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Modern physics is challenged by the puzzle of quark confimgrmea strongly interacting sys-
tem. High-energy heavy-ion collisions can experimentpilyvide the high energy density required
to generate Quark-Gluon Plasma (QGP), a deconfined statigadft gnatter. For this purpose, the
Relativistic Heavy lon Collider (RHIC) at Brookhaven Natal Laboratory has been constructed
and is currently taking data. Anisotropic flow, an anisoyrgp 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-flow @Bg@zimuthal correlations not related
to the reaction plane orientation) are difficult to remowarirthe analysis, and can lead us astray
from the true interpretation of anisotropic flow. To redulse $ensitivity of our analysis to non-flow
effects, we aim to reconstruct the reaction plane from tteveard deflection of spectator neutrons
detected by the Zero Degree Calorimeter (ZDC). It can be shbat 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-flow correlatiolmsthis 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 sufficient siegiso 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 flow is quantified by the first harmonig;{ in the Fourier expansion of the particle’'s
azimuthal distribution with respect to the reaction plaaad elliptic flow, by the second harmonic
(v2). They carry information on the very early stages of theigiolh. For example, the variation of
directed flow with rapidity in the central rapidity regionaéspecial interest because it might reveal
a signature of a possible QGP phase. This flow study usingstherdier reaction plane (the reaction
plane determined by directed flow) reconstructed using iI€-5MD has minimal, if any, influence
from non-flow effects or effects from flow fluctuations. Thepexsmental results can be compared
with different theoretical model predictions such as AMRDQMD, UrQMD and hydrodynamic
models. We can also use our flow results to test the hypotleédimiting 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

I ntroduction

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) confinement 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 magtesity py. 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-
fined state of quarks and gluons. QGP is believed to havesexist 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 providesifitantly 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 defined by the initial direttd two colliding nuclei and the impact
parametery).



RHIC collides two beams of heavy ions (such as gold ions) toeealfter 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 “thame 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 paramet&)y (known as a “non-central collision”), the beam direction
and the impact parameter define a plane, called the readaoe fisee Fig. 1.2). Event-by-event

analyses of the kind studied here need to estimate the sagatine. 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 collsidr®e two ions first 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 thegdcaefore the collision is deposited



into the region of midrapidity (see Appendix C for the defmit and discussion of rapidity). If
conditions are right, the collision triggers a phase tit#orsifrom 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 final state particles stop interacting with eactemtive speak of thermal freeze-out.
Experimenters can determine if a QGP was produced, not srahg 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 dileptoaditle 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 particlesesbed in relativistic heavy-ion colli-
sions can be represented by a simple exponential functioft?/” whereT  is the slope parameter,
andmy 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 classified as thermodynamic variables, involvingrd@hation of the energy densitypres-
sure P, and entropy density of the interacting system as a function of the temperafirand

baryon density.

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

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



of J/« particles in QGP is predicted to be suppressed[6], due teffeet of Debye screening[7]
and quark deconfinement. Less tightly bound excited stdtéeec system such ag’ andy, are

expected to dissociate more easily, and thus their yieldd@/suppressed even more than theb.

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 first applied by Hanbury-
Brown and Twiss to measure the angular diameter of a stadk@s¢he correlation between two
photons[12]. In heavy-ion collisions, the HBT measurera@&fiparticles emitted from the colliding
system vyield 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 deflection while traversing and intergatiith the medium produced in heavy-ion
collisions. The stopping power of a QGP is predicted to bédidghan that of hadronic matter[18,
19, 20], and this results in jet quenching[21, 22] — suppoesof highp, hadron yield relative to the
expectation from p+p collisions scaled by the number of elaiery nucleon-nucleon interactions.
Jet quenching also involves angular deflection that desttiog coplanarity of two jets with the

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



1.3.7 Anisotropic flow
Anisotropic flow describes the azimuthal momentum distidyuof 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 flow provides indirect access to the EOS of thedmal dense matter formed in the
reaction zone and helps us understand processes suchraalthation, creation of the QGP, phase
transitions, etc., since the flow is likely influenced by tloenpression in the initial stages of the
collision. It is thus one of the important measurements latirgstic heavy-ion collisions, and has
attracted attention of both theoreticians and experinlistgf28].

It is convenient to quantify anisotropic flow by the Fourieefficient of the particle distribution

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

d#*N 1 d°N
d*p 27 pydpydy

1+ 2v, cosng), (2.1)
n=1

where the definition op; andy can be found in Appendix C, angl denotes the angle between
the particle’s azimuthal angle in momentum space and thdiosaplane angle. The sine terms
in Fourier expansions vanish due to the reflection symmeitly s@spect to the reaction plane. It

follows that(cos n¢) giveswvy,:
ST cos nqﬁE%d(b
JT EE dg
ST _cosng(1 4 >0 20y, cos mp)de
ST (1430 20, cosm)de
J7_ 20y, cos® ngde
27
= vy, (2.2)

(cos ng)

where the orthogonality relation between Fourier coeifitsi(f7r [cos ng cos M| pmndp = 0 has

been used.



2.2 Flow components

The first and second harmonic, and higher even-order haosi@né of interest. The first two
flow components are called directed flow and elliptic flowpexgively. The word “directed” (also
called sideward flow) comes from the fact that such flow lodlkes & sideward bounce of the frag-
ments away from each other in the reaction plane, and the Sediptic” is due to the fact that the
azimuthal distribution with non-zero second harmonic di&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 flow, viewed in the transverse planedenotes 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 flow onghgjectile side of midrapidity,
positive (left) and negative (right). On the target side afirapidity, the left and right figures are
interchanged. Bottom: elliptic flow, in-plane or positiveff) and out-of-plane or negative (right).

 f :

In the projectile rapidity region, if we follow the coordigaconventions of Fig. 2.1, then di-
rected flow ispositive if (cos ¢) > 0, andnegative if (cos ¢) < 0. For mass-symmetric collisions
(i.e., projectile and target nuclei are the sanie)s ¢) is an odd function of rapidity, and signs are
therefore reversed in the target rapidity region. For gdlilow, we speak of in-plane elliptic flow

if (cos2¢) > 0, and out-of-plane elliptic flow ifcos 2¢) < 0. Elliptic flow has the same sign in the



projectile and target rapidity regions for mass-symmedyistems.

<Ccos @>
nucleons
0 ——————
-~ pions
<cos 2 @>
nucleons
0 - ~ pions
| | | |

SIS AGS SPS
Bevalac

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

At low energies (below aboutl0AMeV in fixed target collisions), the interaction is domirdhte
by the attractive nuclear mean field, which has two effectst, fprojectile nucleons are deflected
towards the target, resulting in negative directed flow [3@fcond, the projectile and target form
a rotating system, and the centrifugal force ejects padi@h the rotation plane[31], producing
in-plane elliptic flow[32, 33]. At higher energies, indivdl nucleon-nucleon collisions dominate
over mean field effects. They produce a positive pressuréghndeflects the projectile and tar-
get fragments away from each other in the center of mass f(amence-off” and “sidesplash”
effects [26]), resulting in positive directed flow. Furthmare, 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 flow.

2.2.1 Directed flow

At RHIC energies, as the collision energy goes higher antenjgdirected flow decreases and
becomes relatively difficult to detect (Fig. 2.2). The firgidence of directed flow 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 didkdlew at SPS is significantly

smaller than at lower energies, especially in the mid-igpregion.
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Figure 2.3: Upper part: Definition of the measw@tening .S, describing the deviation aP,(y)
or v1(y) from the straight line behavioty, around midrapidity.S is defined asay — Py (y)|/|ay|.
The lower figure shows a typical example for fluid dynamicdtwlations 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 flow, making the phaaesition 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 flow as a function of @ipi crosses zero three times in the
neighborhood of mid-rapidity, and displaysdggle shape. The wiggle here is predicted to occur

in close-to-central collision events. A follow-up studylJdemonstrates that the wiggle structure
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Figure 2.4: Directed flow, as a function of rapidity, frometi, ellipsoidally expanding fluid sources.
The chain curve refers to a source with tilt angbke= 6°, and half-axes = 10 fm, b = 8 fm and

¢ = 6 fm, while the full curve refers to a source with tilt angte,= 10°, and half-axes = 10 fm,
b= 4fm andc = 2 fm. The plot is from [41].

-0.06

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

becomes larger when the source is more tilted.

- (a) nucleons + (b) pions -
a - + - -
2L o + 1 °© i
S T B P ° ]
= | vte [ o *
§ 0 ;+¢¢¢ * IR :},0.°. |
o | RN R L >t o 7
) L ? 41 |
3B I %a; + I = ]
L IO
-2 + - ¢ I 1 ® |
L € e B
_4 ; A d Vlﬁ L4 O ;
i | s, o | |

| . . . . | . . . . | I | . . . . | . . . . |

-5 (@) 5 -5 @] 5

Rapidity

Figure 2.5: RQMD calculations af; (filled 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 diretited is also predicted by RQMD [42]
calculations (see Fig. 2.5). RQMD (Relativistic Quantumi®dtoilar 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@aelin the nucleus and how much rapidity
shift it experiences during the collision.[42] The wiggleegdicted 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 flow

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

The centrality dependence of elliptic flow is of special iet&t[45, 46]. In the low density
limit(LDL), the mean free path is comparable to, or largearththe system size, and the colliding
nuclei resemble dilute gases. The final anisotropy in moumerspace depends not only on the ini-
tial spatial eccentricity (defined below), but also on the particle density, whichcffehe number

of rescatterings. In this limit, the final elliptic flow (seereore detailed formula in [47]) is

Vo X gd—y, (23)

wheredN/dy characterizes density in the longitudinal direction &hd= 7R, R, is the initial
tranverse area of the overlapping zone, with = (2?) and RZ = (y?) describing the initial
geometry of the system in the and y 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 etrazty is defined as

2 2
=Ty 2.4
R2+ R

and for hard spheres is roughly proportional to the impacamater over a wide range of that
variable.

