing
the study of photoproduction with polarized photons. Thel3Man be used to tag photon polar-
ization, in a similar manner to how ZDC neutrons are usedgdha impact parameter vector. The
neutron tagged samples have different impact parameteibdisons from untagged events.

Position sensitive ZDCs are sensitive to the direction efithpact parameter vector. Most UPC
single neutron tags come from giant dipole resonances (ED&BRs decay in a simple dipole
transition. In the transverse plane, the angleetween the neutrop, and the photon polarization
is distributed agos . The photon polarization is parallel to the electric eldcter. In a photonu-
clear interaction, the electric eld parallels the impaergmeterlf). The neutrorp; thus tags the
direction ofb[72]. Any additional photons in the reaction will also be gited alond. When the
ZDC is used to measure a neutqmn it provides information about the polarization of othepfiins
that participate in the reaction, tagging the photon paédidon. The linearly polarized tagged beam
can be used to study a variety of photonuclear interactidese, we mention 3 possible studies:
(1) Mutual GDR Excitation. Single neutrons are observedaitheZDC. The two neutrop; vectors

should have an angular correlation:
1
C( )=1+ Ecosz (4.2)

where is the angle between the two neutrons. For more complicatedt® one could use
mutual GDR as a double-tag, for even better determinatidheophoton polarization.

(2) Polarized ° Photoproduction. In° decay, the * and  directions follow the photon po-
larization. In the simplest models, the plane formed by theand  directions follows aos
distribution with respect to the photon polarization. Tiés been studied with low energy photons,
with very limited precision. STAR could look for violatiorisom this simple diffractive prediction.

Less is known about heavier mesons; polarized photoproduction has not yet been studied
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experimentally. It may be sensitive to the polarized gluontent of nuclei. Inelastid= photo-
production is of interest as a test of quarkonium producatdels [73].

(3) The polarization will be useful for further studies ofwegunction collapse. There should be no
a priori knowledge of the direction df, so in a mutual GDR excitation, the two excited nuclei form
an entangled system of spin 1 particles; the neutrons frendétay act as spin analyzers. This
system might be useful for tests related to Bell's inequalit

More speculatively, we could study polarized photopromucof open charm.

4.1.4 Spin physics

The rst collisions of transverse polarized protonspaﬁ = 200 GeV at RHIC from December
2001 until January 2002 (run II) at BNL were the beginning ofialti-year experimental program
which aims to address a variety of topics related to the matfithe proton spin such as:

1. spin structure of the proton (gluon contribution of thetpn spin, avor decomposition of the
quark and anti-quark polarization and transversity distions of the proton),

2. spin dependence of fundamental interactions,

3. spin dependence of fragmentation and

4. spin dependence of elastic polarized proton collisions.

A recent review and status of the RHIC spin program can bedduifRef. [74].

The rst collisions of longitudinal polarized protons gt§ = 200 GeV have been achieved
during RHIC run Ill in May 2003 with the successful commissigy of the STAR and PHENIX
spin rotator magnets to allow for the precession from trarsa/to longitudinal polarization.

The underlying mechanism for non-zero transverse-singjile asymmetries for forward neu-
tron production has not been understood. It likely requérdsrward hadronic calorimeter system
with larger acceptance to understand the origin of the mredsiorward neutron asymmetries in
transverse polarized pp collisions. ZDC-SMD is an upgradgdctor system as an additional local

polarimeter system besides the STAR FPD and STAR BBC detegstem. It also has the potential
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to provide a means of relative luminosity measurement wiidatrucial for any asymmetry mea-
surement in longitudinal polarized proton collisions,.etbe measurement &, , which is the

principal measurement to access the gluon polarization.

4.2 Simulations
4.2.1 Flow

The simulations described in this section were carriedro@0i03 and were an essential part of
the proposal for construction and installation of the ZDKZES Now that the proposal was approved
and we have real data from the ZDC-SMDs, the simulation tesuk of interest maily as a check
on the dependability of our simulation methods. The sintest mainly address the question of
how well resolved would be the expected neutvgrsignal over a range of centralities.

The simulations are based on a number of assumptions onaptions:

In each event, up to 30 neutrons are incident upon each ZD@owsder three cases: 5, 15

and 30 neutrons.

Spectator neutrons are generated with a randodistribution according to Fermi momen-
tum. Each event is assigned a random reaction plane azimuothav, correlation is then

imposed.

We assumer; = 20% as the most likely value to be found among spectatordHd€CRsee
section 4.1.1). In order to probe the response to a muchamalsignal, we also investigate

v1 = 2% and 2.5%. These values allow us to verify sensitivityn@al signals.

We assume that the shower produced by each neutron depgisitsnlmore than one slat in
each of the two layers, according to a Gaussian pro le in thedverse plane. We assume a
standard deviation of 1.8 cm in each of x and y. This paranceteres from work oriented to

this project using a GEANT-based simulation code rst depeld when the ZDCs were being
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designed [75]. This GEANT-based ZDC code has since beeredess being in excellent

agreement with real data.

For each simulated event, we sum the shower signals for ¢ivddnal neutrons in each plane

of slats. We assume the signal amplitude uctuates like tisohute value of a Gaussian ran-
dom number (with mean 0 and rms= 1), according to another GEANT-based simulation.
The mean position along each axis de nes a centroid poinhénttansverse plane for each

event.

The azimuth of the centroid relative to the point that cqogsls top; = 0 is the estimated
reaction plane azimuth. Computing this quantity is not seasgly the most useful way to
extract physics in practice, but it is an intuitive obseteadnd is well-suited for illustrating

the expected performance of the device.
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Figure 4.1: Flow simulation.

The left-hand panel of Fig. 4.1 illustrates a typical dmttion of the difference between the

input reaction plane azimuth and the azimuth reconstruesquer the simulation above. The relative
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strength of the signal, i.e., the extent to which the distidn is peaked at zero angular difference,
can be characterized by the mean cosine of the angularatiffer The right-hand panel summarizes
this correlation strength (essentially a gure of merit faw well the azimuth of the reaction plane
is resolved) for all 9 cases studied — 3 different valuesvipand 3 different spectator neutron
multiplicities. Even in the case of the smallagt and lowest neutron multiplicities, the plotted
guantityhcos( zpc rp)i still lies above 0.02, and this gure of merit would still bdequate to
extract useful physics. For the reasons discussed at tlieniirgg) of this section, the black triangles
correspond to what was expected to be observed in the ZDC;%kiDhas since then been veri ed

by real data (see section 6.1.3).

4.2.2 Strangelets

A strangelet would initiate a large shower in the ZDC sinceaitries a large mass, much as a
normal nucleus. A cluster of neutrons can give a large ersigmal in ZDCs as well, but the signals
from neutron clusters are more dispersed in the perperdidiinensions due to the Fermi motion
of spectator neutrons. The shower from a strangelet widiogite in a single point in the ZDC,
while a cluster of neutrons will have showers originatingnireach of the neutrons dispersed over

the surface of the detector.

Y (cm)
N B

4 2 0

2 4
X (cm)

Figure 4.2: Simulation of the shower pro le of neutron clerst (left) and strangelets (right). This
plot shows the simulated shower pro les with far higher segrse resolution than can be obtained
with our ZDC-SMDs.
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This is shown by the Geant simulation in Fig. 4.2, in whichshewer pro le in the X-Y plane
(X and Y axes are perpendicular to the beam direction) igqdotor neutron clusters (left) and
strangelets (right). For neutron clusters, the hits arpeted due to the normg} distribution
among spectator neutrons. The simulation for a strangkt®ts a prominent peak and less dis-
persion. Thus one can distinguish a strangelet event framalcevents if, in addition to the total
energy deposition in the ZDCs, the transverse distribubfoenergy deposition at the ZDCs can be
obtained. The ratio of the transverse rms width of strarigetethat of neutron clusters is 0.69
0.12. This ratio and its error applies to the relatively searansverse resolution of the 7-slat by

8-slat ZDC-SMD.

4.3 Hardware con guration

Aluminum box to support the
phototube and cable
/ interconnects. Side and end

views are shown. \

Figure 4.3: The SMD ts between the baseline ZDC modules.

The ZDC-SMDs were be placed between the rstand second resdifithe ZDCs (see Fig. 4.3).
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Figure 4.4: A ZDC-SMD module shown installed at STAR.

The SMD is an 8 channel by 7 channel hodoscope that sits itthe face of the 2nd ZDC mod-

ule (see Fig. 4.4). The hodoscope is made with strips ofillatittg plastic that are laid out in an

X-Y pattern, with 21 strips having their long axes verticatle82 strips having their long axes hori-
zontal. The cross section of each strip is approximatelygaiiaeral triangle with an apex-to-base
height of 7 mm; see Fig. 4.5. A hole running axially along tleater of each triangle allows the
insertion of a 0.83 mm wavelength-shifting ber which is dse collect and transport the scin-
tillation light. Individual triangular strips are wrappedth 50 m aluminized mylar to optically

isolate them from their neighbors. The wrapped scintiflatmips are then epoxied between two
G-10 sheets to form a plane. Each slat aligned in the vedicattion consists of three strips, and
the corresponding three bers are joined to make one chaandlrouted to the face of a 16-channel

segmented cathode phototube conveniently located in aishaisove the SMD. The slats aligned
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Figure 4.5: The SMD planes are built-up from scintillatarpst with triangular cross section.

in the horizontal direction are each made up of four stripbtheir bers. The overall dimensions
of the hodoscope are approximately 2 cmil cm 18 cm.

The chassis to support the phototube is a simple aluminurotate that is designed to be sturdy
and to bear the load of the phototube and the 16 cables hanfitige tube. It also supports the
weight of the HV and BNC cables that go to the electronicssawkthe STAR detector. The design
of the chassis, hodoscope, and phototube mounting areiddeitd the design that was used in
PHENIX by Sebastian White and his collaborators during tun |

The phototube is a 16-channel multi-anode PMT with a congeal resistive base (Hamamatsu
H6568-10 [76]). The tube requires DC at -0.75 kV and it usetesn 50 ohm BNC cables for
output. The sixteenth channel is a “sum” output. The el@itsofor the readout of the phototube

were taken from spares for the STAR Central Trigger Barrel.

4.4 Impact on STAR

The possible impact on STAR was an important consideraticheatime of the ZDC-SMD
proposal. The primary change to the existing apparatus hasttie 2nd and 3rd ZDC modules
were moved away from STAR by about 2 cm in order to create a gapden modules 1 and 2. All
other ZDC locations and the alignment with the beam stayeddme.

The gap was used for the installation of the SMD. The SMDfiisehpproximately 1.5 cm of
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plastic and 2 mm of G-10 tilted on a 45 degree angle. This putsia3 g/cnd of material in the
path of neutrons coming from the interaction point. This amaf material is negligible compared
to the> 270 gcn? of Tungsten and plastic in each ZDC module which comes befodeafter the
SMD.

Perhaps more important is the fact that ZDC modules 2 and 8 imowed away from module
1. This means they will be sampling the neutron-induced shne\at a slightly greater depth in the
shower. This change was insigni cant because the ZDCs ditwraged annually and the change in

performance of the ZDCs was below the rms of the calibratroore



Chapter 5

Calibration and Performance of ZDC-SMD

The sensitivity and precision of measurements using the -BMD depend on the calibra-
tion. Apart from the absolute calibration (pedestal sudtom) and the relative calibration (gain
correction), we also determine the location of he= 0 point from time to time, and study the

performance of the ZDC-SMD, such as the energy resolutidrita® beam position sensitivity.

5.1 Pedestal subtraction

Counts Counts
60000 [ T 1 T 1 I T 1 1 7T I T 1 1 7T I T 1 1 7T I T 1 1 7T I T I_ 60000 [ T 1 T 7T I T 1 1 7T I T 1 1 7T I T 1 1 7T I T 1 1 7T I T I_
50000 Raw distribution § 5000 Pedestal subtracted -
40000:— —: 40000:— —
30000:— —: 30000:— -1
20000 - 20000F .
10000:— —: 10000:— —
C: 11 1 I 1 1 1 | I 1 1 1 | I 1 1 1 | I 1 I: C: 1 1 1 | I 1 1 1 | I 1 1 1 | I 1 L1 I 1 I-
0 10 20 30 40 50 0 10 20 30 40 50
ADC value ADC value

Figure 5.1: The signal distribution of a typical ZDC-SMD din&l: raw distribution (left) and
pedestal subtracted (right).

Each ZDC-SMD has 15 ADC (analog-to-digital converter) afels. The left panel of Fig. 5.1

shows the raw signal distribution of a typical ZDC-SMD chalin which the measured ADC value

35
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has a non-zero minimum due to electronic pedestal. The f@d®a normal “feature” of any design

of ADC with high sensitivity. It should not be dependent oa #vent type used for calibration, and
is measured in the standard pedestal run in which all othBARSubsystem detectors are included.
The right panel of Fig. 5.1 shows the pedestal-subtractguhkdistribution of the same channel as

in the left panel.

5.2 Gain correction

We need to adjust the gain parameters between different 3Mbrels so that the response of

the detector becomes uniform. The following sections thednow this has been accomplished.

5.2.1 Cosmic ray tests

D e A A A e
e o i ) ] e
] ) o ] T ] T
O e ) Rl T
o T T T T T
] e Tl ) ) o] T

Figure 5.2: The signal distributions of vertical ZDC-SMDacimels on the west side in a cosmic ray
test, after pedestal subtraction.

Before the installation of each ZDC-SMD, cosmic ray testsengarried out. The SMD with
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plastic scintillator cosmic ray trigger counters above balbw it was placed in a black box, with the
three modules aligned to detect vertical cosmic rays. Tiweasithreshold of the trigger counters
was set so that the coincidence rate of the two trigger cosintas about 30 events per minute.
Since the cosmic rays were uniformly distributed over treefaf the ZDC-SMD, we expect the

same integrated signal triggered in each strip.

L451— _
C L
§40f_ 1 Horizontal Channel 3 > 2 ADC counts
- \
351 ] \
a0
= 1IN
- \ - c2/ ndf 10.46 /18
20 \ Constant 243.1+£20.5
= \[ MPV 4.915 +0.239
15 \ Sigma 1.383+ 0.112
1o;—
5
O: i L nll LMo B —)—
5 10 15 20 25 30

Vertical Channel 2 (ADC counts)

Figure 5.3: A typical panel in Fig. 5.2, located at (2, 3).

As shown in Fig. 5.2, we can divide the SMD ib6é (8 7) small squares, and examine the
signal distribution of each channel on each square. For pkanm Fig. 5.2 each column represents
a vertical channel, and each row imposes a constraint fromriadmtal channel. In each event,
when the signal of thé" horizontal channel is bigger than 2 ADC counts, the signahefj
vertical channel is lled into the distribution histogramthe squardi; j ). Then each distribution

can be tted by a parametrized Landau function with the mesbpble value (MPV) representing
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the peak. Fig. 5.3 shows a typical panel in Fig. 5.2, locatg@,a3). The vertical average of the
MPVs over the 6 middle histograms (with the histograms atdpeand bottom removed to reduce
uctuation) gives the mean response of each vertical chiaane the ratios between the responses

of the channels serve as the gain correction factors.

5.2.2 Exponential t

After the installation of the ZDC-SMD, there exist some kmoand possibly unknown factors
that may in uence the gain correction parameters of thesskabr example, the high voltage applied
to the SMD PMTSs needs to be independently optimized for eafitsion energy (62 GeV or 200
GeV) and collision system (AuAu or CuCu or pp), and a difféenesitage generally leads to a new
set of parameters for gain correction. Also, the scintiiiatplastic of the SMD may show aging
effects, and thus change the gain factors. So we need tot ridygeieelative calibration with trigger
data after the physics run.

As seen in Fig. 5.1 and Fig. 5.2, the signal distribution afheehannel has a high-ADC tail, a
few away from the peak. This tail can be tted with an exponerfiigctionA exp( B ADC).
We assume that if the response of the detector is uniform, tte high-ADC tail should have the
same behavior for all the channels. Then after the expaletitng, the parameteB can be used
as the gain correction factor. Fig. 5.4 shows an exampleeo§itpnal measured along the vertical
dimension 8 channels) in a physics run. The left panel is the slat respbefore gain correction,
and the right panel is after. On the whole, the signal is gteshin the middle channels, and
decreases at both edges. This pattern corresponds to tigg eleposition of spectator neutrons with
Fermi momentum, as expected. By comparing the two panelse@/¢hat after the gain correction,
the slat response changes more smoothly with channel nuhrdrebefore the correction, especially

for the 5th and 6th channels in this example.
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Figure 5.4: The slat response along ZDC-SMD's vertical digien before (left panel) and after
(right panel) gain correction.

5.3 Location ofp; = 0 point

As described in the last chapter, the shower produced by maatnon deposits light in more
than one slat in each of the two layers of the ZDC-SMD, and&chesvent, we can sum the shower
signals for the individual neutrons in each plane of slatge mean position along each axis de nes
a centroid point in the transverse plane for each event. ihddntroid calculation, we use the
ADC value as the weight. The average of the centroids of maapte gives us a location of the
p: = 0 point, i.e, the point where all the neutrons would hit theedtdr in the hypothetical limit
where the beam spot is inde nitely small and the spectatatroas are emitted with zero transverse
momentum. In practice, th® = 0 point is usually different from the geometric center of tHe
SMD, and it keeps changing with time, since normal level dtidg of the RHIC beams can easily
be detected by the ZDC-SMDs.

The calibration ofp; = 0 point has to be carried out more frequently than the pedestal

Fig. 5.5 shows an example of the spatial distributiop,cf O points in AuAu collisions at 62 GeV
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Figure 5.5: Spatial distribution qd; = O point.

and 200 GeV in the year 2004. The dispersion of such a disiitois on the order of 1 cm, to be

compared with the dimension of the ZDC-SMD itselfi¢m 18cm).

5.4 Energy deposition

Since the ZDC-SMD is sandwiched beween the rst and secon@ #ddule, it can be regarded
as a slice of the baseline ZDC, and thus the total energy dedads the ZDC-SMD should be
proportional to that in the ZDC modules. Fig. 5.6 shows thergy correlation between ZDC-SMD
and ZDC, for both east and west sides. In both cases, thdatmwrecan be tted with a straight
line. With this plot, we can also test for saturation in the[3khannels. If the correlation curve
bends down at high ZDC signal, it may be a sign of SMD satunatiowhich case we need to lower

the high voltage for the ZDC-SMD until the correlation cub&comes straight.
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Figure 5.6: The energy correlation between ZDC-SMD and ZDC.

From the tting in Fig. 5.6, we can parameterize the energyalation between the ZDC-SMD

and the ZDC with

Ezpc.svp= A+ B Ezpc (5.1)

whereE zpc-smp andE zpc are the total energy deposition in the ZDC-SMD and the ZD€pee-
tively, andA andB are the tting parameters. Then we can de ne an energy faticbetween the

ZDC-SMD and the ZDC with

Re = ((Ezocsmp A)=B  Ezpc)=Ezpc (5.2)

The distribution of this ratio is plotted in Fig. 5.7, wheteetlabels on the horizontal axes are
simpli ed for clarity. If we t the distribution with a Gausan function, the is considered to be
the relative energy resolution between the ZDC-SMD and D€ ZThis relative resolution is about
35%for both east and west sides, and this is quite reasonable ifote that the energy resolution
of the ZDC itself is abouR0% [64]. If we assume that the energy correlation between th€ZD

SMD and the ZDC is solely due to the fact that the ZDC-SMD ared42BC respond to the same
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Figure 5.7: The relative energy resolution between the ZZMD and the ZDC.

energy source (spectator neutrons), then a rough estimgities abou29% energy resolution for

ZDC-SMD ( (0352 (0:20)2 = 0:287).

5.5 Beam position sensitivity

As mentioned in earlier sections, the beam is not stable,tlke@DC-SMD centroid moves
from minute to minute, as well as over longer time scales. Biting the centroid position against
event sequence (or time), we can have some idea of the bedtmmpasnsitivity of the ZDC-SMD.
Fig. 5.8 shows the mean of centroid positions of every 100@hts against event sequence, for
both east and west SMDs, for bothtandy directions.

In Fig. 5.8, the point-to-point uctuation is at the level 800 m for each panel, which corre-
sponds to the beam position sensitivity. From this plot, eue @&lso study the beam movement. For
example, between event 100k and event 140k, east and wess SMiPe the same pattern in the x
direction, with the beam position going from positive to atige. Since the local coordinates used

in the east and west SMDs have opposite x direction, we cdadlat the beam was rotating»n
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Figure 5.8: The beam position against time.

direction during that time period, with the vertex positimughly constant. For another example,
between 50k and 90k, the beam position shows the same belrati® y direction for both east

and west SMDs. This should be related to a shift of the beatmeig tirection.



Chapter 6
Estimation of the Reaction Plane

The reaction plane is de ned by the impact parameter vectdrthe beam direction, and plays
an important role in event-by-event analysis in high-epdrgavy-ion collisions. The estimated re-
action plane we call the event plane. In this chapter, tlimasibn of the reaction plane is discussed,
especially the 1st-order event plane from spectator beaficeThe application of the 1st-order

event plane in anisotropic ow analysis is studied.

6.1 Estimation of the reaction plane
Usually the event plane can be determined independentlgaoin harmonic of the anisotropic
ow. [28] Thus we have the 1st-order event plane if it is detéred from directed ow, and the

2nd-order event plane, based on elliptic ow.

6.1.1 Track-based and hit-based
In the STAR experiment, detectors can be classi ed into tategories: track-based detectors
such as the TPC and FTPCs, and hit-based detectors like tlieSNID. Correspondingly, the
estimation of the reaction plane has different approaategsending on which detector is involved.
In track-based detectors, the event plane v{aquand the event plane anglg from thenth

harmonic of the particle's azimuthal distribution are dechby the equations [28]:

X

Qncosh )= Xp = w; cos(n' i) (6.1)
X

Qnsin(n )= Y, = w; sin(n' {) (6.2)

44



45

or
0 _ w; sin(n' ;) !
.= @an 1B __A (6.3)
W cos(' i)

where' ; denotes the azimuthal angle of ti particle (a track detected by a track-based detector)
in the event plane determination, and tikeare weights, optimized to make the reaction plane res-
olution as good as possible. Sometimes we can optimize #m@ plane estimation by selecting the
particles of one particular type, or weighting with transeemomentum of the particles, etc. In gen-
eral, the weights for the odd and even harmonic planes dexetit. Optimal weights are discussed
in footnote 2 of Ref. [77]. For symmetric collisions like At or Cu +Cu, re ection symmetry
requires that particle distributions should be the samberfarward and backward hemispheres of
the center of mass, if the azimuthal angles of all partiategrie of the hemispheres are shifted by

. Thus, for the odd harmonics, the signs of the weights aregifgin the different hemispheres,
while for the even harmonics, the signs of the weights areséime. Note that theth-order event
plane angle , isintherangdd 6 , < 2=n. For the case afl = 1, Egs. 6.1-6.3 are equivalent
to obtaining 1 for number ow from Ref. [53]:

! Xy
Q= W’ pIpj (6.4)

where the sum is over all the particles. The case of2 is equivalent to the event plane determined
from the transverse sphericity matrix [24].

In a hit-based detector, if the detector elements have adndially symmetric arrangement
around the beam axis, then the event plane v!e@tgrand the event plane anglg, can be formu-
lated in the same way as Egs. 6.1-6.3, except that' nadenotes the xed azimuthal angle of thé
element of in the detector, and the are the energy depositions (ADC signals) in itieelement.