As follows from Eq. 2.3, the elliptic flow increases with tharficle 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 rati@, @b ¢ is expected to be approximately

constant [24].
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Fig. 2.6[45] shows that the position of the maximunuir{b) 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 ofp;/n, for == + §+ (filled

circles) andQ~— + ﬁ+ (filled squares). [49] The quantities are also shown#or+ 7~ (open

diamonds)p + p (open triangles) [SO]Kg (open circles)A + A (open squares) [51]. All data are
from 200 GeV Au+Au minimum bias collisions. The dot-dashied-is the scaled result of the fit
to K2 andA [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 op;/n, for various
particle species [49, 50, 51, 52]. All hadrons, except pitalkinto the same curve within statistics,

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

lends strong support to the finding that collectivity is deped 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 flow components using thetiom plane. The estimated
reaction plane is called the event plane. If the event plamstimated from the m-th order of flow
component, then we speak of the m-th order event plane. Wétlobserved event plane instead of

the ideal reaction plane, Eq. 2.2 becomes

(cos[n(e — ¥m)])

vy, = (cosng) = (cos[n(p — Pp)]) = (cos[km (1 — ¥r)])’

(2.5)

where ¢ denotes a particle’s azimuthal angig, 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
flow value, and the denominator characterizesctiwent plane resolution [53]. In general, better
accuracy for determination af, is obtained with the event plane,() estimated from the same
harmonic (n = n, k£ = 1). That is because the resolution deteriorates mxreases (see detailed

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

2.4 Non-flow effects

There are sources of azimuthal correlation, known as nandftects, which are not related to
the reaction plane orientation. Examples include coiimatcaused by resonance decays, (mini)
jets, strings, quantum statistics effects, final stateramtions (particularly Coulomb effects), mo-
mentum conservation, etc. To suppress the sensitivity @f #oalysis to non-flow 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 at,/syy = 200 GeV
are discussed in [57]. Itis one of the goals of this dissieriab use a new detector subsystem, plus
a new method of flow analysis to minimize the influence from-flow effects. As discussed in
Chapter 4, this new detector and its associated method ofdi@alysis offers some unique advan-

tages over the previous approaches for studying anisotftapy.



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 soliglgnfeaturing detector systems for
high precision tracking, momentum analysis, and partidémiification at mid-rapidity. The large
acceptance of STAR makes it particularly well suited formguey-event characterizations of heavy
ion collisions [58].

Silicon
Vertex

Magnet Tracker

E-M
Calorimeter
Time
Projection
Chamber

Trigger
Barrel

Electronics
Platforms

Forward Time Projection Chamber

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

A cutaway side view of the STAR detector as configured for thBGR2001 run is displayed

17
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in Figure 3.2. A room temperature solenoidal magnet [59Vidies a uniform magnetic field of
maximum strength 0.5 T for charged particle momentum aislyslarge volume Time Projection
Chamber (TPC) [60] for charged particle tracking and plrtidentification 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 range|n| < 1.8 for tracking with complete azimuthal symmetry. To extend tracking
to the forward region, a radial-drift TPC (FTPC) [61] is iakk¢d covering2.5 < |n| < 4, also
with complete azimuthal coverage and symmetry. Chargeitjgatracking close to the interaction

region is accomplished by a Silicon Vertex Tracker (SVT)][62
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Figure 3.2: The cutaway side view of the STAR detector as gardid in 2001. The figure is
from [58].

The fast detectors that provide input to the trigger syst@Bih dre a central trigger barrel(CTB)
at|n| < 1 and two zero-degree calorimeters (ZDC) [64] located in trevérd directions afl < 2
mrad. The CTB surrounds the outer cylinder of the TPC, agdédris on the flux of charged particles

at mid-rapidity. The ZDCs are used for determining the epefgspectator neutrons.
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3.2 STAR main TPC
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Figure 3.3: Perspective view of the STAR Time Projection@har. The figure is from [60].

The TPCis a continuous tracking detector capable of hagmélents with thousands of tracks [65].
It determines the momenta of individual particles by trgcihem through a solenoidal magnetic
field and identifies many of them by making multiple energy logeasurements.

The major mechanical components of the TPC (Fig. 3.3) coobibe outer field cage (OFC),
the inner field cage (IFC), the high voltage central memb{@hé) 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 define the active gas volume (see below), while thejorrfunction is to provide a nearly
uniform electric field along the axis of the cylinder in whielectrons drift to the anode plane. The

TPC is filled with a mixture of 9% Ar and 104 CH, gas. When a charged patrticle traverses the
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TPC volume, it ionizes gas atoms every few tenths of a miténalong 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 whiifhtdrthe readout end caps at the ends of
the chamber.

The performance of the TPC meets the original design spatdits[66]. For reference, the
standard deviation of the position resolution for pointengl a track traversing the TPC parallel to
the pad plane was found to be 0.5 mm. The momentum resolutigrdetermined to b /p < 2%
for tracks with momentump = 500 MeV/c. The resolution in ionization energy lossH/dzx) was

found to reack8% for tracks measured over the entire radial dimension of RE.T

3.3 STAR forward TPCs
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Figure 3.4: Schematic diagram of a STAR FTPC. The figure imfiel].

The two FTPCs in STAR cover the pseudorapidity raddge< |n| < 4.0, correspond to track
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angles from2° to 9.3° with respect to the beam axis. To get good momentum resoldtiothe
tracks in this region of high particle density, a high sgatisolution is needed, and a two-track
separation on the order of 2 mm is necessary. [61] To meetdfdtiese criteria, a drift toward the
detector endcaps, as in STAR’s main TPC, is not practicaladiat drift design was adopted to
achieve the desired performance.

In Fig. 3.4, a schematic diagram of a STAR FTPC is shown, dioly the field cage with
potential rings at the endcaps, the padrows on the outeacgidf 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 u&/CO, (50%/50%), a gas mixture with
small diffusion. [61]

Based on the prototype measurements and simulations, fR€$-achieve a position resolution
of 100 um, a two-track separation of 1 mm, a momentum resolution éetwl2; and 1%, and an

overall reconstruction efficiency between?Z@nd 80%%. [61]

3.4 STARZDCs

STAR ZDCs are placed at18 m from the center of the intersection, and each consists of 3
modules containing a series of tungsten plates. [63] TheZMDEasure the energy of neutrons as-
sociated with the spectator matter, and are used for bearitoring, 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 correspéo®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
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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 Zs¥gree Calorimeters and the Central
Trigger Barrel in a minimum bias trigger. The figure is fron8]5

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) watalled between the first 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 significant capabilByfAR in four areas of physics:

anisotropic flow, strangelet searching, ultra-peripheddlisions, and spin physics.

4.1 Physics motivation

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

information is of significant value.

4.1.1 Flow

Besides the opportunity to study directed flow of nucleonthénnuclear 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 flowestud the central TPC and the FTPCs.
The main advantages of using the reaction plane from the ZMD- compared to the techniques

previously used are:

¢ New knowledge concernintie direction of the impact parameter vecgtsince the reaction

plane is determined from the first harmonic flow. Besides rotlemefits mentioned below,

23
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this makes possible some measurements that were totallydexcbefore, like HBT mea-
surements with respect to the first order reaction plane éasure the source tilt with respect

to the beam axis).

e Minimal, if any, non-flow effects Non-flow azimuthal correlations originate mostly from
various kinds of cluster decays and jet-like correlatiofisese 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.

e Minimal, if any, effects from flow fluctuatian¥he possibly large effects of flow fluctuations
in previous measurements are due to the fact that, for exarepiptic flow was measured
with respect to the reaction plane determined from the saw@nsl harmonic flow, and in the
same pseudorapidity region. Measurements ofithdarmonic signad,, from some methods
are of the form(v¥)1/* etc rather than being the desired quantity), averaged over a certain
set of events, and event-by-event fluctuations can cause th® observables to differ. The
use of the reaction plane determined from the directed flad,farthermore, from directed
flow of spectator neutrons (as opposed to produced paitidiesstically suppresses these

undesired effects.

In the previous STAR configuation, only the FTPCs providddrimation on the directed flow
(v1). Unfortunately, the directed flow among charged partieleETPC pseudorapidities is very
small, andv; (1) possibly changes sign within the region covered by the FTP&sth 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 ZIDC-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 deeriathe reaction plane resolution may not
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adversely affect the result. The reaction plane resolutianh the ZDC-SMD provides depends on
the magnitude of, among spectator neutrons, which had not yet been measuRddI&t before
the installation of the ZDC-SMD. The best available indimas suggested that spectatgris quite
large. WA98 has measured a 20%bsignal among spectators at the SPS gnil ~ 25 MeV [67].
STAR measurements of among charged particles at FTPC pseudorapidities are kalvgrclose
to thew; for pions in NA49 at the same pseudorapidity relative to tbarb [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 nusbéu, d and s quarks, existing
in one QCD bag. It has been predicted to be metastable oeg#l]l It can be as small as the A=2
H-Dibaryon, or as large as a strange star witk= 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 been searched for among pulsars,
stars and cosmic rays, as well as in the earth’s soil, and @nh@n 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
CERNY/SPS. Further strangelet searches has been proposedaoried out by AMS, ALICE and
CMS. The ZDC-SMD allowed us to search for strangelets Wittg mass< 100 GeV/c? in STAR.
The basic idea is to search for a large energy depositionaniiiwrrow tansverse profile 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 ideaksfeangelet 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 chargieriass 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 usedddha impact parameter vector. The
neutron tagged samples have different impact parameteibdigons 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 arfjleetween the neutrop, and the photon polarization
is distributed asos? #. The photon polarization is parallel to the electric fieldtee. In a photonu-
clear interaction, the electric field parallels the impaatgmeter ). The neutrorp, thus tags the
direction ofb [72]. Any additional photons in the reaction will also be grited along. When the
ZDC is used to measure a neutmn 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(Ag) =1+ 5 cos 2A¢ (4.2)

where A¢ 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) Polarizedp® Photoproduction. Ip® decay, thert and 7~ directions follow the photon po-
larization. In the simplest models, the plane formed bysttieand 7~ directions follows aos? 6
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; polariZ¢d 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 produatdels [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 photoproiduncof open charm.

4.1.4 Spin physics

The first collisions of transverse polarized protong/at= 200 GeV at RHIC from December
2001 until January 2002 (run Il) 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, flavor decomposition of the
quark and anti-quark polarization and transversity digtions 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 first collisions of longitudinal polarized protons g& = 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-singjie 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 upgratigdctor 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 wtddatrucial for any asymmetry mea-
surement in longitudinal polarized proton collisions,.etbe measurement of;;,, 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 neutrgrsignal over a range of centralities.

The simulations are based on a number of assumptions onaptions:

e In each event, up to 30 neutrons are incident upon each ZD@owW&der three cases: 5, 15

and 30 neutrons.

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

imposed.

e We assumen = 20% as the most likely value to be found among spectatordHd€Rsee
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 sensitivitynals signals.

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

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

agreement with real data.

e For each simulated event, we sum the shower signals for tiiddoal neutrons in each plane
of slats. We assume the signal amplitude fluctuates liketikelate value of a Gaussian ran-
dom number (with meas- 0 and rms= 1), according to another GEANT-based simulation.
The mean position along each axis defines a centroid poitieitransverse plane for each

event.

e The azimuth of the centroid relative to the point that cqroesls top; = 0 is the estimated
reaction plane azimuth. Computing this quantity is not ssagly 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 dmition of the difference between the

input reaction plane azimuth and the azimuth reconstruesqeer 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 figure of meritHfow well the azimuth of the reaction plane
is resolved) for all 9 cases studied — 3 different valuesufoand 3 different spectator neutron
multiplicities. Even in the case of the smallegt and lowest neutron multiplicities, the plotted
quantity (cos(¢zpc — ¥rp)) still lies above 0.02, and this figure of merit would still leguate to
extract useful physics. For the reasons discussed at tlienlireg) of this section, the black triangles
correspond to what was expected to be observed in the ZDC;3kiDhas since then been verified

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 erggmal in ZDCs as well, but the signals
from neutron clusters are more dispersed in the perperdidirnensions 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.

l6000
-5000
-4000
-3000
-2000

2 4
X (cm)

2 4
X (cm)

Figure 4.2: Simulation of the shower profile of neutron aust(left) and strangelets (right). This
plot shows the simulated shower profiles with far higherdvanse 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 profile 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 arpadsed due to the norma} 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 strarigatethat 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 configuration

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

views are shown. f;_ H}
\ PMT "M16”

- —7 I WLS fib
SMD WLS fibers “covkior

| i

SMD scintillator N

549.9

ZDC

230.3

711.0

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

The ZDC-SMDs were be placed between the first and second emdithe ZDCs (see Fig. 4.3).
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Chassis

Figure 4.4: A ZDC-SMD module shown installed at STAR.

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

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

X-Y pattern, with 21 strips having their long axes verticatieB2 strips having their long axes hori-
zontal. The cross section of each strip is approximatelycgriateral 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 fiber which isdise collect and transport the scin-
tillation light. Individual triangular strips are wrappe&dth 50 xm 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 fibers are joined to make one chaammettouted to the face of a 16-channel

segmented cathode phototube conveniently located in aishasove the SMD. The slats aligned
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SMD layout

SMD strip dimensions
""""" 'E

______

__________

SMD layer

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 strip their fibers. The overall dimensions
of the hodoscope are approximately 2 smil cmx 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 areddetd 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 conweal resistive base (Hamamatsu
H6568-10 [76]). The tube requires DC at -0.75 kV and it usgtesn 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 patsita3 g/crd of material in the
path of neutrons coming from the interaction point. This amaf material is negligible compared
to the >270 g/cn? of Tungsten and plastic in each ZDC module which comes befiodeafter the
SMD.

Perhaps more important is the fact that ZDC modules 2 and 8 immved away from module
1. This means they will be sampling the neutron-induced e\t a slightly greater depth in the
shower. This change was insignificant because the ZDCs hibeated 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 -ZMD depend on the calibra-
tion. Apart from the absolute calibration (pedestal sutitoam) and the relative calibration (gain
correction), we also determine the location of fhe= 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 § = 500 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@dkea 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-subtractpuhkdistribution of the same channel as

in the left panel.

5.2 Gain correction

We need to adjust the gain parameters between different 3MbBnels 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 ) R T
o T T T T T
] e ol e ) 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.

0 _
*545: _
§40f_ 1 Horizontal Channel 3 > 2 ADC counts
- \
351 ] \
30
£ 1IN
= \ - X2/ 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 irni6 (8 x 7) small squares, and examine the
signal distribution of each channel on each square. For pkaim 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 signahef;”
vertical channel is filled into the distribution histogratrttze squardi, j). Then each distribution

can be fitted by a parametrized Landau function with the mastable 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
fluctuation) gives the mean response of each vertical cthazame the ratios between the responses

of the channels serve as the gain correction factors.

5.2.2 Exponential fit

After the installation of the ZDC-SMD, there exist some kmoand possibly unknown factors
that may influence the gain correction parameters of the. dktr 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 différesitage 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 o away from the peak. This tail can be fitted with an exponefftiattion A - 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 expalditting, the parameteB can be used
as the gain correction factor. Fig. 5.4 shows an exampleeo§itpnal measured along the vertical
dimension § 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 gieshin 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 panelsea/¢hat after the gain correction,
the slat response changes more smoothly with channel nuhdrebefore 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 disi@n 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&ohesvent, we can sum the shower
signals for the individual neutrons in each plane of slatge mean position along each axis defines
a centroid point in the transverse plane for each event. indéntroid calculation, we use the
ADC value as the weight. The average of the centroids of maampte gives us a location of the
py = 0 point, i.e, the point where all the neutrons would hit theed#ir in the hypothetical limit
where the beam spot is indefinitely small and the spectatdrars are emitted with zero transverse
momentum. In practice, the = 0 point is usually different from the geometric center of tHeCz
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 distributiom,of 0 points in AuAu collisions at 62 GeV
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Figure 5.5: Spatial distribution @f; = 0 point.

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

compared with the dimension of the ZDC-SMD itself §mx 18cm).

5.4 Energy deposition

Since the ZDC-SMD is sandwiched beween the first and seco@irdBdule, 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, thdatmrecan be fitted 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 satumatiowhich case we need to lower

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

From the fitting in Fig. 5.6, we can parameterize the energsetation between the ZDC-SMD

and the ZDC with
Ezpc-smp= A+ B - Ezpc (5.1)

where Ezpc-smp and Ezpc are the total energy deposition in the ZDC-SMD and the ZD€pee-
tively, and A and B are the fitting parameters. Then we can define an energyRatibetween the

ZDC-SMD and the ZDC with

Rg = ((Ezpc-smp — A)/B — Ezpc)/Ezpc (5.2)

The distribution of this ratio is plotted in Fig. 5.7, wheteetlabels on the horizontal axes are
simplified for clarity. If we fit the distribution with a Gaus® function, thes 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 ifate 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 ardZBC 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 estimgitres abouR9% energy resolution for

ZDC-SMD (,/(0.35)2 — (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 battandy directions.

In Fig. 5.8, the point-to-point fluctuation is at the levelldf0 um for each panel, which corre-
sponds to the beam position sensitivity. From this plot, e @lso study the beam movement. For
example, between event 100k and event 140k, east and wess ShiPe the same pattern in the x
direction, with the beam position going from positive to atdige. Since the local coordinates used

in the east and west SMDs have opposite x direction, we cdadlat the beam was rotating:in
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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 beatmeip tirection.



Chapter 6
Estimation of the Reaction Plane

The reaction plane is defined by the impact parameter ventbtree 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 flow analysis is studied.

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

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

6.1.1 Track-based and hit-based
In the STAR experiment, detectors can be classified into @tegories: 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 ve@;;rand the event plane anglg, from thenth

harmonic of the particle’s azimuthal distribution are deéirby the equations [28]:

Qn cos(ny,) = X, = Zwi cos(ngy;) (6.1)

Qn Siﬂ(n¢n) =Y, = Zwi SiD(’I’L(,DZ') (6.2)

44
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or

> w; sin(ny;)
_ 1
Up, = | tan —sz’ cos(nn) (6.3)

whereyp; denotes the azimuthal angle of thik particle (a track detected by a track-based detector)
in the event plane determination, and theare 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 transemomentum of the particles, etc. In gen-
eral, the weights for the odd and even harmonic planes daxetit. Optimal weights are discussed
in footnote 2 of Ref. [77]. For symmetric collisions like AuA¢i or Cu +Cu, reflection 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 aresifgin the different hemispheres,
while for the even harmonics, the signs of the weights areséime. Note that theth-order event
plane angle),, is in the rangé < v,, < 27 /n. For the case of = 1, Egs. 6.1-6.3 are equivalent

to obtainingy; for number flow from Ref. [53]:

@) = Zw Dt/ Ipi (6.4)

where the sum is over all the particles. The case ef 2 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 ve@tgrand the event plane anglg, can be formu-
lated in the same way as EQs. 6.1-6.3, except thatpadenotes the fixed azimuthal angle of itie
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 locatedt > 6.3 where directed flow is dominant over

other harmonics, we only consider the 1st-order event plarneach ZDC-SMD (east and west), the
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1st-order event plane vect@> and the 1st-order event plane anglare defined by the equations:

7
Qcosyy =X = Zwimi (6.5)
i=1
8
QsinyY =Y = Zwiyi (6.6)
i=1
or
7
> Wi
Y= | tan~! 22817 (6.7)
leiyz

wherex; andy; are the fixed positions (with thes = 0 point subtracted) for the 7 vertical slats
and the 8 horizontal slats, respectively. Note that the temrtical 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, the; are calculated from ADLC(the signal in theth slat, either vertical or
horizontal) in the following way:

7ors

w; = ADC;/ ( > ADCZ) (6.8)

i=1
As there are ZDC-SMDs on both the east and west sides of th®$Ttarsection 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 rargahstributed. 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 flow analysis, since they have

some preference in the orientation, which will introduceflow 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 epéame distribution, so that the events

with more probable event plane angles get less weight, ardveérsa.
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Figure 6.1: Raw distributions of the 1st-order event plainesh 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 angddfjtand flatten the event plane

o oo dN . : .
distribution. The raw event plane dIStl’IbutI% can be expanded in a Fourier series:

dN a .
w2 + Zn:(an cos ni + by, sinny) (6.9)
where
1 [T dN
an = ;/_W@-cosmb-dw n=20,1,2..
1 [T dN
b, = — d— - sinny - dy n=123. (6.10)
) . dy
We make a new angle’ after adding a correction terdyy) to the raw event plane angile
(6.11)

P =+ A =) +Z(Ancosn¢+aninn¢)

By requring the new angle to be uniformly distributed, weédav
i _ N _ a0 (6.12)

Ay 2 2
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Now the raw distribution can be rewritten as

AN AN &Y' ag

w_d_w.w_7.(1—1—2(—71-Ansinmp+n-Bncosm,Z))) (6.13)

Comparing Eg. 6.9 and Eq. 6.13, we can evaluate the coeffcimmm the raw distribution

2 b .
A, = 2. 2= (sin na)
n ag n
2 a 2
B, = —=--—"=>{(cosniy) (6.14)
n oa n
Thus the corrected event plane angle is
Y=+ Z (sinnip) cos n + (cos ny) sinnap) (6.15)
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Figure 6.2: Distributions of the flattened 1st-order evéahes from the ZDC-SMDs: east sub-event
plane (left panel), west sub-event plane (middle panel)falhdvent plane (right panel).