In the case of the ZDC-SMD, since it is located gt> 6:3 where directed ow is dominant over

other harmonics, we only consider the 1st-order event plareach ZDC-SMD (east and west), the
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|
1st-order event plane vect®@ and the 1st-order event plane anglare de ned by the equations:

X?
Qcos =X = Wi Xi (6.5)
i=1
X8
Qsin =Y = W, Vi (6.6)
i=1
or
0 1
=4
Wi Xj
= 1i=1
= %tan = § (6.7)
WiYi

i=1
wherex; andy; are the xed positions (with the; = 0 point subtracted) for the 7 vertical slats
and the 8 horizontal slats, respectively. Note that the temartical slat” means a slat with its long
axis vertical; then of course this slat provides informatomly about the horizontal position of the
shower. In practice, they; are calculated from ADC(the signal in theéth slat, either vertical or
horizontal) in the following way:

Ror8

w; = ADCi= ADC; (6.8)

i=1
As there are ZDC-SMDs on both the east and west sides of th®@&Tt&rsection region, and each
of them can determine a 1st-order event plane, we considesvitnt plane obtained from a single

ZDC-SMD to be a sub-event plane, and the combination of tkeaad west event plane vectors

provides the full event plane.

6.1.2 Event plane distribution

The reaction plane in heavy-ion collisions should be rangahstributed. However, the rectan-
gular shape of the ZDC-SMD leads to an uneven distributiaheflst-order event plane, as shown
in Fig. 6.1. Such raw event planes can not be applied diréctly ow analysis, since they have

some preference in the orientation, which will introduce&-now correlations. One way to solve
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this problem is to apply weights to events with different mvplane angles. The weight can be
determined with the inverse of the bin content in the raw epéamne distribution, so that the events

with more probable event plane angles get less weight, ardvérsa.
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Figure 6.1: Raw distributions of the 1st-order event plaines the ZDC-SMDs: east sub-event
plane (left panel), west sub-event plane (middle panel)falhévent plane (right panel).

Another way is to make corrections to the event plane angédfjtand atten the event plane

o e\ . . .
distribution. The raw event plane dIS'[I’IbutIOé:F can be expanded in a Fourier series:

ccll_N = % + X (apcosn + b,sinn ) (6.9)
n
where
a, = EZ Z—N cosn d n =0;1;2::
b, = EZ Z—N sinn d n =1;2;3:: (6.10)

We make a new angle®after adding a correction term  to the raw event plane angle

X
0o- 4 = + (Apcosn + B,sinn ) (6.11)

n

By requring the new angle to be uniformly distributed, weédav

N _N_% (6.12)
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Now the raw distribution can be rewritten as

X
i+ ( n Apysinn +n Bpcosn )) (6.13)

n

dO
0 d

o

N
d

Qo
pd

o
N[ &

Comparing Eqg. 6.9 and Eq. 6.13, we can evaluate the coetsilrom the raw distribution

2 2 . .
An, = — Ez —bhsinn i
n ap n
2 a 2 .
Bn = = 2= Ztcosn i (6.14)
n a n
Thus the corrected event plane angle is
0 X 2 .
= + ﬁ(hsmn icosn + hcosn isinn ) (6.15)
n
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Figure 6.2: Distributions of the attened 1st-order evelaines from the ZDC-SMDs: east sub-event
plane (left panel), west sub-event plane (middle panel)falhdvent plane (right panel).

In practice, we atten the event plane distribution up to therth harmonicf = 4), as shown
in Fig. 6.2. Note that due to the small valuesfef andB, (typically of the order of a few percent),
such a attening of the distribution does not have any effatthe event plane resolution. It can
also be shown that the same attening procedure removesgb@ssgger biases (due to imperfect

calibration, dead channels, or any other asymmetry) at lgat the second order. [78]



49

6.1.3 Event plane resolution

The event plane resolution was introduced in Chapter 2 adgheminatohcoskm( o )]i
in Eq. 2.5. For the case of the 1st-order event plane from €-BMD, m = 1 and the event
plane resolution for thk-th harmonic calculation reduces ioosk( ¢)]i. Since we have two
independent sub-event planes from the two ZDC-SMDs, theeledion between these two event

plane angles can be expressed as

hcosk( east  wesd]li = NCOSK( east  r)]li hcOSK( west r)]i (6.16)

If we assume that the two sub-event planes have the sameaitiesplthen the sub-event plane

resolution is

hcosk( east 1)

hcosk( sub r)]i

hcosk(  west r)]i

il G— (6.17)

The term inside the square-root should always be posifitlee sub-events are correlated. However,
for small amounts of ow, uctuations and/or non ow corrdians can cause this term to be nega-
tive. When the sub-event plane resolution is low, we can@pprate the full event plane resolution

as
reosk( i i |2 hcosk( sw ol (6.18)

A more detailed and accurate estimation of the event plaswution is stated in Ref. [28], where

| , the modi ed Bessel function of orderis employed:

p_
hcosk( fun )i = Ep_é exp( =) [l 1=a( =)+ | a1y =2( 2=4)]

(6.19)

where can be obtained from the sub-event plane resolution as shokig. 1 in Ref. [28].
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Centrality | 62 GeV Au +Au | 200 GeV Au +Au| 200 GeV Cu +Cu
70% 80% | 0:179 0:005 0:296 0:003
60% 70% | 0:185 0:004 0:348 0:003
50% 60% | 0:176 0:005 0:382 0:002 0:135 0:007
40% 50% | 0:167 0:005 0:397 0:002 0:139 0:007
30% 40% | 0:138 0:006 0:390 0:002 0:150 0:006
20% 30% | 0:110 0:008 0:365 0:002 0:130 0:008
10% 20% | 0:081 0:010 0:309 0:003 0:105 0:009
5% 10% 0:220 0:006

0 5% 0:127 0:011

Table 6.1: The resolution of the 1st-order full event planevigled by the ZDC-SMDs, as deter-
mined from the sub-event correlation between east and WdEIsS The errors in the table are
statistical.

Table 6.1 shows the resolution of the 1st-order full eveahelprovided by the ZDC-SMDs,
as determined from the sub-event correlation between edsivast SMDs. In 200 GeV Au +Au
collisions, the resolution is betwe@&0% and 40% for most centralities, which corresponds to the
best case in the ow simulation result in Fig. 4.1 (spectatpr= 20% and neutron multiplicity
= 30). In 62 GeV Au +Au and 200 GeV Cu +Cu collisions, the lower tagons correspond to
the case where spectator = 20% and neutron mulplicity= 5, for different reasons. In 62 GeV
Au +Au collisions, the beam energy is one-third that of 200/@sellisions, so neutrons with Fermi
momentum disperse in a solid angle about nine times as big 280 GeV collisions and many
of them miss the ZDC transverse plane. In 200 GeV Cu +Cu @milés since Cu is much smaller
than Au, naturally a smaller number of spectator neutromeapin the beam direction. Note that
in some cases in Table 6.1 , the resolution can not be obthieeause the term inside the square-
root in Eqg. 6.17 becomes negative. The resolution for @liptw calculation or even higher order

harmonics can be calculated with Eq. 6.19 in a similiar way.
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6.2 The 1st-order event plane in ow analysis
There are several physics areas where the ZDC-SMD can loatgtyias mentioned in Chapter

4. In this work, we focus on the application of the 1st-ordexrd plane in ow analysis.

6.2.1 Terms for east, west, and for vertical and horizoritalkctions in the transverse plane
Each ZDC-SMD provides us with a 1st-order sub-event plané tlke ow components can be

evaluated as:

rcosh( sunli
s = teosh( s o)l
Ckeosh(C suli
" TcosP( east  wes)i

. hcosn' cosn gpp+sSinn' sinn g4 (6.20)

~ - A n
|"COSI’1 eastcosn West+ sSin n eastslnn Westl

where gypstands for either ga5t0r  west Since the ZDC-SMD has a rectangular shape, we must
treat separately the x- and y- directions, represented &yctis- and sin-terms, respectively, in
Eqg. 6.20. Thus assuming that the sin- and cos-terms are syimyee break down Eq. 6.20 into 4
terms:

. 2hcosn' cosn  easi

Vh_eastcos = P -
2hcosn  ¢astCOSN st
v . 2hsinn' sinn gasi
n_east sin | d 0 B H
2NN gasSINN esi
_ 2hcosn' cosn  yesi
Vh_westcos — P :
2hcosn  ¢astCOSN st
2sinn' sinn  yesi
Vh_westsin = P (6.21)

" 2rsinn eastSINN  esi

The average of the 4 terms gives the nal resultdgr There are several assumptions underlying the
de nitions of the 4 terms in Eq. 6.21. In reality, we need tplpsome corrections to compensate
for ideal-case assumptions. The advantage of using thans teith the sub-event planes over the
standard approach with the full event plane is that we catyagprections to each of the 4 terms

separately according to the detector performance andidissesystematic errors.
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6.2.2 Correction to sub-event plane resolution

In Eqg. 6.17, we assume that the two sub-event planes havethe gesolution, which is not
completely true. The two ZDC-SMDs are identical in desigd eonstruction, but in practice, there
are differences due to PMT characteristics and the diffettame of the two beams at RHIC. To
compensate for the difference between east and west ZDCsSME can separate the sub-event
plane resolution for the east and west SMD by introducingira tevent plane from the TPC or

FTPC( ):

ECOS[‘I( east r)]i

hcosp( east  r)] COSP( west r)li hcosh( east r)] cosh( r)]i
hcosp( west r)] cosh( r)]i

hcosh( east  wesdli hCoOSh( east i
hcosh( west )i

ZI’COSI’] eastcosn Westi hCOSﬂ eastcosn |

S

S

_ _ 6.22
hcosn yestCOSN i ( )
S
_ 2ABINN casSINN yesi hsinn eagsinn i (6.23)
sinn yegSiNN i
In the same way,
ECOS[']( west Dli
_ 2SN asCOSN wesi NCOSN wesiCOSN | (6.24)
hcosn gastcosn i
S
= 2NN eastSINN west hSINN yestSINN (6.25)
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Then the 4 corrected terms become:

S
v . 2hcosn' cosn  easi hcosn estCOSN i
n_eastcos — ~ T .
2hcosn  astCOSN  west hcosn gasicosn i
S
n_eastsin — g - - - - - -
2NN eastSINN esi hsinn gagSINN i
S
v _ . 2hcosn' cosn  esi hcosn eastcOsSn i
n_westcos — L n .
2hcoSN  251COSN  west hcosn  estCOSN i
S
4 2hsinn' sinn e sinn gasSINN i 6.26
Vh_westsin = P - = = - - . (6.26)
28NN astSINN wesi Fsinn yestSINN i

Note that the correction terms f@f cast cos(sin) @NAVn west cos(siny @re just the inverse of each other.

So the effect of this correction is to make one term biggerraa#le its counterpart smaller, so that

they are closer to each other since all the 4 terms shouldlydgee the same physical result.

6.2.3 Acceptance correction
In Eg. 6.21, we assume that thedistribution is isotropic (the g, distribution is already at-

tened) so thatosn' cosh gypandsinn' sinn gy have the same contribution tg. In general,

from Eq. 2.1 we have

R
N, v cosk( 1) (6.27)
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R
cosn' cosn ; dN

N
RR d’N
cosn' cosn ¢ — :
R d2N
z @ d z
' d' b3 , d,
cosn' cosn ;, — [1+  2v cosk( I
2 k=1 2

acc %
. a “ R . o d,
cosn' cosn 2vi(cosk' cosk  +sin k' sink |) 5>

2
acc 7 2 k=1
dl
2v, cosn'

Zacc 2

d
vy, cogn' >

d
& - r
cosn r —

N

acc

vohcogn' i (6.28)

R
where represents the integral over the acceptance of a deteatibre same way, we have

acc

ksinn' sinn ;i = v,hsinn’ i (6.29)

If a detector has perfect acceptance, then the averages irnth. of Eq. 6.28 and 6.29 become

1=2, and Eq. 6.21 will hold. However, as shown in Fig. 6.3, therages of the sin- and cos-terms

can differ from1=2, especially at the pseudorapidities covered by the FTPfss The 4 terms need
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Figure 6.3: Acceptance correction terms for directed oeft(panel) and elliptic ow (right panel)
in the TPC and FTPCs.

to be further corrected:

S
v _ 1 o hcosn' cosn  easi hcosn  yestCOSN i
n-eastcos hcogn' i 7 2hcoSN easCOSN wes hcosn eastCOSN i
S
v _ 1 . Fsinn' sinn gl sinn yegSINN i
_eastsi - . ' - - N . . .
fn-eastsin hsin?n' i | 2M8iNN caeSINN wesd  /BINN easSINN
S
v _ 1 o hcosn' cosn  esi hcosn gastcosn i
_ t - T = .
n-west cos hco2n' i 7 2C0SN astCOSN  wesd hcosn yestCOSN |
S
_ 1 sinn' sinn yesi hsinn egastSINN i
Vh_westsin = P

hsin?n' i | 2MBINN aeSINN wesi  /BINN westSINN
(6.30)

The above corrections apply to both track-based detectwshd-based detectors, except that in
hit-based detectors like CTB, theangle is xed for each slat, and the average is weighted vhi¢gh t

slat signals.