In practice, we flatten the event plane distribution up toftugth harmonic ¢ = 4), as shown
in Fig. 6.2. Note that due to the small values4f and B,, (typically of the order of a few percent),
such a flattening of the distribution does not have any efiecthe event plane resolution. It can
also be shown that the same flattening procedure removetbleosiger biases (due to imperfect

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

The event plane resolution was introduced in Chapter 2 adetheminatorcos[km (Y, —1.)])
in Eq. 2.5. For the case of the 1st-order event plane from D€-BMD, m = 1 and the event
plane resolution for thé-th harmonic calculation reduces eos[k(¢) — 1/,)]). Since we have two
independent sub-event planes from the two ZDC-SMDs, theeledion between these two event

plane angles can be expressed as

(cos[k(Yeast— Ywest)]) = (cos[k(Yeast— ¥r)]) - (cos[k(YPwest— ¥r)]) (6.16)

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

resolution is

(cos[k(Ysub— r)]) = (cos[k(veast— 1r)])
= <COS [k(wwest_ T/Jr)D

= \/<COS[k(7/)east— Ywest)]) (6.17)

The term inside the square-root should always be posifitlee sub-events are correlated. However,
for small amounts of flow, fluctuations and/or nonflow corielas 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

(coslk(vrun — 1br)]) = V2 - (cos[k(vbsub— ©r)]) (6.18)

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

I,,, the modified Bessel function of orderis employed:

(cos[k(Yrun — ¥p)]) = %XGXP(—XQ/‘U =120 /4) + Ty 2(X7/4)]

(6.19)

wherey 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 WwdEtsS 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&3% and40% for most centralities, which corresponds to the
best case in the flow simulation result in Fig. 4.1 (spectatoe= 20% and neutron multiplicity
= 30). In 62 GeV Au +Au and 200 GeV Cu +Cu collisions, the lower taons 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 obthieealise the term inside the square-
root in Eqg. 6.17 becomes negative. The resolution for @lifdw 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 flow analysis

There are several physics areas where the ZDC-SMD can loatgtrias mentioned in Chapter

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

6.2.1 Terms for east, west, and for vertical and horizoritactions in the transverse plane

Each ZDC-SMD provides us with a 1st-order sub-event plané tlae flow components can be

evaluated as:

(cos[n (e — Psub)])
(cos[n(vsub— ¥r)])
(cos[n(p — Psup)])
\/<Cos[n(¢east_ Ywest)])
_ (cos np cos nhsyp + sinny sin nsyp) (6.20)
\/<COS NeastCOS Nwest + SiN N1Peastsin NYwesy .

Unssub =

whereysyp stands for eithetheastOr Ywest Since the ZDC-SMD has a rectangular shape, we must
treat separately the x- and y- directions, represented éyctis- and sin-terms, respectively, in
Eqg. 6.20. Thus assuming that the sin- and cos-terms are syimyeée break down Eq. 6.20 into 4

terms:

2(cos ny cos nbeasy
Un_eastcos =
\/ 2 <COS NeastCOS Nwest)
2(sin ny sin neasy
2(sin n1)eastsin nwesy)

(
o vesten = 2(cos ny cos niwesy)
\/ 2(cos Neastcos Nwesy)
(
(

Un_eastsin — \/

2(sin nyp sin nwesy
\/2 sin 'I’L'l,z)eastsin n¢west>

(6.21)

Un_westsin =

The average of the 4 terms gives the final resultfprThere are several assumptions underlying the
definitions of the 4 terms in Eq. 6.21. In reality, we need tplagome corrections to compensate
for ideal-case assumptions. The advantage of using thens 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 diffetame 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@*):

<COS [n(¢east— ¢r)] >

\/(Cos[n(¢east_ ¢r)] : COS[”(¢west_ ¢r)]> : <Cos[n(7/}east T/Jr)] COS[ (Y — T/Jr)D
(cos[n(Ywest— ¢r)] - cos[n(* — ¢y)])

\/(Cos[n(weast— Ywest)]) - (cos[n(Veast— ¥*)])
(cos[n(Ywest— ¥*)])

\/ 2(c0os Neastcos Nwest) + (€COS Neastcos nY™)

(cos nipwestcos n*) (6.22)

_ \/ 2(sin Nteastsin nhwesy - (sin n1beastsin ny*) (6.23)

(sin niyestsin n*)

In the same way,

<COS wwest - ¢r)]>
\/ 2(cos nweastcos nwest) - (COS NwestCos nY*)

(cOS Nheastcos NY*)

(6.24)

— \/2 sin m/)eastsllf1 nwest) - (SN NYwestsin nyY”) (6.25)

(sin neastsin n*)
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Then the 4 corrected terms become:

2(cos ny cos Neas) {cos nyestcos n*)
Un,_ t = .
-easteos V/2(cos n1beastcos nihwest) (cos N1Yeastcos nY*)
2(sin ne sin neasy (sin nbyestsin ny™)
Un_east si = : . .
n-eastsin \/2 (Sln nweastsin nwweso <Sln nweastsnl n¢*>
y 2(cos ny cos Nwest) (cos Nheastcos nY*)
_west = :
st eos \/ 2(cos N1)eastCos Nyesy) (cos Nthwestcos nip*)
2(sin nw sin niyesy (sin neastsin n™)
Un_westsin = - - : - : ” (626)
V/2(sin nieassin nibwesy) (sin nibwestsin ny*)

Note that the correction terms fof; east cos(sin) @N0AV;,_west cos(sin) @€ 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 Eq. 6.21, we assume that thedistribution is isotropic (the)s,y, distribution is already flat-
tened) so thatos ny cos nysyp @andsin nyp sin nsyp have the same contribution tq. In general,

from Eq. 2.1 we have

AN

do 0, ~1+ Zka cos[k(p — )] (6.27)

k=1
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Then

[ cosnypcosnip, - AN

(cosnpcosni,) =

N
2
ffcosngpcosnwr'd(;l'];fw ~dyp - dip,
- &N
Vapag: 4ot

d - diy
= /cosngpcos n,. - %/[1 + ZQ'Uk cos[k(p — ¥r)] - 21511
2T k=1

acc

do [ d
= / COS NP COS Ny - 2£ / Zka(cos ko cos ki), + sin ke sin kib,.) - ;p’"
T 7r
acc ork=1
d d
= 2vn/ cos® ny - —(’D/COS2 ny, - Vr
27 27
acc 2
_ / 2 do
= vy [ cos“ng - —
27
acc
= v, (cos? ny) (6.28)

where | represents the integral over the acceptance of a detectitre same way, we have
acc

(sin ng sin na,.) = vy, (sin® ne) (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 fl@ift ¢)anel) and elliptic flow (right panel)
in the TPC and FTPCs.

to be further corrected:

. 1 (cos ny cos Neas) (cos nhyestcos n*)
_east = :
-easteos (cos?ng)  /2(cos nieastcos nwesy || (COS Mtfeascos ni*)
1 (sin nep sin nYeasp (sin nyestsin ny™*)
Un _east si = : : ;
n-eastsin sm np) \/ 2(sin neastsin nwesy (sin nipeastsin nap*)
1 (cos n cos nhwesy (cos Nheastcos nY*)
Un t = .
n-west cos (cos? nyp) \/ 2(c0os N1)eastCOS NYwest) (cos nyestcos n*)
1 (sin ny sin nYyesy (sin neastsin ny™)
Un_west si = 3 : : . .
n-westsin <Sln2 n(P> \/2<Sln n’l/}eastsin nwwesa <Sln n’l;Z)WeStSID n¢*>

(6.30)

The above corrections apply to both track-based detectwshd-based detectors, except that in
hit-based detectors like CTB, thegangle is fixed for each slat, and the average is weighted héth t

slat signals.

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

the relationship between the measured flow value and théloealalue. Suppose we have a small
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detector element (for example, a slat of the CTB) with aziraliangle coverage frogow to hign,

then nominally the signal in the detector is

low

#high o
N [T Y v costnle - ) - de
¥ n=1

= righ — Plow + D= {sin[n(engn — )] — sinln(oiow — )]}

n=1

n((’phigh — Plow) ] Cos[n((’phigh + Plow

[e.e]
2v .
= Phigh — Plow + 217” - 2sin 5 5 — )] (6.31)
n=
. ~ . ®high T Plow . .
On the other hand, experimentally we measuygewith — 5 representing the azimuthal

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

2~ high + ¢!
N o~ {1+ 20, cos[n(w — )]} - (Phigh — ©low)
n=1
Sy high + ¢
= Qhigh — Plow + Z%n - (high — Plow) - COS[H(L = 5 Plow _ )] (6.32)
n=1
Comparing Eq. 6.31 and 6.32, we have
2vp, . n(Phigh — @i ~
" .92.sin n{(phigh = Plow) _ 20y, - (Phigh — Plow)
n 2
or
ﬁA(p .
Uy = —2—— 7, (6.33)
sin(EAcp)

whereAy = pnigh — wiow Can be used to denote the granularity of a hit-based detddtercorrec-
tion termgmp/ sin(gAgp) is always bigger than 1, so the effect of the granularity exdfon is to
increase the flow value. The granularity effect is more prami for largem (higher harmonics).
When we have a perfect hit-based detector whegegoes to 0, the limit of the correction term

becomes 1 and no granularity correction is needed, justrlikee 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 flsulteeof 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 flow results of 4 terms versus a small sample data from the TPC and
FTPCs before (left panel) and after (right panel) corrextio

6.2.6 Robust test of flow analysis with the ZDC-SMD
Shown in Fig. 6.5 is the comparison between the directed fesults 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 witth exdber.
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Chapter 7
Flow Results|: Directed Flow

In this chapter, | present the directed flow results in Au +Allisions at,/syy = 62 GeV and
200 GeV, and in Cu +Cu collisions gtsyy = 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 priddrom rope, string, and resonance de-
cays interact with each other and the original nucleons.tljngi@ binary collisions. [80] These
interactions drive the system towards equilibration [8id are responsible for the collective flow
development, even in the preequilibrium stage.