6.2.4 Granularity correction in hit-based detectors
Since hit-based detectors are made of elements with nikm@hal width, we have to study

the relationship between the measured ow value and the oeaValue. Suppose we have a small
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detector element (for example, a slat of the CTB) with aziraliangle coverage frofmgy to " hign,

then nominally the signal in the detector is

Z. high R
N fl+ 2v,, cosp(' g d
" low n=1
2v . .
= "high low™ T”fsm[n(' high )] sinn(’ ow r)1g
n=1
L} . 1 L} . + 1
= 'high low % Zsinw COS["(M D] (6.31)
n=1

1 . + 1
On the other hand, experimentally we measukewith _high = low representing the azimuthal

angle of the whole detector, and the signal in the detector is

)(' ! . + '
N f 1+ 2vpcosp(—F— g (hign  low)
n=1
)é' ' . + '
= "high "towt  2va (" high " low) COSh(M r)l (6.32)
n=1
Comparing Eq. 6.31 and 6.32, we have
n(' hi '
2, Sinwzz\,n Crigh ' tow)
or
E 1
Vp= —2 v (6.33)
n— K n n )
sin(= ')
2
where ' ="' pigh ' 1ow Can be used to denote the granularity of a hit-based detddtercorrec-
tion term% '= sin(% ') is always bigger than 1, so the effect of the granularity exction is to

increase the ow value. The granularity effect is more pmoemit for largem (higher harmonics).
When we have a perfect hit-based detector wheregoes to 0, the limit of the correction term

becomes 1 and no granularity correction is needed, justrikiee case of track-based detectors.

6.2.5 Before and after corrections

Since the 4 terms measure the same physical quantity, tleydshive very close results, if not

exactly the same. Compared in Fig. 6.4 are the directed @wulte of 4 terms in a small sample of
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data from the TPC and FTPCs before and after corrections. clear that after corrections, the 4

terms have much closer results than before corrections.

— —
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Figure 6.4: The directed ow results of 4 terms versum a small sample data from the TPC and
FTPCs before (left panel) and after (right panel) corrextio

6.2.6 Robust test of ow analysis with the ZDC-SMD
Shown in Fig. 6.5 is the comparison between the directed esults of the 4-term average
and the full event plane approach on a small sample of datatihe TPC and FTPCs. Within the

statistical errors, the two results are consistent witthexdber.
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Figure 6.5:v1( ) comparison between the 4-term average and the fathalysis on a small sample
of data from the TPC and FTPCs.



Chapter 7
Flow Results |: Directed Flow

In this chapter, | present the directed ow results in Au +Aallisions atp SyN =62 GeV and
200 GeV, and in Cu +Cu collisions Ig\tsNN = 200 GeV, especially using the 1st-order event plane

reconstructed from spectator neutrons detected by the EBIOs at the STAR detector.

7.1 Introduction of transport models
7.1.1 RQMD

RQMD [79] (relativistic quantum molecular dynamics) is ansglassical microscopic trans-
port model, that combines classical propagation with ststib interactions. In RQMD, strings
and resonances are excited in elementary collisions oepuas| and overlapping strings may fuse
into “color ropes”. Subsequently, the fragmentation piddrom rope, string, and resonance de-
cays interact with each other and the original nucleons.tljnei@ binary collisions. [80] These
interactions drive the system towards equilibration [8id are responsible for the collective ow
development, even in the preequilibrium stage.

The RQMD code contains an option to vary the pressure in thh-tiensity state. In the
medium, baryons may acquire effective masses, generatatrbgucing Lorentz-invariant quasipo-
tentials into the mass-shell constraints which simulageetfect of “mean elds” [82]. There are no
potential-type interactions in the so-called cascade nob&QMD, where the equilibrium pressure
is simply that of an ideal gas of hadrons and resonancesquigtien of state is very similar to the

one calculated in Ref. [83], because the spectrum of indudsonance states is nearly the same.

59
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7.1.2 UrQMD

UrQMD [84] (Ultra-relativistic quantum molecular dynarsjcis another relativistic hadronic
transport model describing the phenomenology of nuclebisioms, and grew out of an effort to
improve RQMD and adapt it for higher beam energies. Thesioiii term is roughly the same as
that of RQMD, though some implementation details are difiéer For example, UrQMD handles
more types of particles, and employs more detailed crogtoasgarametrized according to the
experimental data. In the early versions of UrQMD such ad urs¢his dissertation, hard processes

are not included.

7.1.3 AMPT

The AMPT model (a multiphase transport model) [85] is a hylmiodel that uses minijet par-
tons from hard processes and strings from soft processég indavy ion jet interaction generator
(HIJING) model [86] as the initial conditions. Time evoloi of resulting minijet partons is then
described by Zhang's parton cascade (ZPC) [87] model. Afieijet partons stop interacting, they
are combined with their parent strings, as in the HIJING rhadll jet quenching, to fragment into
hadrons using the Lund string fragmentation model as imeided in the PYTHIA program [88].
The nal-state hadronic scatterings are then modelled Blativistic transport (ART) model [89].

The AMPT model has a “string melting” option to convert thiéié excited strings into partons.
Interactions among these partons are again described byRBeparton cascade model. Since
there are no inelastic scatterings, only quarks and antiguaom the melted strings are present
in the partonic matter. The transition from the partonic tevato the hadronic matter is achieved
using a simple coalescence model, where adjacent quardaark pairs are combined into mesons
and likewise, adjacent quark/antiquark triplets with ayppiate invariant masses are combined into

baryons/antibaryons.
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7.2 Model calculations and previous measurements

Directed ow in heavy-ion collisions is quanti ed by the tsharmonic ¢1) in the Fourier
expansion of the azimuthal distribution of produced pletiavith respect to the reaction plane [28].
It describes collective sideward motion of produced plsiand nuclear fragments and carries
information on the very early stages of the collision [80heTshape o¥; (y) in the central rapidity
region is of special interest because it might reveal a sigaaof a possible Quark-Gluon Plasma
(QGP) phase [40, 90, 91].

At AGS and SPS energieg, versus rapidity is an almost linear function of rapidity [2G, 78,
92]. Often, just the slope afy(y) at midrapidity is used to de ne the strength of directed ofhe
sign ofv; is by convention de ned as positive for nucleons in the prbie fragmentation region.
At AGS and SPS energies, the slopevefy) at midrapidity is observed to be positive for protons,
and signi cantly smaller in magnitude and negative for @q@8, 92, 93] . The opposite directed
ow of pions is usually explained in terms of shadowing by loms. At RHIC energies, directed
ow is predicted to be smaller near midrapidity with a weaklspendence on pseudorapidity [42,
94]. It may exhibit a characteristic wiggle as discussedeiction 2.2.1 [40, 42, 90, 94], whereby
directed ow changes sign three times outside the beam fesation regions, in contrast to the
observed sideward de ection pattern at lower energies a/ttex sign ofv;1(y) changes only once,
at midrapidity. The observation of the slope\af at midrapidity being negative for nucleons or
positive for pions would constitute such a wiggle.

In one- uid dynamical calculations [40, 90], the wiggle @wtture appears only under the as-
sumption of a QGP equation of state, thus becoming a signafithe QGP phase transition. Then
the wiggle structure is interpreted to be a consequenceeoftpansion of the highly compressed,
disk-shaped system, with the plane of the disk initialletIwith respect to the beam direction. [90]
The subsequent system expansion leads to the so-calledarjfi0] or third ow component [40].

Such ow can reverse the normal pattern of sideward de etts seen at lower energies, and hence
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can result in either a atness of, or a wiggle structure if the expansion is strong enough.

A similar wiggle structure in nucleow(y) is predicted if one assumes strong but incomplete
baryon stopping together with strong space-momentum ledioes caused by transverse radial
expansion [42]. While the predictions for baryon directemv are unambiguous in both hydro-
dynamical and transport models, the situation for pionatiir@ ow is less clear. RQMD model
calculations [42] for Au +Au collisions a? SyN = 200 GeV indicate that shadowing by protons
causes the pions to ow mostly with opposite sign to the pnetdout somewhat diffused due to
higher thermal velocities for pions. Similar UrQMD calctitas [94] predict no wiggle for pions
in the central rapidity region with a negative slope at npitdly as observed at lower collision
energies.

At RHIC, most of the detectors cover the central rapidityigegvhere the directed ow signal
is small and the analysis procedures easily can be confusedifmuthal correlations not related
to the reaction plane orientation, the so-called non- oveets. Only recently have the rsi;
results been reported by the STAR Collaboration [68] andimpieary results by the PHOBOS
Collaboration [95]. In Ref. [68], the shapewf in the region on either side of midrapidity is poorly
resolved due to large statistical errors. This shortcoranage from having only about 70,000 events
from the FTPCs during their commissioning in the RHIC rundtipd (2002).

In early 2004, STAR installed Shower Maximum Detectors (Sy1Bandwiched between the
rst and second modules of each existing STAR ZD(J gt> 6:3. Thev;f ZDC-SMDg should
have minimal contribution from non- ow effects due to theda rapidity gap between the spectator
neutrons used to establish the reaction plane and the sapadjion where the measurements were

performed.

7.3 62 GeV Au +Au

In this section, | present directed ow measurements in Aw+@ollisions atp SNN = 62

GeV. Results are obtained by three different methods, nartel three-particle cumulant method
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(v1f 3g), the event plane method with mixed harmonied EP1,EP8), and the standard method [28]
with the rst-order event plane reconstructed from neutradments of the incident beamg { ZDC-
SMDg). The rst and the second method are described in Ref. [58]Refs. [28, 57], respectively.
Both offer enhanced suppression of non- ow effects, inglgdcorrelations due to momentum con-
servation, compared with the standard method (in which Weateplane is reconstructed from the
same harmonics and in the same rapidity region where the emésotropy is measured). In the
present study, the procedures to obtaih3g andvif EP1,EPg are essentially the same as in Ref.
[68]. The third method is the ZDC-SMD-based approach th#tdamain focus of this dissertation.
This is the rst report from RHIC of ow results with the eveptane reconstructed from spectator
fragments. Five million minimum-bias events were used is $kudy for each of the three analyses,
and all the errors presented are statistical. Cuts useceiTHC analysis are listed in Table 7.1,
except for the uppep; cutoff which often goes higher as shown in the graphs. The 2=@én
Table 7.1 means the upper limit of the integral fprintegrateds,. Forthe FTPCZ5< j j < 4:0),
only 5 hits are required. These cuts will be the same for 200 &e +Au collisions and Cu +Cu
collisions, unless otherwise speci ed. The centrality xi¢ion is based on the raw charged parti-
cle TPC multiplicity withj j < 0:5 (reference multiplicity). Listed in Table 7.2 are the refece
multiplicity and the estimated impact parameter [97] fockeaentrality bin for 62 GeV Au +Au
collisions.