The RQMD code contains an option to vary the pressure in thb-tiénsity state. In the
medium, baryons may acquire effective masses, generaiatrbgucing Lorentz-invariant quasipo-
tentials into the mass-shell constraints which simulateetifect of “mean fields” [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 difier For example, UrQMD handles
more types of particles, and employs more detailed crogtoasarametrized according to the
experimental data. In the early versions of UrQMD such ad urséhis 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 ingavy 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. Afiaijet partons stop interacting, they
are combined with their parent strings, as in the HIJING rhadlf jet quenching, to fragment into
hadrons using the Lund string fragmentation model as impided in the PYTHIA program [88].
The final-state hadronic scatterings are then modelled biativistic transport (ART) model [89].

The AMPT model has a “string melting” option to convert thiéia excited strings into partons.
Interactions among these partons are again described byRBeparton cascade model. Since
there are no inelastic scatterings, only quarks and anmtigufaom 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 quaduark 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 flow in heavy-ion collisions is quantified by the ffirmrmonic ¢;) in the Fourier
expansion of the azimuthal distribution of produced pletiovith 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 of; (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 energies, versus rapidity is an almost linear function of rapidity [26, 78,
92]. Often, just the slope af; (y) at midrapidity is used to define the strength of directed flblae
sign of vy is by convention defined as positive for nucleons in the ptidgefragmentation region.
At AGS and SPS energies, the slopevofy) at midrapidity is observed to be positive for protons,
and significantly smaller in magnitude and negative for gif#8, 92, 93] . The opposite directed
flow of pions is usually explained in terms of shadowing bylaans. At RHIC energies, directed
flow is predicted to be smaller near midrapidity with a weattependence on pseudorapidity [42,
94]. It may exhibit a characteristic wiggle as discussedeiction 2.2.1 [40, 42, 90, 94], whereby
directed flow changes sign three times outside the beam &amtion regions, in contrast to the
observed sideward deflection pattern at lower energiesenthersign ofv; (y) changes only once,
at midrapidity. The observation of the slope«f at midrapidity being negative for nucleons or
positive for pions would constitute such a wiggle.

In one-fluid dynamical calculations [40, 90], the wiggleusture 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-calletbanfP0] or third flow component [40].

Such flow can reverse the normal pattern of sideward defteasseen at lower energies, and hence
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can result in either a flatness @f, or a wiggle structure if the expansion is strong enough.

A similar wiggle structure in nucleom, (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 directemivflare unambiguous in both hydro-
dynamical and transport models, the situation for pionat@e flow is less clear. RQMD model
calculations [42] for Au +Au collisions a{/syn = 200 GeV indicate that shadowing by protons
causes the pions to flow mostly with opposite sign to the prtdut somewhat diffused due to
higher thermal velocities for pions. Similar UrQMD caldidas [94] predict no wiggle for pions
in the central rapidity region with a negative slope at njiltily as observed at lower collision
energies.

At RHIC, most of the detectors cover the central rapidityigagvhere the directed flow signal
is small and the analysis procedures easily can be confusedifmuthal correlations not related
to the reaction plane orientation, the so-called non-flolgat$. Only recently have the firsg
results been reported by the STAR Collaboration [68] andimpieary results by the PHOBOS
Collaboration [95]. In Ref. [68], the shape @f 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 (SyIBandwiched between the
first and second modules of each existing STAR ZD@nat> 6.3. Thev;{ZDC-SMD} should
have minimal contribution from non-flow effects due to theytarapidity 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 flow measurements in Aw €Allisions at,/syy = 62

GeV. Results are obtained by three different methods, nartel three-particle cumulant method
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(v1{3}), the event plane method with mixed harmonies EP1,EP2), and the standard method [28]
with the first-order event plane reconstructed from netitagiments of the incident beams (ZDC-
SMD}). The first and the second method are described in Ref. [$bRafs. [28, 57], respectively.
Both offer enhanced suppression of non-flow effects, inndorrelations 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 obtaifi3} andv;{EP1,EP2 are essentially the same as in Ref.
[68]. The third method is the ZDC-SMD-based approach th#idamain focus of this dissertation.
This is the first report from RHIC of flow results with the evetane 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 useceiHC analysis are listed in Table 7.1,
except for the uppep, cutoff which often goes higher as shown in the graphs. The 2 /Gén
Table 7.1 means the upper limit of the integral fgiintegratedy, . For the FTPCZ.5 < |n| < 4.0),
only 5 hits are required. These cuts will be the same for 200 &e +Au collisions and Cu +Cu
collisions, unless otherwise specified. The centralitynikédin is based on the raw charged parti-
cle TPC multiplicity with|n| < 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 gtsyy = 62 GeV where the three; methods
are usable are slightly different;; {3} fails at centralities less thaf%, and centralities greater
than70%, because the four particle cumulanf 4}, which is a necessary ingredient for measuring
v1{3}, is not measurable in those regions possibly due to laggiuctuations;v,{ZDC-SMD}
fails for centrality less than 10% because of insufficierdrg\plane resolution in central collisions.
Fig. 7.1 shows charged-particle as a function of pseudorapidity, for centrality10%—70% where

all three methods work, from Au +Au collisions gfs y y = 62 GeV. The arrows in the upper panel
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Figure 7.1: Directed flow for charged particles as a functibpseudorapidity, for centrality 10%—
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scale. The lower panel shows the mid-pseudorapidity reigiomore detail.
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cut value

Dt 0.15t0 2.0 GeYe
n -1.3t01.3
multiplicity > 10

vertex z —30. t0 30. cm
vertex x, y -1.0to 1.0cm
fit points > 15

fit pts / max. pts > 0.52

dca < 2.0cm

trigger min. bias

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

indicate the direction of flow for spectator neutrons asmeitged from the ZDC-SMDs. The lower
panel shows, on expanded scales, the mid-pseudorapidignreneasured in the STAR TPC. The
results from the three different methods agree with eackrotéry well. In Ref. [68], the relative
systematic uncertainty im;{3} and v;{EP1,EP2 was estimated to be aboR0%. That error
estimate was obtained under the assumption that the dirfote measurements using two-particle
correlations were totally dominated by non-flow effectscl®an assumption provides an upper limit
on the systematic errors. Ref. [57] provides further dismmson the systematic uncertainties. The
comparison oi; {ZDC-SMD} andv; {3} indeed shows that the relative difference is no more than
20% around mid-pseudorapidity (where the directed flow itseléss than 0.005) and the difference
is only about% in the forward pseudorapidity regiom; {ZDC-SMD} was also calculated using
the information from the east and west ZDCs separately dsasaleparately from correlations in
the vertical and horizontal directions (note that the ZD@E® have a rectangular shape); all the
results agree within5% (see Fig. 6.5). In another systematic studypfZDC-SMD}, a tighter
distance of closest approach (dca) cut was applied to reithecaumber of weak decay tracks or
secondary interactions. The ratioaf obtained with dca< 1 cm to thewv; result with the default

cut (dca< 2 cm) was measured to péca<1cm/ydea<2em — 1 o) 4(.07 for charged particles (see
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Centrality RefMult | Impact parameter (fm)
80% — 100% <9 14.25 +0.66 — 0.84
70% — 80% 9-20 12.77 +0.73 — 0.57
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 — 0.42
30% —40% | 102 —154 | 8.71+0.52 — 0.31
20% — 30% | 154 —222 | 7.36 + 0.47 — 0.26
10% —20% | 222 —313 | 5.7240.32 —0.21
5% —10% | 313 —-373 | 4.084+0.16 — 0.21
0—5% > 373 2.24 +0.07—0.14

Table 7.2: The reference multiplicity and the estimatedanigarameter 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 at,/syy = 62 GeV are also shown in Fig. 7.1. Most transport modeldudieg
AMPT, RQMD and UrQMD, underpredict elliptic flowv§) at RHIC energies, and we now report
that they also underpredict the charged-partigl) within a unit or so of mid-pseudorapidity, but
then come into good agreement with the data over the regiort || < 4.0. While the magnitude
of v; for charged particles increases with the magnitude of pweypitlity below|n| ~ 3.8 for
centralities betweeh0% and70%, our results are compatible with the pealn| lying in the |7
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 drea gide ofp = 0 flow in the opposite
direction to the fragmentation neutrons on that side. Tht®nsistent with the direction expected in
the "anti-flow” scenario [90] but it is also the same direntess measured for pions at lower energies
that is usually related to the pion shadowing by nucleonsu/isng that the charged-particle flow
at beam rapidity is dominated by protons, one would concthdé over the entire pseudorapidity

rangewv; (n) changes sign three times. However, this does not prove ilsepge of the wiggle
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Figure 7.2:pdca< lemydea<2em a5 4 function of) on a small sample of data from the TPC and
FTPCs, fitted by a constant.

structure for protons and pions separately. Measuremdrdgexted flow of identified particles
could be more informative in this respect.

In STAR, particle identification is feasible only in the mdaiRC, which covers the pseudorapid-
ity region |n| < 1.3. In this region, the RQMD model predicts very flatn) for pions and a clear
wiggle structure, with negative slopie; /dn at mid-pseudorapidity for protons gfsyy = 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 skapeselect the centrality intervdD%
to 70%, where flow anisotropies normally are at their peak. Thelrésshown in Fig. 7.3. With
the current statistics, we observe that pion flow is very lsintd that for charged particles, with
the slope at midrapiditylv, /dy about0.0074 + 0.0010, obtained from a linear fit over the region
ly| < 1.3 (dashed line). For protons, the slage /dy is 0.025 4+ 0.011 from a linear fitin|y| < 0.6

(solid line). If this 2.3 effect is confirmed with better statistics, it will be the fiobservation of
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Figure 7.3:v; versus rapidity for protons and pions in 62 GeV AuAu. The gkdrparticlev (n)

is plotted as a reference. The different upper end ofptheange for protons and pions is due to
different limits of thedE'/dz identification method. The solid and dashed lines are ®$dm
linear fits described in the text. All results are from aneadyssing the reaction plane reconstructed
by the ZDC-SMD v, {ZDC-SMD}.



the wiggle effect, that has been searched for since the 1990s
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Figure 7.4:v2° /v3° as a function of rapidity on a small sample of data from the T&@®ions and
protons, fitted 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 fitted slopsuch that a negative baryon slope
with comparable magnitude to the RQMD prediction is not sigely ruled out. For the identified
particles, the influence of the particle identification mdares on the flow values for pions and
protons may be a source of errors. By default we eliminatéghes 3 away from the expected
TPC energy loss for the relevant particle type. When we ¢ighd the cut to2 instead of 3, we
found that for40% — 70% most central events, thg {ZDC-SMD} for pions is reduced by less than
10% while the protorw; {ZDC-SMD} stays constant within errors (See Fig. 7.4).

Fig. 7.5 showss, for charged particles as a function gffor different centralities. We do not
observe an onset of any special feature in the pseudonamiditendence of; at any centrality.
Preliminary vy () results from PHOBOS [96] for centrality0% to 50% are consistent with our
data at the same centrality (see Fig. 7.6) except|thdt)| from PHOBOS has its peak aj| of

about 3 to 3.5, while STAR'$v; ()| peaks atn| about 3.8 or higher. PHOBOS has acceptance
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Figure 7.5: Directed flow for charged particles as a functibpseudorapidity for different central-
ities.

down to lowerp; than STAR, which is the only known difference between the éwperiments that
might explain the discrepancy. There might be a significéuainge in particle abundances below
STAR'’s p; acceptance cut (0.15 Ge¥), which could account for some or all of this difference in
the |v;| peak position. If we move ous; threshold higher than 0.15 GV, the discrepancy does
not appear to grow. Normally, the best way to investigatedikerepancy would be for PHOBOS
to raise theirp; threshold to match STAR’s acceptance, but it is not posgdri¢ghem to do that.
Therefore, we have not been able to come to any definite ceinalabout the differences at forward
UB

The transverse-momentum dependence @ shown in Fig. 7.7. Since, (1, p;) is asymmetric
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Figure 7.6:v;(n) comparison between STAR and PHOBOS in Au +Au collisions aG6¥.

aboutn = 0, the integral ofv; (n, p;) over a symmetrig) range goes to zero. We changgn, p;)
of particles with negative) into —v1(—n, p;), and integrate over alj. If v1(p;) is negative at a
specificp;, that means particles with that have a negative slope in (n) like the pionv; in the
mid-pseudorapidity region, while if;(p;) is positive at a specifip;, that means particles with
that p; have a positive slope im (n), like spectators. Due to the small magnitude of thesignal
close to mid-pseudorapiditfjn| < 1.3), only the averaged, (p;) over centralitiesl0% — 70% is
shown. For2.5 < |n| < 4.0, thewv; signal is large enough to be resolved for different ceryrali
regions. The poop; resolution for highep; in the FTPCs limits the, range to below 1 Ge)t for
2.5 < |n| < 4.0. For all centralities, the magnitude of is observed to reach its maximunmgts 1
GeV/cfor |n| < 1.3 and atp;~ 0.5 GeV/cfor 2.5 < |n| < 4.0. Note that from its definitiony, (p¢)
must approach zero as 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 shows{ZDC-SMD} versusp; measured in the main TPQn( <
1.3), for centrality 10%—70% in 62 GeV AuAu. The lower panel skaw{ZDC-SMD} versusp;
measured in the Forward TPCEY < |n| < 4.0), for different centralities in 62 GeV AuAu. The
differential directed flow of particles with negativenas been changed in sign as stated in the text.
Note the different scales on both axes for the two panels.
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Figure 7.8: Directed flow for charged particles as a functibmimpact parameter in 62 GeV AuAu
for the mid-pseudorapidity regionr( < 1.3, with the left vertical scale) and the forward pseudo-
rapidity region 2.5 < |n| < 4.0, with the right vertical scale.) The differential directédw of
particles with negative has been changed in sign as stated in the text.
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could also be both positive and negative for the same reason(g). The values of the impact
parameter were obtained using a Monte Carlo Glauber céilonl§7], listed in Table 7.2. As
expected, the magnitude of decreases as collisions become more central. It is seemtiathe

more forward pseudorapidity regién5 < |n| < 4.0 varies more strongly with centrality than in

the region closer to mid-pseudorapidity)| < 1.3).

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

Fig. 7.9 presents charged-partieign) in three centrality bins in Au +Au collisions @tsyy =
200 GeV. The arrows have the same meaning as in Fig. 7.1. Sismhinimum-bias events were
used in they; {ZDC-SMD} analysis. The magnitude of () is smaller compared with the case in
62 GeV AuAu in Fig. 7.5. The centrality dependence is qutlitdy similar to the trend seen at

SPS by NA49 in Fig. 7.10 [92], but STAR'’s rapidity coveragaitarger fraction of the available
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range. For peripheral collisions, the directed flow is a mionig function ofy; 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 theresting regionn| ~ 3.5 to 4 where
vy approaches zero for centrality 016%, similiar to the case of = 6 in Fig. 2.4. The observed
pattern ofv;(n) at different centralities may provide insights into theoetyer stopping in more

central collisions.

158 GeV/A

@® central
mid-central
A peripheral

2 15 1 05 0 05 1 15 2
rapidity

Figure 7.10: Standard directed flow as a function of rapiftitypions from 158A GeV Pb +Ph. [92]

The result of pionv, (y) for centrality 40% — 70% is shown in Fig. 7.11. With the current
statistics, we observe that pion flow is very similar to thatdharged particles, with the slope at
midrapidity dv, /dy about0.0035 + 0.0005, obtained from a linear fit over the regiogp| < 1.3

(dashed line). Due to the low statistics for identified pnstothe protony; (y) has big statistical
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errors and is consistent with zero.
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Figure 7.11:v; versus rapidity for pions in 200 GeV AuAu. The charged-péeati, (1) is plotted
as a reference. The dashed line is the result from a lineaeditribed in the text. All results are
from analyses using the reaction plane reconstructed by SMD, v, {ZDC-SMD}.

The transverse-momentum dependencg @ shown in Fig. 7.12 for 3 centrality bins. The poor
p¢ resolution for highep, in the FTPCs limits the, range to below 2 Ge)e for 2.5 < |n| < 4.0.
For2.5 < |n| < 4.0, v1(p¢) is always negative (up to, = 2 GeV/c), and the magnitude aof; (p;)
is observed to reach its maximumpat~ 1.1 GeV/c for all centralities. Foin| < 1.3, v1(p:) is
always negative (up tp, = 4 GeV/c) in the peripheral collisions (40% - 80%), but crosses zero
atp, ~ 2 GeV/c in the mid-central collisions (10% - 40%) andat~ 1.5 GeV/c in the central
collisions (0 - 10%).

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

gate central collisions (0 - 10%) in more detail. Fig. 7.18w charged-particle;{ZDC-SMD}
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Figure 7.12: The upper panel shows{ZDC-SMD} versusp; measured in the main TPQ( <

1.3), for centrality 10%—70% in 200 GeV AuAu. The lower panelwBa; {ZDC-SMD} versusp;
measured in the Forward TPC3H < |n| < 4.0), for different centralities in 200 GeV AuAu. The
differential directed flow of particles with negativehas been changed in sign as stated in the text.
Note the different scales on both axes for the two panels.
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as a function of) measured in the main TPC with differept cuts. For 0.15 GeYe < p; < 1.5
GeV/¢, charged-particlév, /dn is negative, about-0.0014 +0.0001, and for 1.5 GeVe < py < 4
GeV/c¢, charged-particlév, /dn is positive, abou0.0021 4+ 0.0004. One possibility is that all types
of charged particles have the same behaviowifp;). That is,v;(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 differeypeés of charged particle could hawve of
opposite sign for alp;. In this scenario, a change in relative abundances as dduaraftp, leads to
the sign change aof; (p;) of all charged particles. For example, if protof(p;) is always positive
and pionvy(p;) is always negative, then the yield-averaggdp;) of protons and pions could be
negative at low,, 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 fit usinguine of two exponential functions.
Fig. 7.14 shows the yields of pions, protons and anti-p®tersug; in 200 GeV AuAu cen-

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

exponential functions. With the yield functions, we areeatd 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 ancpimcreases witp; and reaches its peak
aroundp; ~ 2.5 GeV/¢, where the yield ratio is bigger than one, i.e., there areenfanti-)protons

than pions. The yield ratio between anti-protons and psiemore 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 assumevtligt) for pions, protons and anti-
protons are all linear functions of (straight lines) starting from the original point, so eaghdtion
is governed by only one parameter, its slope. We expect gsgnaption to be valid up to some
intermediate value of;. Then charged-particle; (p;) is the yield-weighted average of (p;) for
pions, protons and anti-protons, with three unknown paterse If we assume that anti-protons
flow with protons, that is, they have the same slope;ifp;), then only two unknown parameters

are left in charged-particle; (p;). Thus we can fit the data points of charged-partiglép;) with
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Figure 7.16: Charged-particle {ZDC-SMD} as a function ofp, in 200 GeV AuAu central col-
lisions (0 - 10%), measured in the main TPC, can be fit usinflyief pions and (anti-)protons,
assuming anti-protons flow with protons, as discussed itetkte

the function described above.

Centrality | dvy/dp; (%) (pwith p) | dvi/dp, (%) (P with )

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 fitting parameters of pidn; /dp; versus centrality in 200 GeV Au +Au collisions.

Fig. 7.16 shows one example of such fitting for charged-garti; {ZDC-SMD} as a function
of p; in 200 GeV AuAu central collisions (0 - 10%), measured in th@mTPC. In this case, the
slope of piorw; (p;) is negative, about-0.0022+0.0002, and that of (anti-)protom; (p;) is positive,
about0.0041 4+ 0.0005. In this way, the zero-crossing behavior of charged-parti¢(p;) can be

explained by the change in the yield ratio between (antitiprs and pions.
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Centrality | dvy/dp; (%) (pwith p) | dvi/dp; (%) (P with )

0—10% 0.408 +£ 0.050 0.871 £ 0.100
10% — 40% 0.541 4+ 0.066 1.194 £ 0.125
40% — 80% 0.380 £ 0.077 1.003 £ 0.156

Table 7.4: The fitting parameters of protény /dp; versus centrality in 200 GeV Au +Au collisions.

We can also assume that anti-protons flow with pions, andimgugh the same analysis. Ta-
ble 7.3 and 7.4 show the fitting results for the two cases, andhfee centrality bins. To know
the exact values and shapes of protetp;) and pionv; (p;), we need more investigation of well-
separated particle species, and more statistics to redaaarors. Currently, the fitting 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 collisid®tondv, /dp, is positive, and is more
influenced by anti-protodv, /dp,, due to the fact that thg/p ratio is comparable to 1. For both

cases, protodv; /dp; is biggest in mid-central collisiond (% — 40%).