The centrality ranges of Au +Au collisions gtm = 62 GeV where the three; methods
are usable are slightly differentr1f 3g fails at centralities less thab% and centralities greater
than70% because the four particle cumulant 4g, which is a necessary ingredient for measuring
v1f 3g, is not measurable in those regions possibly due to laggeictuations; vif ZDC-SMDg
fails for centrality less than 10% because of insuf cienteet/plane resolution in central collisions.
Fig. 7.1 shows charged-particle as a function of pseudorapidity, for centralityl0% 70%where

R

all three methods work, from Au +Au collisions ‘aSyy = 62 GeV. The arrows in the upper panel
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Figure 7.1: Directed ow for charged particles as a functadrpseudorapidity, for centrality 10%—

70%. The arrows in the upper panel indicate the directionowf for spectator neutrons. The arrow
positions on the pseudorapidity axis corresponds to wherécident ions would lie on a rapidity

scale. The lower panel shows the mid-pseudorapidity reigiomore detail.



65

cut value

Pt 0.15t0 2.0 Ge¥c
-1.3t01.3

multiplicity > 10

vertex z —30. to 30. cm

vertex x, y -1.0to 1.0cm

t points > 15

tpts/ max. pts > 0.52

dca < 2.0cm

trigger min. bias

Table 7.1: Cuts used in the TPC analysis of 62 GeV Au +Au dolis. Vertex refers to the event
vertex, t points are the space points on a track, and dcaggiktance of closest approach of the
track to the event vertex.

indicate the direction of ow for spectator neutrons as dateed from the ZDC-SMDs. The lower
panel shows, on expanded scales, the mid-pseudorapidiynreneasured in the STAR TPC. The
results from the three different methods agree with eaclrotéry well. In Ref. [68], the relative
systematic uncertainty im1.f 3g and v,f EP1,EP8 was estimated to be abod0% That error
estimate was obtained under the assumption that the diremtemeasurements using two-particle
correlations were totally dominated by non- ow effects.cBan assumption provides an upper limit
on the systematic errors. Ref. [57] provides further dismrson the systematic uncertainties. The
comparison of/1f ZDC-SMDg andv;f 3g indeed shows that the relative difference is no more than
20%around mid-pseudorapidity (where the directed ow itselféss than 0.005) and the difference
is only about5% in the forward pseudorapidity region;f ZDC-SMDg was also calculated using
the information from the east and west ZDCs separately asaseleparately from correlations in
the vertical and horizontal directions (note that the ZD@E® have a rectangular shape); all the
results agree withii5% (see Fig. 6.5). In another systematic studwgfZDC-SMDg, a tighter
distance of closest approach (dca) cut was applied to retheceumber of weak decay tracks or
secondary interactions. The ratioaf obtained with dca< 1 cm to thev; result with the default

cut (dca< 2 cm) was measured to pgca< 1cm=ydeas 2em = 1 .00 0:07 for charged particles (see
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Centrality RefMult | Impact parameter (fm)
80% 100% <9 1425 +0:66 0:84
70% 80% 9 20 1277 +0:73 057
60% 70% | 20 38 11:89 +0:67 0:52
50% 60% | 38 65 10:95+0:58 0:52
40% 50% | 65 102 9:91+0:47 042
30% 40% | 102 154 | 871+0:52 031
20% 30% | 154 222| 7:36+0:47 0:26
10% 20% | 222 313| 572+0:32 021
5% 10% | 313 373| 4:.08+0:16 0:21
0 5% > 373 2:24+0:07 0:14

Table 7.2: The reference multiplicity and the estimateddnigarameter in each centrality bin for
62 GeV Au +Au collisions.

Fig. 7.2).

AMPT [85], RQMD [80], and UrQMD [84] model calculations fohé same centrality of Au
+Au collisions atp SNN = 62 GeV are also shown in Fig. 7.1. Most transport modeldudtieg
AMPT, RQMD and UrQMD, underpredict elliptic ow\,) at RHIC energies, and we now report
that they also underpredict the charged-partigle ) within a unit or so of mid-pseudorapidity, but
then come into good agreement with the data over the rélyton j j < 4:0. While the magnitude
of vy, for charged particles increases with the magnitude of pmapidity belowj | 3:8 for
centralities betweefh0% and70%, our results are compatible with the pealjymj lying in thej j
region predicted by all three models, namely, 3.5 to 4.0.

No apparent wiggle structure, as discussed above, is @abanthin our acceptance. Through-
out our pseudorapidity acceptance, charged particles area gide of = 0 ow in the opposite
direction to the fragmentation neutrons on that side. Thi®nsistent with the direction expected in
the "anti- ow” scenario [90] but it is also the same direatias measured for pions at lower energies
that is usually related to the pion shadowing by nucleonsu/isng that the charged-particle ow
at beam rapidity is dominated by protons, one would conctbdé over the entire pseudorapidity

rangevi( ) changes sign three times. However, this does not prove tisteege of the wiggle
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Figure 7.2:vdcas lemoydeas 2em a5 5 function of on a small sample of data from the TPC and
FTPCs, tted by a constant.

structure for protons and pions separately. Measuremdrdgexrted ow of identi ed particles
could be more informative in this respect.

In STAR, particle identi cation is feasible only in the maliPC, which covers the pseudorapid-
ity regionj j < 1:3. In this region, the RQMD model predicts very ai( ) for pions and a clear
wiggle structure, with negative slogly;=d at mid-pseudorapidity for protons %m =62 GeV.
(The relatively strong wiggle for pions reported in Ref. J42 developed only at higher collision
energies.) To maximize the magnitude of the possible shapeselect the centrality intervdl0%
to 70% where ow anisotropies normally are at their peak. The iteisushown in Fig. 7.3. With
the current statistics, we observe that pion ow is very $amto that for charged particles, with
the slope at midrapiditgv, =dy about0:0074 0:001Q obtained from a linear t over the region
jyj < 1:3 (dashed line). For protons, the sloghg =dyis 0:025 0:011from alinear tinjyj < 0:6

(solid line). If this 2.3 effect is con rmed with better statistics, it will be the t®bservation of
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Figure 7.3:vy versus rapidity for protons and pions in 62 GeV AuAu. The ghdrparticlevyi( )

is plotted as a reference. The different upper end ofgtheange for protons and pions is due to
different limits of thedE=dx identi cation method. The solid and dashed lines are resiuim
linear ts described in the text. All results are from anagaising the reaction plane reconstructed
by the ZDC-SMD v1f ZDC-SMDg.



the wiggle effect, that has been searched for since the 1990s
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Figure 7.4:v¢ =V} as a function of rapidity on a small sample of data from the T&®ions and
protons, tted by a constant.

At present, STAR's statistics for baryons are rather smathgared with the statistics for all
charged patrticles, and our best estimates of the tted sbrpesuch that a negative baryon slope
with comparable magnitude to the RQMD prediction is not sigely ruled out. For the identi ed
particles, the in uence of the particle identi cation predures on the ow values for pions and
protons may be a source of errors. By default we eliminatéiges 3 away from the expected
TPC energy loss for the relevant particle type. When we ¢ighd the cut to 2instead of 3, we
found that ford0% 70%most central events, thef ZDC-SMDg for pions is reduced by less than
10%while the protorv,f ZDC-SMDg stays constant within errors (See Fig. 7.4).

Fig. 7.5 showsy; for charged particles as a function offor different centralities. We do not
observe an onset of any special feature in the pseudonamiditendence of; at any centrality.
Preliminaryvy( ) results from PHOBOS [96] for centralit¥0% to 50% are consistent with our

data at the same centrality (see Fig. 7.6) exceptjthdt)j from PHOBOS has its peak atj of

about 3 to 3.5, while STAR'$v1( )j peaks aj j about 3.8 or higher. PHOBOS has acceptance



70

10?% 70%%80%
2% . |
L
Lk

60% * 70% 2 % 50% * 60% ]

% M

o

-10F

1 1 1 : 1 1 1 1 1 : 1 1 1 1 1 1 1 1 1 1 1 1 ] U)
E . E . E . 1
10F 40% - 50% E 30% - 40% o 20% - 30% E ;:‘S
—~ b ; E ; b ; 3
S 5 @3% ! F ay ; " e, | 1=)
< OF % F % F T ] i
S b r vl %@ 3 : G | ! e |5
O V{EP, EP;) é | é | 5
-105- o v,{ZDC-SMD} 3 5 - - 12
10F 10% * 20% 3 5% : 10% - 0: 5% 7
' e

-10F ; 2 ; 2

4-3-2-101234-43-2-1012234-4-3-2-101231214

h

Figure 7.5: Directed ow for charged particles as a functaipseudorapidity for different central-
ities.

down to lowerm; than STAR, which is the only known difference between the éxperiments that
might explain the discrepancy. There might be a signi camarge in particle abundances below
STAR's p; acceptance cut (0.15 Geg), which could account for some or all of this difference in
thejvyj peak position. If we move oyg; threshold higher than 0.15 Ge¥ the discrepancy does
not appear to grow. Normally, the best way to investigatedikerepancy would be for PHOBOS
to raise theimp; threshold to match STAR's acceptance, but it is not posddoléhem to do that.

Therefore, we have not been able to come to any de nite ceimiuabout the differences at forward

The transverse-momentum dependence @ shown in Fig. 7.7. Sincey( ; p¢) is asymmetric
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Figure 7.6:v1( ) comparison between STAR and PHOBOS in Au +Au collisions aGé¥.

about =0, the integral ofvi( ;p¢) over a symmetric range goes to zero. We changd ;p+)
of particles with negative into vi( ;pt), and integrate over all. If vi(p;) is negative at a
speci ¢ p;, that means particles with thpt have a negative slope in( ) like the pionv; in the
mid-pseudorapidity region, while W1(p;) is positive at a speci g, that means particles with
thatp; have a positive slope im( ), like spectators. Due to the small magnitude of ¥hesignal
close to mid-pseudorapiditfj j < 1:3), only the averagesl;(p;) over centralitiesl0% 70%is
shown. For2:;5 < j j < 4.0, thev; signal is large enough to be resolved for different cenyrali
regions. The poop; resolution for highep; in the FTPCs limits the; range to below 1 Ge¥cfor
2:5< | j < 40. For all centralities, the magnitude vf is observed to reach its maximumpt 1
GeV=cforj j< 1:3andatp; 0.5 Ge\=cfor 2.5 < j j < 4:0. Note that from its de nitiony(pt)
must approach zero @g approaches zero.

The centrality dependence pf-integratedv; is shown in Fig. 7.8. In principle, integrated
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Figure 7.7: The upper panel showg ZDC-SMDg versusp; measured in the main TP¢ | <

1:3), for centrality 10%-70% in 62 GeV AuAu. The lower panel sisawf ZDC-SMDg versuspy
measured in the Forward TPC&g < | j < 4:0), for different centralities in 62 GeV AuAu. The
differential directed ow of particles with negative has been changed in sign as stated in the text.
Note the different scales on both axes for the two panels.
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could also be both positive and negative for the same reason(j). The values of the impact
parameter were obtained using a Monte Carlo Glauber céiloal§7], listed in Table 7.2. As
expected, the magnitude @f decreases as collisions become more central. It is seewthathe

more forward pseudorapidity regid5 < j j < 4:0 varies more strongly with centrality than in

the region closer to mid-pseudorapidifyj < 1:3).

7.4 200 GeV Au +Au
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Figure 7.9: Directed ow for charged particles as a functafrpseudorapidity for 3 centrality bins
in 200 GeV AuAu.

Fig. 7.9 presents charged-partiotd ) in three centrality bins in Au +Au collisions gtm =
200 GeV. The arrows have the same meaning as in Fig. 7.1. Sismmhinimum-bias events were
used in thev1f ZDC-SMDg analysis. The magnitude 8f( ) is smaller compared with the case in
62 GeV AuAu in Fig. 7.5. The centrality dependence is qutilitdy similar to the trend seen at

SPS by NA49 in Fig. 7.10 [92], but STAR's rapidity coverageaitarger fraction of the available
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range. For peripheral collisions, the directed ow is a mimmic function of ; for mid-periperal
collisions, the curve is mostly monotonic with the only autest points turning back; for central
collisions, STAR's coverage is such that we can probe ther@sting region j  3:5to 4 where
v1 approaches zero for centrality 010% similiar to the case of = 6 in Fig. 2.4. The observed
pattern ofvy( ) at different centralities may provide insights into theostyer stopping in more

central collisions.