Centrality RefMult | Impact parameter (fm)
80% — 100% <14 14.34 + 0.59 — 0.77
70% — 80% 14 — 30 12.87 +0.62 — 0.52
60% — 70% 30 — 56 11.99 +0.52 — 0.53
50% — 60% 56 — 94 11.05 +0.47 — 0.52
40% — 50% | 94 — 146 | 10.01 +0.42 — 0.47
30% — 40% | 146 — 217 | 8.81 + 0.42 — 0.42
20% — 30% | 217 —312 | 7.46 +0.32 —0.42
10% —20% | 312 —431 | 5.77+0.31 — 0.32

5% — 10% 431 — 510 4.08 4 0.21 — 0.21

0—5% > 510 2.24+0.14 - 0.14

Table 7.5: The reference multiplicity and the estimatedadntigarameter 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 thatin the more forward
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Figure 7.17: Directed flow for charged particles as a fumctid impact parameter in 200 GeV
AuAu for the mid-pseudorapidity regionr( < 1.3, with the left vertical scale) and the forward
pseudorapidity regior2(5 < |n| < 4.0, with the right vertical scale). The differential directéolw
of particles with negative has been changed in sign as stated in the text.
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Figure 7.18: Charged-partictg {ZDC-SMD} for Au +Au collisions (0% — 70%) at 200 GeV [68]
(open stars) and 62 GeV (solid stars), as a functiom ef ypeam Also shown are results from
NA49 [92] (circles) for pions from 158 GeV midcentral 12.5% — 33.5%) Pb +Pb collisions as a
function ofy — ypeam The 62 GeV and 200 GeV points are averaged over the positv@egative
rapidity regions.
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pseudorapidity regio.5 < |n| < 4.0 varies more strongly with centrality than in the region elos
to mid-pseudorapidity|n| < 1.3).

It has been observed that particle emission (both spectidlaw) 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 in the regior2 < (y — ypeam) < —1. The three curves differ from each other at larger
values ofly — ypean!, but this is an unavoidable break-down of the limiting frantation hypothesis,

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

7.5 200 GeV Cu +Cu
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Figure 7.19: Charged-particle,{ZDC-SMD} versusn for Cu +Cu collisions 10% — 60%) at
200 GeV. The result for Au +Au collisiond (% — 60%) at 200 GeV is shown for reference.

In RHIC run V (2005), a lighter collision system (Cu +Cu) wasdstigated 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 mobiefmrticular, we can investigate what
happens when we consider a fixed shape of the initial ovedljpdnd” in coordinate space, and
reduce the number of participant nucleons in it. Fig. 7.3ents charged-particle {ZDC-SMD}
versusry 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, maiphggal events (higher thas0%
centrality) have relatively low multiplicity, leading tod much fluctuation 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 rangd&DC-SMD} is a monotonic function of
7 for both cases, and in the FTPC range, the two curves turndidble same position. This result
suggests that when the initial range of shapes of the pgaatitialmond is fixed, the directed flow
does not change when the number of participants is redudeereTare various other possibilities
for studying how flow changes between CuCu and AuAu, but tltesyatic investigation of CuCu
collisions in STAR is still in a very early stage, and furtlewrk in this direction is not part of this
dissertation.

Due to the low statistics we currently have, directed flovultssfor identified particles suffer
from extensive statistical errors, and are not presentéusrdissertation.

The transverse-momentum dependencs @& shown in Fig. 7.20 for Cu +Cu collision$(% —
60%) at 200 GeV. The upper panel shows the result measured inaheTRC (| < 1.3), and the
lower panel shows the result measured in the Forward TRGs( || < 4.0). The results for Au
+Au collisions (0% — 60%) at 200 GeV are shown as a reference. AgaigZDC-SMD} for 200
GeV CuCu agrees with that for 200 GeV AuAu. The good agreensessgpecially striking in the

FTPC range, where the errors are relatively small.
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Figure 7.20: Charged-particlg {ZDC-SMD} versusp, for Cu +Cu collisions {0% — 60% cen-
trality) at 200 GeV. The upper panel shows the result medsuaréhe main TPC|(| < 1.3), and

the lower panel shows the result measured in the Forward TRES |n| < 4.0). The differential
directed flow of particles with negativehas 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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Figure 7.21: Directed flow for charged particles as a fumctid impact parameter in 200 GeV
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of particles with negative has been changed in sign as stated in the text.
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The dependence g@f-integratedv; on the impact parameter is shown in Fig. 7.21. The values
of the impact parameter were obtained using a Monte Carlaliglacalculation [97], listed in
Table 7.6. It is seen that; in the more forward pseudorapidity regi@b < |n| < 4.0 varies
more strongly with centrality (decreasing for more centm@llisions) than in the region closer to
mid-pseudorapidity |n| < 1.3).

Fig. 7.22 plotsp;-integratedv, {ZDC-SMD} for charged particles as a function of centrality
in 200 GeV CuCu in the forward pseudorapidity regi@b(< |n| < 4.0). The result for 200
GeV AuAu is shown as a reference. For all the centralitiesreshe{ZDC-SMD} works for both

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

Centrality | RefMult | Impact parameter (fm)
60% — 100% <17 8.71 +0.25 — 0.27
50% — 60% | 17 — 30 7.644+0.24 —0.27
40% — 50% | 30 — 47 6.91 + 0.16 — 0.20
30% — 40% | 47 —69 6.07 +0.15 — 0.17
20% — 30% | 69 — 98 511+ 0.18 — 0.16
10% —20% | 98 — 138 | 3.93+40.13 — 0.11

0% — 10% > 138 2.40 + 0.05 — 0.05

Table 7.6: The reference multiplicity and the estimatedadntigarameter in each centrality bin for
200 GeV Cu +Cu collisions.
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Chapter 8
Flow Results|1: Elliptic Flow

The 1st-order event plane from the ZDC-SMD can also be atllin elliptic flow analysis.
However, the event plane resolution fer calculation R15) is worse than that for; calculation
(R11), with the 1st-order event pland?,, is roughly equal to%R%l. Further details can be found
in Ref. [28]. For this reason, we focus on Au +Au collision2@0 GeV in this chapter, and for

Au +Au at lower energies and for Cu +Cu are not considered.
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Figure 8.1: Elliptic flow for charged particles as a functifrpseudorapidity, for centralit90% —
70% in 200 GeV AuAu. The results from methods other thafiZDC-SMD} are from Ref. [57].
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Fig. 8.1 shows elliptic flow for charged particles as a fumttdf pseudorapidity, for centrality
20% — 70%. The results from methods other thar{ ZDC-SMD} are from Ref. [57]w2{2} is the
two-particle cumulant method, equivalent to the standeadtion plane method [57, 100k {4} in
elliptic flow is the counterpart af; {3} in directed flow, and is believed to greatly suppress non-flow
effects. va(n) is almost constant in the TPC range, and decreases with theitmée ofr in the
FTPC range. The difference betweer{2} andwvs{4} is likely due to non-flow effects and flow
fluctuations [100]. According to our current understandifighese two systematic effects, the true
vy probably lies betweem, {4} and approximately the averageef 2} andv2{4} [101], and that’s
where the points of;,{ZDC-SMD} are in the main TPC range. In the FTPC rangd ZDC-SMD}

is more consistent withy{2} FTPC”, which uses only FTPC particles.
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Figure 8.2: Elliptic flow for charged particles as a functimintransverse momentum measured in
the main TPC, for centralitf0% — 60% in 200 GeV AuAu. The results from methods other than
v2{ZDC-SMD} are from Ref. [101].
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Fig. 8.2 shows elliptic flow for charged particles as a fumttof transverse momentum mea-
sured in the main TPC, for centrali0% — 60%. The results from methods other thas{ZDC-
SMD} are from Ref. [101]. For all three results,(p,) increases wittp; until 3 GeV/c. The gap

betweerwy{2} andvs{4} increases withy, andv,{ZDC-SMD} is between them, closer ta{4}.
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Figure 8.3: Charged particte integrated ovep; andn versus centrality measured in the main TPC
in 200 GeV AuAu. The results from methods other thafZDC-SMD} are from Ref. [57].

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

but in central and peripheral collisions, wheeg4} might be affected by bigger flow fluctuation,



they have significant differences.
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Chapter 9

Summary and Outlook

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

In early 2004, we installed two ZDC-SMDs in STAR, and sinaartithey have added significant
capability to STAR in four areas of physics: anisotropic fletvangelet 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 flow analysis. The 1st-order gviamie resolution (a “quality factor” such
that 100% represents perfect reaction plane determination) is let’@”% — 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 flattening technique) can be utilized iredasate flow terms, with various cor-
rections applied to each term independently. The new meth¢ADC-SMD} has proven itself to
be reliable as evidenced by internal consistencies, angt®ement with independent methods.

In the directed flow analysis, we studied all charged pagieind two types of identified particles

(pions and protons) in:

e 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 ottidrarged particles in the pseudo-
rapidity region covered by the STAR TPC and FTPCs (upto= 4.0) flow 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-jgatticversus pseudorapidity is
observed at any centrality. Transport models underprélaéctharged-particle; (n) within

a unit or so of mid-pseudorapidity, but then come into goockagent with the data over
the region 2.5< |n| < 4.0. Thep;-dependence of; saturates abovg; ~ 1 GeV/c in the
mid-pseudorapidity region and abopg~ 0.5 GeV/c in the forward pseudorapidity region.
The centrality dependence of in the region of 2.5< |n| < 4.0 is found to be stronger than

what is observed closer to mid-pseudorapidity.

Pion v, is found to follow the pattern of charged-particles at mid-rapidities in Au +Au

collisions. The slope of proton; has the same sign as that of pionat mid-rapidities in

intermediate-centrality Au+Au collisions at 62 GeV, whi€khonfirmed with better statistical
significance, could be evidence of a “wiggle” structure, iEimto what is shown in the left
panel of Fig. 2.5. As discussed previously, certain modeteu certain conditions predict
a wiggle, but not all wiggle predictions are attributed to &®) One-fluid hydrodynamic
calculations have been used to argue that the observation lbéving the same sign for
protons and pions near midrapidity would be a signature ofst-drder phase transition.
Details of the wiggle systematics will likely give us the léito distinguish among the

competing predictions and hence arrive at a conclusionighratevant to QGP.

200 GeV AuAu: charged-particle, {ZDC-SMD} in 200 GeV AuAu collisions has a smaller
magnitude than in 62 GeV AuAu collisions, and approaches wéthin the pseudorapidity
region studied in central collisions. The patternvgfapproaching zero df| ~ 3.8 show
some of the expected characteristics of the wiggle sigaahut a definite 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 pionwv;
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 clarifications as mentioned abeeealso need further input from

models.

The p;-dependence of; saturates above; ~ 1.1 GeV/c in the forward pseudorapidity
region. In the mid-pseudorapidity region, we observe abduggrticlev; (p;) crosses zero at
pt ~ 1.5 GeV/c for centrality0 — 10%, and atp; ~ 2 GeV/c for centrality10% — 40%. A
fitting method using yields of pions and (anti-)protons gius some indication that pions and
protons could flow in opposite directions, and the changééir relative abundances leads
to the sign change in charged-particlgp,). The rapidity dependence of provides further

support for the limiting fragmentation picture.

e 200 GeV CuCuw;{ZDC-SMD} in 200 GeV CuCu collisions is consistent with that in 200
GeV AuAu collisions as a function of both and p;. 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 flow analysis, we concentrated on 200 GeV AuAulis@ns. v,{ZDC-SMD} falls
betweenvy{2} andv2{4}, and closer tawy{4} as a function of bothy andp;. The integrated
v2{ZDC-SMD} is consistent withvo{4} in mid-peripheral collisions, and differs fromy{4} in
central and peripheral collisions, wherg{4} might be affected by flow fluctuations.

In future RHIC runs, much larger event samples will be codldcand subsystem upgrades to the
STAR detector will greatly improve particle identificatiomhen bothv; andwv, for more species
of identified particles with excellent statistics can bed@d, for different ion pairs at different

beam energies. For example, the evidence for partonicctivity (Fig. 2.6) can be revisited
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usingue{ZDC-SMD} and possibly also; {ZDC-SMD}, to probe the scaling picture with non-flow
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 charadesiskpected 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 sufficiently strong evid for QGP. We remain optimistic
that fully convincing evidence will be gathered during thexihround of data-taking. A similar
position has been taken by the other three experimentamthtions at RHIC.

The partonic flow argument outlined in Section 2.2 is consideone of the highlights from
RHIC to date, namely that the scaling behaviorwefp;) for different particle types according to
their respective number of constituent quarks at interateg} (“NCQ scaling”) indicates that there
must have been a partonic stage early in the collision. Eurtbre, the hydro-like scaling of (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
flow studies in the year 2000 [102]. Now we are just beginnmgtudy directed flow at RHIC —
the main topic of this dissertation — and the situation fég thore challenging type of anisotropy is
quite similar to elliptic flow five years ago, when that measoent was first carried out for charged
particles and the results for identified species still hay woor 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 siraiythis dissertation has paved

the way for the next round af; 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 amiiks or a quark with an anti-quark. The
hadron spectrum can be accounted for by six flavors of quarkish are listed in table A.1 with
their quantum numbers.

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

Even after taking into account the spin of the quarks, it W@ppear that some hadronic states,
such as theA ™, violate the Pauli exclusion principle. This resonancesegis of threeu quarks
and has a spin o% 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 I =43
d down | 300 MeV —% I3 = —%
S strange| 500 MeV | —2 S=-1
C charm | 1.2 GeV +§ C=+1
b bottom | 4.2 GeV _3 B=-1
t top 170 GeV J% T=+1

Table A.1: The six quark flavours and their approximate dorestt masses.
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known as red, green and blue. Thus, in tké™ resonance, the threequarks 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 whichdbkaxged in the strong interaction just
as electromagnetic interactions exchange photons. Hawenike 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 meatthéehgluons can interact amongst them-
selves leading to qualitative differences between thengtamd electromagnetic forces. There are in
fact an octet of gluons carrying the different combinatiofithe colour charge;b, rg, bg, b, gb, g7
and the mixturegr7 — gg)/v/2, and (r7 + gg — 2bb)/+/6. This scheme allows a quark of any

colour to interact with another by exchanging the appraéeriguon.



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
L= —3F0F =3 00 — igAtalthn — Y mathuthn (B.1)
and it is composed almost of the same elements as the QEDricagnadensity
L= 1B P — D9, + ieAdbe — mebee. (B.2)

Egs. B.1 and B.2 are expressed within the relativistic foismathat uses space-time four-coordinates
numbered by indiceg, »¥=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 dftedg)(3) 3x 3 matricest,, hum-

bered by the gluon-color index=1,...,8. They fulfill the SU(3) commutation relations
[tg, ty] = iCF ta (B.3)

where Cg7 are the SU(3) algebra structure constants. Quarks and gjlannumbered by the
indices of the corresponding SU(3) representations: itimensional spinor representation for
guarks, and eight-dimensional vector representation lfant.

Dirac four-spinorsy,, correspond to quark fields. Compared to the electron fomesp), 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 indegspmonding to the dimensionx 3 of
thet, matrices. Second, there is not one, but six different quattidj forn=1,...,6, corresponding

to quark flavors.
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The first term in the QCD Lagrangian density describes the dtaon fields defined by eight
four-potentialsAy;. Instead of one photon of the QED, that transmits the elewgnetic interaction,

we have eight gluons that transmit the strong interactidre dluon field tensors;, are defined as

Ff, = 0,A — 0,A% + C§, Al AL (B.4)

Here comes the really big difference between the QED and Q@Bely, the gluon field 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 nsasgeat rest. This does not mean
that isolated quarks can exist in nature, be acceleratathawe their masses measured by their
inertia with respect to acceleration. Each free quark oiey®irac equation just like the electron
in QED. The Dirac equation is given by the last term anddjxerm in Eq. B.1.

Quarks couple to gluons through the color currents,

Jéf = —iQZ?;nV“Aﬁtawn- (B.5)

Note that all quarks couple to gluons with the same valueettior charge. 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 tbeteimagnetic field depend on currents

JH = iﬁl/;e’wibe, (B6)

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

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

state of the empty space is the state with no quanta - we has@we the proper field equations,
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with proper boundary conditions, and determine what is tate ©f the field. Such a state may or
may not contain quanta. In particular, whenever the spasealmoundary, the ground state of the
field does contain quanta - this fact is called the vacuumrizaltion effect.

In QED, this is a very well known, and experimentally verifiegffect. 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 fluctuations of the electron field may create in an empaégsirtual electron-positron pairs.
These charged particles induce virtual polarization absig the conducting plates (it means vir-
tual photons are created, travel to plates, and reflect fhrem}. Hence, the plates become virtually
charged, and attract one another during a short time wheexibence 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 massiedheir 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 find the vacuum wave functioralgtically. Some ideas of what
happens are provided by the QCD lattice calculations, irchvktie gluon and quark fields are dis-
cretized on a four-dimensional lattice of space-time @iand the differential field equations are
transformed into finite-difference equations solvable @omputer.

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

particular, solutions corresponding to isolated quarkgpsy 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, the(transverse momentum) is defined as:

pt=\/P:+D} . (C1)

p¢ is @ Lorentz invariant variable since bagth andp, are unchanged under a Lorentz boost along
the z axis.

For identified particles one usually employs the transverass

my = V/p2 +m? (C.2)

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

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

1 E+p,
y = §IH<E—pz> (C.3)
— I <E+p2> (C.4)
my
— tanh! (%) , (C.5)

whereF andp, are the energy and longitudinal momentum of the partickpeetively.
Under a Lorentz transformation from a reference sysfetm a systems’ moving with velocity
3. with respect tc5 in the longitudinal direction, the rapidity in the S’ frame is related tg in the

S frame only by an additive constanj: = y — y3, whereyg is the rapidity of the moving frame.
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yQZ%IDGfZ:) : (C.6)

The additive property of rapidity guarantees that the sludjee corresponding distribution is
unchanged under Lorentz boost.

In the limit of p > m andp. /p > 1/, the rapidity reduces to

1 E+p:\ 1 Pl +p.\ I+cosf) B
y_21n<E—pz>N21n<llﬂ—pz =In “1—0089 = —In(tan6/2) = 7.

(C.7)

wheren is called pseudorapidity. Note that pseudorapidity, wniépidity, can be computed without

knowing the mass of the patrticle.



Appendix D

Author’s Contributions to Collabor ative 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 benefit 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 theirC®&\and forward paddles.

In the area of community service software, | have studiedfiproach 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 opportunifiesother 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 flov2id &eV AuAu (longer than letter-
length, and published by Physical Review C), and anotheepap strangelet searching (submitted
to Physical Review Letters).

In my early studies, | have carried out a systematic studyherirtfluence of momentum reso-
lution on elliptic flow. The result was incorporated into adppaper 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), andhatgremier confer-
ence in my field — Quark Matter 2005 (QMO05) in Budapest, HupdaAugust 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 alsemexba 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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List of Publications

*Directed flow in Au+Au collisions a/syy = 62.4 GeV,

J. Adamset al. (STAR Collaboration), Phys. Rev. @3 034903 (2006).

*Anisotropic flow in AuAu and CuCu &2 GeV and200 GeV,
Gang Wang (for STAR Collaboration), Quark Matter Meetin@2@roceedings, accepted by
Nucl. Phys. A.

e-print nucl-ex/0510034 (2005).

*Strangelet search at RHIC
J. Adamset al. (STAR Collaboration), submitted to Phys. Rev. Lett.

e-print nucl-ex/0511047 (2005).

*Azimuthal anisotropy in Au+Au collisions gtsyy = 200 GeV,

J. Adamset al. (STAR Collaboration), Phys. Rev. 72 014904 (2005).

Incident energy dependenceggfcorrelations at RHIC

J. Adamset al. (STAR Collaboration), Phys. Rev. T2 044902 (2005).

Multi-strange baryon elliptic flow in Au+Au collisions gfsyy = 200 GeV,

J. Adamset al. (STAR Collaboration), Phys. Rev. Le5 122301 (2005).

Multiplicity and pseudorapidity distribution of photons Au+Au collisions at,/syy =
62.4 GeV,

J. Adamset al. (STAR Collaboration), Phys. Rev. Le@5 062301 (2005).
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Distributions of charged hadrons associated with high tsna@rse momentum particles in pp
and Au+Au collisions at/syy = 200 GeV,

J. Adamset al. (STAR Collaboration), Phys. Rev. Lef5 152301 (2005).

Experimental and theoretical challenges in the searchierQuark Gluon Plasma: the STAR
Collaboration’s critical assessment of the evidence frafi@®collisions

J. Adamset al. (STAR Collaboration), Nucl. Phys. 57 102 (2005).
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