Figure 7.10: Standard directed ow as a function of rapiditypions from 158A GeV Pb +Pb. [92]

The result of pionvy(y) for centrality40% 70%is shown in Fig. 7.11. With the current
statistics, we observe that pion ow is very similar to that tharged particles, with the slope at
midrapidity dv;=dy about0:0035 0:0005 obtained from a linear t over the regiolyj < 1.3

(dashed line). Due to the low statistics for identi ed praso the protonv;(y) has big statistical



errors and is consistent with zero.
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Figure 7.11:v, versus rapidity for pions in 200 GeV AuAu. The charged-peti,( ) is plotted
as a reference. The dashed line is the result from a lineaestdbed in the text. All results are
from analyses using the reaction plane reconstructed by @& SMD,v,f ZDC-SMDg.

The transverse-momentum dependenog @ shown in Fig. 7.12 for 3 centrality bins. The poor
p: resolution for highepy in the FTPCs limits the; range to below 2 Ge¥cfor 25 < j j < 4:0.
For2:5< j j < 4.0, vi(p) is always negative (up tp, = 2 GeV=c), and the magnitude ofy (pt)
is observed to reach its maximummt 1.1 GeV=cfor all centralities. Foj j < 1.3, vi(pt) is
always negative (up tp; = 4 GeV=g in the peripheral collisions (40% - 80%), but crosses zero
atpr 2 GeV=cin the mid-central collisions (10% - 40%) and@t 1.5 GeV=cin the central
collisions (0 - 10%).

To study the zero-crossing behavionafp;) in the TPC range in 200 GeV AuAu, we investi-

gate central collisions (0 - 10%) in more detail. Fig. 7.18w& charged-particle;f ZDC-SMDg
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Figure 7.12: The upper panel showd ZDC-SMDg versusp; measured in the main TP { <

1:3), for centrality 10%—70% in 200 GeV AuAu. The lower panelwbke;f ZDC-SMDg versusp;
measured in the Forward TPCEg < j | < 4:0), for different centralities in 200 GeV AuAu. The
differential directed ow of particles with negative has been changed in sign as stated in the text.
Note the different scales on both axes for the two panels.



78

N\ T L L L T
o 0.3 =
03 0-10%
=) 0.2 .. i 19
i —_ T | 1>
2 0.1_— '—}"_u'_.. E 4}—»7.%; <}7—_;U
L ~ 2 0
O i £
lel - J 4? ........ :g.
0.1 e, 8
R | e .
=-0.2F T . 015GeVic<p <15GeVic
- » 15GeV/ic<p <4.0GeVic 1
0.3 1 .. ‘ T

1 05 0 05 1

Figure 7.13: Charged-particle f ZDC-SMDg as a function of measured in the main TPC with
differentp; cuts, in 200 GeV AuAu central collisions.



79

as a function of measured in the main TPC with differemt cuts. For 0.15 Ge¥c < p; < 1.5
GeV=¢, charged-particlelv;=d is negative, about 0:0014 0:0001 and for 1.5 Ge¥c <p; < 4
GeV=c¢, charged-particlelv;=d is positive, abou0:0021 0:0004 One possibility is that all types
of charged particles have the same behaviorifp;). That is,vi(p;) is negative at lowp;, with
the magnitude increasing with, and after some turning point, approaches zero and crosses z
to become positive. Another possibility is that differepppds of charged particle could have of
opposite sign for alp;. In this scenario, a change in relative abundances as ddaratp; leads to
the sign change of,(p;) of all charged particles. For example, if proter(py) is always positive
and pionvyi(pt) is always negative, then the yield-averagadp;) of protons and pions could be
negative at lowp;, where pions dominate, and could become positive at high&rhere the change

in the relative abundances favors protons.
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Figure 7.14: Yields of pions, protons and anti-protons weps in 200 GeV AuAu central collisions

(0 - 10%), measured in the main TPC. The yields are t usingstima of two exponential functions.
Fig. 7.14 shows the yields of pions, protons and anti-p®tarsug; in 200 GeV AuAu cen-

tral collisions (0 - 10%), measured in the main TPC. We carhd yields using the sum of two

exponential functions. With the yield functions, we areeatnl calculate the yield ratio between
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(anti-)protons and pions, and the ratio between anti-poind protons. The results are displayed
in Fig. 7.15. The yield ratio between (anti-)protons anchpiocreases with; and reaches its peak
aroundp; 2.5 Ge\Eq where the yield ratio is bigger than one, i.e., there areenfanti-)protons

than pions. The yield ratio between anti-protons and psismore stable, between 0.7 and 0.8.
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Figure 7.15: Yield ratios between (anti-)protons and pifef panel), and between anti-protons
and protons (right panel) verspsin 200 GeV AuAu central collisions (0- 10%), measured in the

main TPC.

In the following analysis, we consider only pions, protomsl @nti-protons, and assume that
all other types of particles can be neglected. We assumerifaf for pions, protons and anti-
protons are all linear functions pf (straight lines) starting from the original point, so eaghdtion
is governed by only one parameter, its slope. We expect gasnaption to be valid up to some
intermediate value gb;. Then charged-particle;(p;) is the yield-weighted average wf(p;) for
pions, protons and anti-protons, with three unknown patarse If we assume that anti-protons

ow with protons, that is, they have the same slopevifip;), then only two unknown parameters

are left in charged-particlei(p;). Thus we can t the data points of charged-partigl€p;) with
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Figure 7.16: Charged-partickef ZDC-SMDg as a function ofo; in 200 GeV AuAu central col-
lisions (0 - 10%), measured in the main TPC, can be t usinddgief pions and (anti-)protons,
assuming anti-protons ow with protons, as discussed inée

the function described above.

Centrality | dvy=dp (%) (p with p) | dvi=dp (%) (pwith )

0 10% 0:218 0:016 0:216 0:016
10% 40% 0:348 0:022 0:346 0:022
40% 80% 0:444 0:031 0:442 0:031

Table 7.3: The tting parameters of piatv;=dp versus centrality in 200 GeV Au +Au collisions.

Fig. 7.16 shows one example of such tting for charged-pketv,f ZDC-SMDg as a function
of p; in 200 GeV AuAu central collisions (0 - 10%), measured in th@mTPC. In this case, the
slope of pionvi(pt) is negative, about 0:0022 0:0002 and that of (anti-)protom; (p;) is positive,
about0:0041 0:0005 In this way, the zero-crossing behavior of charged-partig(p;) can be

explained by the change in the yield ratio between (antitjprs and pions.
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Centrality | dvi=dp (%) (p with p) | dvi=dp (%) (pwith )

0 10% 0:408 0:050 0:871 0:100
10% 40% 0:541 0:066 1:194 0:125
40% 80% 0:380 0:077 1:003 0:156

Table 7.4: The tting parameters of protalv, =dp versus centrality in 200 GeV Au +Au collisions.

We can also assume that anti-protons ow with pions, and huaugh the same analysis. Ta-
ble 7.3 and 7.4 show the tting results for the two cases, andlree centrality bins. To know
the exact values and shapes of prota(p;) and pionvi(p;), we need more investigation of well-
separated particle species, and more statistics to redaaators. Currently, the tting results give
us a preliminary indication. Piodv,=dp varies very slightly from one case to the other, and in-
creases in magnitude from central to peripheral collisidg?®tondv,=dp is positive, and is more
in uenced by anti-protordv,=dp, due to the fact that thp=pratio is comparable to 1. For both

cases, protodvi=dp is biggest in mid-central collisiond(0% 40%).

Centrality RefMult | Impact parameter (fm)
80% 100% <14 1434 +0:59 077
70% 80% | 14 30 1287 +0:62 0:52
60% 70% | 30 56 1199 +0:52 0:53
50% 60% | 56 94 1105 +0:47 052
40% 50% | 94 146 | 1001+0:42 047
30% 40% | 146 217 | 881+0:42 0:42
20% 30% | 217 312| 7:46+0:32 042
10% 20% | 312 431| 577+0:31 0:32
5% 10% | 431 510| 4:08+0:21 0:21
0 5% > 510 224+0:14 014

Table 7.5: The reference multiplicity and the estimatedadnigarameter in each centrality bin for
200 GeV Au +Au collisions.

The centrality dependence pf-integratedv; is shown in Fig. 7.17. The values of the impact
parameter were obtained using a Monte Carlo Glauber célonl§7], listed in Table 7.5. As

expected, the magnitude of decreases with centrality. It is seen tlvatin the more forward
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Figure 7.17: Directed ow for charged particles as a functimf impact parameter in 200 GeV
AuAu for the mid-pseudorapidity region § < 1:3, with the left vertical scale) and the forward
pseudorapidity regior(5 < j j < 4.0, with the right vertical scale). The differential directexsv

of particles with negative has been changed in sign as stated in the text.
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Figure 7.18: Charged-particlaf ZDC-SMDg for Au +Au collisions (0% 70%) at 200 GeV [68]
(open stars) and 62 GeV (solid stars), as a function of ypeam Also shown are results from

NA49 [92] (circles) for pions from 158 GeV midcentral {25%

33:5%) Pb +Pb collisions as a

function ofy  ypeam The 62 GeV and 200 GeV points are averaged over the positvaegative

rapidity regions.
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pseudorapidity regio:5 < j j < 4.0 varies more strongly with centrality than in the region elos
to mid-pseudorapidityj j < 1:3).

It has been observed that particle emission (both specttacar) as a function of rapidity
difference with respect to beam rapidity appears unchawoged a wide range of beam energies
[68, 98, 99], a pattern known as limiting fragmentation [6%jg. 7.18 presents; results in the
projectile frame for three beam energies. In this frameo zar the horizontal axis corresponds
to beam rapidity for each of the three beam energies. Thestdgiaort the limiting fragmentation
hypothesis intheregion2< (y VYpeam < 1. The three curves differ from each other at larger
values ofly Ypean], but this is an unavoidable break-down of the limiting fraation hypothesis,

becauser; is constrained to cross zero at ey = 0 points indicated by arrows in Fig. 7.18.

7.5 200 GeV Cu +Cu
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Figure 7.19: Charged-partiche,f ZDC-SMDg versus for Cu +Cu collisions 10% 60%) at
200 GeV. The result for Au +Au collisiond 0% 60%) at 200 GeV is shown for reference.

In RHIC run V (2005), a lighter collision system (Cu +Cu) waséstigated at 200 GeV and 62
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GeV. Since Cu and Au have different sizes, comparisons lestthese two collision systems probes
a new type of scaling, and provides new constraints on motiefmrticular, we can investigate what
happens when we consider a xed shape of the initial overlmbdnd” in coordinate space, and
reduce the number of participant nucleons in it. Fig. 7.%ents charged-particlef ZDC-SMDg
versus for Cu +Cu collisions {0% 60%) at 200 GeV. Two million minimum-bias events were
used in the analysis. Since Cu is much smaller than Au, maiphazal events (higher tha0%
centrality) have relatively low multiplicity, leading t@® much uctuation in the analysis. In very
central collisions (lower thah0% centrality), the event plane resolution from the ZDC-SMilsfa
like in the case of Au +Au at 62 GeV. The result for Au +Au cabliss with the same centrality
range at the same collision energy is included on Fig. 7.1&hikVthe statistical errors, the two
results are consistent with each other. In the TPC rand&DC-SMDg is a monotonic function of

for both cases, and in the FTPC range, the two curves turndidblke same position. This result
suggests that when the initial range of shapes of the paatitialmond is xed, the directed ow
does not change when the number of participants is reduceereTare various other possibilities
for studying how ow changes between CuCu and AuAu, but theeyatic investigation of CuCu
collisions in STAR is still in a very early stage, and furtheark in this direction is not part of this
dissertation.

Due to the low statistics we currently have, directed owulés for identi ed particles suffer
from extensive statistical errors, and are not presentéusrdissertation.

The transverse-momentum dependenog @ shown in Fig. 7.20 for Cu +Cu collision@%
60%) at 200 GeV. The upper panel shows the result measured inaieTRC { j < 1:3), and the
lower panel shows the result measured in the Forward TRGs<(j j < 4:0). The results for Au
+Au collisions L0% 60%) at 200 GeV are shown as a reference. AgaiZDC-SMDg for 200
GeV CuCu agrees with that for 200 GeV AuAu. The good agreensesspecially striking in the

FTPC range, where the errors are relatively small.
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Figure 7.20: Charged-particlaf ZDC-SMDg versusp; for Cu +Cu collisions {0% 60% cen-
trality) at 200 GeV. The upper panel shows the result medsuaréhe main TPCj(j < 1:3), and

the lower panel shows the result measured in the Forward TBE®s | j < 4.0). The differential
directed ow of particles with negative has been changed in sign as stated in the text. The results
for Au +Au collisions (0% 60%centrality) at 200 GeV are shown for reference.
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pseudorapidity regior(5 < j j < 4.0, with the right vertical scale). The differential directexsv

of particles with negative has been changed in sign as stated in the text.
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The dependence @-integratedv, on the impact parameter is shown in Fig. 7.21. The values

of the impact parameter were obtained using a Monte Carlalielacalculation [97], listed in

Table 7.6. It is seen that; in the more forward pseudorapidity regi@b < j j < 4:0 varies

more strongly with centrality (decreasing for more centmallisions) than in the region closer to

mid-pseudorapidityj j < 1:3).

Fig. 7.22 plotsp;-integratedv,f ZDC-SMDg for charged particles as a function of centrality

in 200 GeV CucCu in the forward pseudorapidity regi@b(< j j < 4:0). The result for 200

GeV AuAu is shown as a reference. For all the centralitiesreigf ZDC-SMDg works for both

collision systems, the results for CuCu and AuAu are vergelo each other.

Centrality | RefMult | Impact parameter (fm)
60% 100% | < 17 871+0:25 0:27
50% 60% | 17 30 7.64+0:24 027
40% 50% | 30 47 6:91+0:16 0:20
30% 40% | 47 69 6:07 +0:15 0:17
20% 30% | 69 98 5:11+0:18 0:16
10% 20% | 98 138| 393+0:13 011

0% 10% > 138 2:40+0:05 0:05

Table 7.6: The reference multiplicity and the estimateddnigarameter in each centrality bin for

200 GeV Cu +Cu collisions.
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Chapter 8
Flow Results Il: Elliptic Flow

The 1st-order event plane from the ZDC-SMD can also be atlliin elliptic ow analysis.
However, the event plane resolution far calculation R12) is worse than that fov; calculation
(R11), with the 1st-order event plan®1» is roughly equal tongl. Further details can be found
in Ref. [28]. For this reason, we focus on Au +Au collision280 GeV in this chapter, ang for

Au +Au at lower energies and for Cu +Cu are not considered.

oo
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Figure 8.1: Elliptic ow for charged patrticles as a functiohpseudorapidity, for centralit20%
70%in 200 GeV AuAu. The results from methods other thahZDC-SMDg are from Ref. [57].
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Fig. 8.1 shows elliptic ow for charged particles as a funatiof pseudorapidity, for centrality
20% 70% The results from methods other theyf ZDC-SMDg are from Ref. [57]v.f 2gis the
two-particle cumulant method, equivalent to the standeadtion plane method [57, 100k f 4g in
elliptic ow is the counterpart of/;f 3g in directed ow, and is believed to greatly suppress non- ow
effects. vo( ) is almost constant in the TPC range, and decreases with thaitude of in the
FTPC range. The difference betweeif 2g andv.f 4g is likely due to non- ow effects and ow
uctuations [100]. According to our current understandioithese two systematic effects, the true
Vo probably lies betweewf 4g and approximately the averagewef 2g andv,f 4g [101], and that's
where the points of,f ZDC-SMDg are in the main TPC range. In the FTPC rangé ZDC-SMDg

is more consistent withv,>f 2g FTPC”, which uses only FTPC particles.
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Figure 8.2: Elliptic ow for charged particles as a functioh transverse momentum measured in
the main TPC, for centralitg0% 60%in 200 GeV AuAu. The results from methods other than
vof ZDC-SMDg are from Ref. [101].
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Fig. 8.2 shows elliptic ow for charged particles as a functiof transverse momentum mea-
sured in the main TPC, for centraliB0% 60% The results from methods other thesf ZDC-
SMDg are from Ref. [101]. For all three result&(p;) increases withp; until 3 GeV=c. The gap

betweernv,f 2g andv,f 4g increases witlp;, andv,f ZDC-SMDg is between them, closer tof 4g.
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Figure 8.3: Charged particle integrated ovep; and versus centrality measured in the main TPC
in 200 GeV AuAu. The results from methods other thahZDC-SMDg are from Ref. [57].

Fig. 8.3 shows charged-patrticle, integrated ovep; and , versus centrality measured in the
main TPC in 200 GeV AuAu. The results from methods other thgizDC-SMDg are from
Ref. [57]. For all three methods, the integrateds higher in mid-peripheral collisions, and lower
in central and peripheral collisions. The difference bemwef 2g andv,f 4g becomes bigger for
more peripheral collisionsv,f ZDC-SMDg is consistent withv,f 4g for mid-peripheral collisions,

but in central and peripheral collisions, whetd 4g might be affected by bigger ow uctuation,



they have signi cant differences.
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Chapter 9

Summary and Outlook

Anisotropic ow sheds light on the early partonic stage ightenergy heavy-ion collisions.
To minimize various systematic effects that in practiceaséinit on how accurately ow can be
measured, we have built a new detector subsystem called SMDB-and developed a new method
to reconstruct the reaction plane from the sideward deogctf spectator neutrons.

In early 2004, we installed two ZDC-SMDs in STAR, and sinaartithey have added signi cant
capability to STAR in four areas of physics: anisotropic ,astrangelet searching, ultra-peripheral
collisions, and spin physics. After calibrations such ageséal subtraction, gain correction and
location of thep; = 0 point, the ZDC-SMD has performed reliably, with an energgotation of
about29%and a beam position sensitivity on the order of 100.

This work focuses on the contribution of the ZDC-SMD to theneation of the 1st-order event
plane used in anisotropic ow analysis. The 1st-order epdmte resolution (a “quality factor” such
that 100% represents perfect reaction plane determination) is @i®@% 40% for AuAu col-
lisions at 200 GeV, and is just und20% for AuAu collisions at 62 GeV and for CuCu collisions.
Since the east and west ZDC-SMDs are rectangular hit-batedtdrs, the event plane information
from them (after a attening technique) can be utilized ineparate ow terms, with various cor-
rections applied to each term independently. The new methbADC-SMDg has proven itself to
be reliable as evidenced by internal consistencies, angf®ement with independent methods.

Inthe directed ow analysis, we studied all charged paescnd two types of identi ed particles

(pions and protons) in:

62 GeV AuAu: Three methods were used to measure chargedipart in 62 GeV AuAu
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collisions, and the results agree very well with each otld#rarged particles in the pseudo-
rapidity region covered by the STAR TPC and FTPCs (up jo= 4:0) ow in the opposite
direction to the fragmentation nucleons with the same sign. oOver the pseudorapidity
range studied, no sign change in the slope of charged-jgavticversus pseudorapidity is
observed at any centrality. Transport models underpréldégctharged-particlg( ) within

a unit or so of mid-pseudorapidity, but then come into goockagent with the data over
the region 2.5 j j < 4.0. Thepi-dependence of; saturates abover 1 GeVE=cin the
mid-pseudorapidity region and abope 0.5 Ge\E=cin the forward pseudorapidity region.
The centrality dependence wf in the region of 2.5 j j < 4.0 is found to be stronger than

what is observed closer to mid-pseudorapidity.

Pionv; is found to follow the pattern of charged-particles at mid-rapidities in Au +Au
collisions. The slope of protow; has the same sign as that of pienat mid-rapidities in
intermediate-centrality Au+Au collisions at 62 GeV, whi€khon rmed with better statistical
signi cance, could be evidence of a “wiggle” structure, #anto what is shown in the left
panel of Fig. 2.5. As discussed previously, certain modeleu certain conditions predict
a wiggle, but not all wiggle predictions are attributed to &) One- uid hydrodynamic
calculations have been used to argue that the observation béving the same sign for
protons and pions near midrapidity would be a signature ofst-order phase transition.
Details of the wiggle systematics will likely give us the l@ito distinguish among the

competing predictions and hence arrive at a conclusionighratevant to QGP.

200 GeV AuAu: charged-partiche; f ZDC-SMDg in 200 GeV AuAu collisions has a smaller
magnitude than in 62 GeV AuAu collisions, and approaches uéthin the pseudorapidity
region studied in central collisions. The patternvefapproaching zero gtj  3:8 show
some of the expected characteristics of the wiggle sigaahurt a de nite interpretation must

wait for further investigation. I¥/; approaches zero close to the spectator rapidities, this is
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an unremarkable effect predicted by all models, and couldugeto a change in the relative
abundances of protons and pions at forward pseudoragiditibere protorv; and pionv;
likely have opposite signs, but neither might have a wigblepe. A separate measurement
for pions and for protons or another baryon species woulddpg mformative. In addition
to needing experimental clari cations as mentioned abowe also need further input from

models.

The p;-dependence of; saturates abovp; 1.1 Ge\Ecin the forward pseudorapidity
region. In the mid-pseudorapidity region, we observe abduarticlev,(p;) crosses zero at
pt 1.5 GeV=cfor centrality0 10% and atp; 2 GeV=cfor centralityl0% 40% A
tting method using yields of pions and (anti-)protons giues some indication that pions and
protons could ow in opposite directions, and the changehigirtrelative abundances leads
to the sign change in charged-partigigp;). The rapidity dependence of provides further

support for the limiting fragmentation picture.

200 GeV CuCuyv1f ZDC-SMDg in 200 GeV CucCu collisions is consistent with that in 200
GeV AuAu collisions as a function of both andp;. The two systems are very close in
integratedv, values versus centrality. This “scaling” behavior will hether tested between

AuAu and CuCu collisions at 62 GeV in the future.

In elliptic ow analysis, we concentrated on 200 GeV AuAu leibns. v,f ZDC-SMDg falls
betweenv,f 2g and v,f4g, and closer tos.f 4g as a function of both andp;. The integrated
vof ZDC-SMDyg is consistent withvof 4g in mid-peripheral collisions, and differs frompf 4g in
central and peripheral collisions, whergf 4g might be affected by ow uctuations.

In future RHIC runs, much larger event samples will be colldcand subsystem upgrades to the
STAR detector will greatly improve particle identi catioriThen bothv; andv, for more species
of identi ed particles with excellent statistics can beditd, for different ion pairs at different

beam energies. For example, the evidence for partonicativity (Fig. 2.6) can be revisited
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usingv,f ZDC-SMDg and possibly alse;f ZDC-SMDg, to probe the scaling picture with non- ow
effects fully suppressed.

There is general agreement in the heavy-ion collision conitythat a new form of matter is be-
ing produced at RHIC, and that it has many of the charadiesiskpected of a strongly-interacting
Quark-Gluon Plasma (sQGP). Several prominent theorigtgeahat the sQGP is therefore already
discovered, and that we are now in the follow-on stage ofyétigdthe properties of this new phase
of matter. However, in the STAR collaboration, there is lbragreement that the present measure-
ments by themselves do not yet offer suf ciently strong evide for QGP. We remain optimistic
that fully convincing evidence will be gathered during thexinround of data-taking. A similar
position has been taken by the other three experimentamthtions at RHIC.

The partonic ow argument outlined in Section 2.2 is consideone of the highlights from
RHIC to date, namely that the scaling behaviowegfp;) for different particle types according to
their respective number of constituent quarks at interate@j (“NCQ scaling”) indicates that there
must have been a partonic stage early in the collision. Eurtbre, the hydro-like scaling ob(p)
with particle mass observed at lowgralso has been used to argue that we are observing an sQGP.
These critically important measurements came to light twihtee years after the initial elliptic
ow studies in the year 2000 [102]. Now we are just beginningstudy directed ow at RHIC —
the main topic of this dissertation — and the situation fig thore challenging type of anisotropy is
quite similar to elliptic ow ve years ago, when that measunent was rst carried out for charged
particles and the results for identi ed species still hadyvgoor statistics. Therefore, we believe
that it is too early to expect this work to have well-undessteonsequences for the “big picture” at
RHIC, and in the meantime, we make the argument that the siratythis dissertation has paved

the way for the next round of; measurements.
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Appendix A
The Quark Model

The quark model describes nucleons and other hadrons astoon®f quarks. Baryons, of
which the nucleons are two examples, are made up of thre&sjudrereas mesons, such as pions,
consist of a quark and an anti-quark. All hadrons, partialbgh are affected by the strong force,
are thought to be combinations of three quarks, three amtilkg or a quark with an anti-quark. The
hadron spectrum can be accounted for by six avors of quasksch are listed in table A.1 with
their quantum numbers.

Quarks can be created in quark-anti-quark pairs of the saweur. Flavour is conserved in the
strong interaction but not in weak decays which occur on almboieger time-scale. Some mesons
and baryons with their quark content are shown in gures A.A&.

Even after taking into account the spin of the quarks, it W@ppear that some hadronic states,

such as the **

, Violate the Pauli exclusion principle. This resonancestxia of threau quarks
and has a spin og so all three quarks appear to be in identical quantum stdteis. leads to the
introduction of a further quantum number which can take oedlvalues for quarks (plus three op-

posite values for anti-quarks). This quantum number isllatbeolor and the values have become

Symbol | Name Mass | Charge| Quantum no.
u up | 300MeV| +2 lg=+ 1
d down | 300 MeV % I3 = %
S strange| 500 MeV Z S=-1
C charm | 1.2GeV | + ﬁ C=+1
b bottom | 4.2 GeV 2 B=-1
t top | 170GeV| + g T=+1

Table A.1: The six quark avours and their approximate cineht masses.
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known as red, green and blue. Thus, in th& resonance, the thraequarks each have a differ-
ent color quantum number. The complete Standard Model atdodes the leptons and the bosons
which mediate the forces. One of these is the gluon whichdbaxged in the strong interaction just
as electromagnetic interactions exchange photons. Hayenike the photon, the gluon carries
the quanta of the force it is mediating. That is to say gluanstcolour charge whereas photons do
not possess electromagnetic charge. This property meatthéhgluons can interact amongst them-
selves leading to qualitative differences between thegtemd electromagnetic forces. There are in
fact an octet of gluons carrying the different combinatiohthe colour charge,b; rg; lg; br;gb; g

and the mixturegrr gg):p 2, and (rr + gg 2bb):IO 6. This scheme allows a quark of any

colour to interact with another by exchanging the appraériguon.



Appendix B
The QCD Theory

Quantum Chromodynamics (QCD) describes all phenomentedeia strongly interacting par-
ticles. QCD can be constructed in analogy to the Quantumtigldynamics (QED), except for a

more complicated gauge group, SU(3) instead of U(1). Thedstal QCD Lagrangian density reads

1 X _ X
L= zF F n [@ igA t], Mh n n (B.1)

n n

and it is composed almost of the same elements as the QEDricagnadensity
L= %F F e [@+ieA ] e Me e e (B.2)

Egs. B.1 and B.2 are expressed within the relativistic foisnmathat uses space-time four-coordinates
numbered by indices =0,1,2,3. Moreover, we assume that each pair of repeatéckmianplies
summation over them. The new object in Eq. B.1 is the set dfted@)(3) 3 3 matricest , num-

bered by the gluon-color index=1,...,8. They ful Il the SU(3) commutation relations
t;t]=iC t (B.3)

whereC are the SU(3) algebra structure constants. Quarks and glannumbered by the
indices of the corresponding SU(3) representations: itmeensional spinor representation for
guarks, and eight-dimensional vector representation lfang.

Dirac four-spinors ,, correspond to quark elds. Compared to the electron foumeg ¢ in
Eq. B.2, they are richer in two aspects. First, each of thepeans in three variants, red, blue, and
green. These colors are numbered by the quark-color indegsponding to the dimensions 3 of
thet matrices. Second, there is not one, but six different quat#ls, forn=1,...,6, corresponding

to quark avors.
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The rst term in the QCD Lagrangian density describes the fyjrion elds de ned by eight
four-potentialsA . Instead of one photon of the QED, that transmits the elawgmetic interaction,

we have eight gluons that transmit the strong interactidre gluon eld tensor$- are de ned as

F =@A @A +C AA: (B.4)

Here comes the really big difference between the QED and Q@bely, the gluon eld tensors
contain the third term in Eq. B.4. As a result, gluons intessith one another - they are color-
charged, while the photon has no charge.

The last term in Eq. B.1 describes the six free quarks of nsamgeat rest. This does not mean
that isolated quarks can exist in nature, be accelerataihawve their masses measured by their
inertia with respect to acceleration. Each free quark olieyDirac equation just like the electron
in QED. The Dirac equation is given by the last term and@erm in Eq. B.1.

Quarks couple to gluons through the color currents,

J = g n At g (B.5)

Note that all quarks couple to gluons with the same valuee€tior chargg. The numerical value
of this parameter depends on the energy through the meahaaited renormalization.
Consequences of the gluon charges are dramatic. Namefgrtieecarriers now exert the same

force as the force they transmit. Moreover, sources of tbetielmagnetic eld depend on currents

J =ie ¢ g (B.6)

that involve a small parameter - the electron charge, wHilergs constitute sources of the color
eld without any small parameter. Gluons are not only catbarged, but they also produce very
strong color elds.

Let us now consider empty space. In a quantum eld theory, avot just say that the ground

state of the empty space is the state with no quanta - we has@ue the proper eld equations,
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with proper boundary conditions, and determine what is tae of the eld. Such a state may or
may not contain quanta. In particular, whenever the spasatmundary, the ground state of the
eld does contain quanta - this fact is called the vacuum poddion effect.

In QED, this is a very well known, and experimentally veri effect. For example, two con-
ducting parallel plates attract each other, even if theynateharged and placed in otherwise empty
space (this is called the Casimir effect). One can undeddiais attraction very easily. The vac-
uum uctuations of the electron eld may create in an emptasp virtual electron-positron pairs.
These charged particles induce virtual polarization absiig the conducting plates (it means vir-
tual photons are created, travel to plates, and re ect frioamt). Hence, the plates become virtually
charged, and attract one another during a short time wheexibtence of the virtual charges, and
virtual photons, is allowed by the Heisenberg principlel iAlall, a net attractive force between
plates appears.

In QED such effects are extremely weak, because the elebasra small charge and a non-
zero rest mass. On the other hand, the QCD gluons are massiestheir strong interaction is not
damped by a small parameter. As a result, the QCD vacuumizatian effect is extremely strong,
and the empty space is not empty at all - it must contain a sbapantaneously appearing, inter-
acting, and disappearing gluons. Moreover, in the sougethkso must be virtual quark-antiquark
pairs that are also color-charged, and emit and absorb nmtwahgluons. It turns out that the QCD
ground state of an “empty” space is an extremely complicatgdct. At present, we do not have
any glimpse of a possibility to nd the vacuum wave functiomadytically. Some ideas of what
happens are provided by the QCD lattice calculations, irclwktie gluon and quark elds are dis-
cretized on a four-dimensional lattice of space-time miand the differential eld equations are
transformed into nite-difference equations solvable oroaputer.

It is now obvious that one cannot expect other solutions®QIED elds to be any simpler. In

particular, solutions corresponding to isolated quarkgpsi do not exist. An isolated quark would
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create so many gluons around it that the complete wave fimctin not be normalizable. Solutions
for quark-antiquark pairs, and for triples of quarks, dosexbut are even more complicated to

obtain, even within the QCD lattice calculations.



Appendix C
Kinematic Variables

In relativistic heavy ion collisions, it is convenient toeukinematic variables that are Lorentz
invariant or transform trivially under Lorentz boost.

Given thez axis as the direction of the beam, ghe(transverse momentum) is de ned as:

q
o= PRt psc (C.1)

Pt is a Lorentz invariant variable since bgth andpy are unchanged under a Lorentz boost along
thez axis.
For identi ed particles one usually employs the transversss

P
m¢= p2+ m2; (C.2)

wherem is the mass of the particle. The transverse kinetic energjyegbarticle is given byn;  m.

In place of longitudinal momenta, it is normal to use the dépj de ned as

_ 1 E+p;

y = 2In E (C.3)
_ E+p,
= = (C.4)
= tanh ! % : (C.5)

whereE andp; are the energy and longitudinal momentum of the partickpeetively.
Under a Lorentz transformation from a reference syseim a systens8®moving with velocity
, With respect ta in the longitudinal direction, the rapidity®in the Sframe is related tg in the

S frame only by an additive constant?=y y , wherey is the rapidity of the moving frame.
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y :%In 1+ 2 (C.6)

The additive property of rapidity guarantees that the sludibe corresponding distribution is

unchanged under Lorentz boost.

Inthe limitofp mandp,=p 1=, the rapidity reduces to

1 E + 1 ig + 1+
i n BrP 2reos In(tan =2)

2 E p; 2 g Pz 1 cos

(C.7)
where is called pseudorapidity. Note that pseudorapidity, uniépidity, can be computed without

knowing the mass of the particle.



Appendix D

Author's Contributions to Collaborative Research

In addition to the physics analysis work described in théséitation, | have completed a number
of “community service” tasks within the STAR collaboratjare., tasks that are of bene t to part or
all of the entire collaboration. | am one of the proposershef$TAR ZDC-SMD, and participated
in the construction, testing and installation of the ZDC{3NDuring STAR data-taking in 2004 and
2005, | worked as STAR detector operator and ZDC expert dn kkam responsible for the daily
maintenance and calibration of the ZDCs, including their'®&\and forward paddles.

In the area of community service software, | have studiegfimoach of determining the event
vertex from ZDC information, and calibrated the vertex paeters for RHIC run IV (2004). After
the installation of the ZDC-SMD, | developed software thegsithe pattern of spectator neutrons
in the ZDC-SMD to open up multiple new physics opportunities other members of the STAR
collaboration, such as determining the 1st-order evemigplstrangelet searching, spin physics, etc.
| am among the principal authors of a paper on directed owdm85eV AuAu (longer than letter-
length, and published by Physical Review C), and anotheempap strangelet searching (submitted
to Physical Review Letters).

In my early studies, | have carried out a systematic studyherirt uence of momentum reso-
lution on elliptic ow. The result was incorporated into anlgp paper recently published in Physical
Review C. [57]

| have presented an invited talk on this work at 8&hool of Collective Dynamics in High-
Energy CollisiongLawrence Berkeley National Laboratory, May 2005), andchatgremier confer-
ence in my eld — Quark Matter 2005 (QMO05) in Budapest, Hungékugust 2005). My QMO05

abstract was among the 20% selected for oral presentation, and | am the sole lisidtba of the
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associated paper in the proceedings of QMO05. | have alsemexa talk at the Annual Meeting of

the Division of Nuclear Physics of the American Physicali€tycin Chicago, IL (October 2004).
My list of publications can be found in Appendix E. STAR pglifollowing the normal practice

of large collaborations in High Energy and Nuclear Phydists all authors on refereed publications

strictly in alphabetical order. | am among the principalhaus for papers marked with “*”.
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