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Abstract

Quarks and gluons are the basic building blocks of the matter. And Quantum Chro-

moDynamics (QCD) is believed to be a successful theory to describe the strong force

between the color charge carriers quarks and gluons. According to asymptotic

freedom one of key features of QCD, quarks and gluons are confined in hadrons
and no free quarks and gluons are observed. Lattice QCD predicts a phase transition

at high temperature or high density from the normal hadron gas state to a state with

quarks and gluons which are deconfined from hadrons the Quark Gluon Plasma
(QGP). The Relativistic Heavy Ion Collider (RHIC) located at Brookhaven National
Laboratory (BNL) was designed to collide high energy heavy ions to create such a high
temperature and high density matter, simulating the evolution of the early universe in
the first few seconds after the Big Bang. After several years of measurements accumula-
tion, the matter created RHIC has been proved to be more like a medium most resemble
of properties of a perfect liquid of strongly interacting quark gluon plasma. The two
pillars for this discovery are the observed strong elliptic flow and jet quenching. To
quantify the property of the medium created at RHIC, high transverse momentum (pr)
particles, which are presumably from jet fragmentations, are ideal penetrating probes.
Usually people use high pr single hadron yields and di-hadron correlations with a high
pr trigger particle to study the medium created at RHIC. While suppression of high pr
single hadron yields has limited sensitivity to the medium core, di-hadron correlation

measurements will provide richer and more valuable information about the properties of

the created medium.

The disappearance of back-to-back jet from the first high py di-hadron correlation
measurement at RHIC has been recognized as an evidence of the jet quenching discovery.
The following analysis by correlating low py particles associated with the high pr trigger
particle shows the broadening in the away side, which is consistent with the jet energy

dissipation in the medium. The first di-hadron analysis with respect to the reaction
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plane shows the away-side suppression happens out-of-plane while it is not significant

in-plane. This indicates the possible path length effect in the jet energy loss. Recently,

a new phenomenon of the long range An correlation so called "Ridge” has been
observed in the near side di-hadron correlation, but the origin of ridge phenomenon is

still not understood yet [Arm04, Vol06, Majo4, Won07, Hwa05].

In this thesis, we present STAR results of di-hadron azimuthal correlations with a
high pr trigger particle relative to reaction plane and a lower pr particle associated with
the trigger particle in /syy = 200 GeV Au + Au collisions at RHIC. The large data
sample (which is about 10 times more than previous analysis): Au + Au minimum bias
events and Au + Au central events collected during year 2004 run were used in this
analysis. The minimum bias d + Au collision data collected in year 2003 were used for

the baseline comparison.

The di-hadron azimuthal angle correlation was calculated according to the azimuthal
angle of the trigger particle relative to the reaction plane (¢, = |¢""9 — Ugp|). Reaction
plane was reconstructed using the standard event plane method. Particles falling in the

pr bin of associated particles (p}**°°

) were eliminated in the event plane reconstruction
to avoid the auto-correlation. The vy contribution in the flow background, which had
not been taken into account, was found to be not negligible in the di-hadron correlation
analysis relative to the reaction plane. We re-evaluated the flow background formula to
include the vy contribution. The flow parameters were taken from the averaged STAR
measurements using the standard event plane method and the four particle cumulant
method. The difference between two methods is the most significant systematic error
contribution in the results. The normalization of the flow background was calculated
using an improved method based on the Zero-Yield-At-Minimum (ZYAM). The flow
background was calculated in each p$7**° bin and ¢, bin, and it was subtracted from
the raw di-hadron correlation distributions to extract the correlation function we are

interested. Both the mid-central 20-60% and the top 5% central Au + Au collisions

were investigated, and the minimum bias d + Au collision data were presented for

vi



DOCTORAL DISSERTATION

baseline comparison. The correlation functions are also obtained from small and large
|An regions separately, in attempt to isolate the jet and ridge contributions to the near-

side correlation strength and study their behavior in ¢,.

The di-hadron correlations are strongly modified in Au + Au collisions with respect
to minimum bias d + Au collisions. The modification strongly depend on the trigger
particle orientation relative to the event plane and evolve with associated p$***°. The
qualitative trend of the correlation function with ¢, appears similar in central and mid-
central collisions; quantitatively, the ¢, dependence of the correlation function is stronger
in the middle central collisions. The p77°°“ dependences of the correlation function are
similar in the two centrality selections.

The away-side correlation broadens from in-plane to out-of-plane, and broadens with
increasing associated p37*°¢ for most ¢; slices. For 20-60% Au + Au collisions, the away-
side correlation starts as a single peak in the reaction plane, and becomes a stronger
and stronger double-peak structure as the trigger particle moves from in-plane to out-of-
plane. For top 5% central Au + Au , the away-side correlation already shows a double-
peak structure in the reaction plane, and the double-peak becomes stronger and stronger
from in-plane to out-of-plane. The trends of the away-side modification underscore the
importance of the path-length that the away-side parton transverses in the medium.
The away-side medium path-length in the reaction plane direction in 20-60% Au +
Au collisions is quite modest and not enough to generate significant modification to
jet correlation, while that in the top 5% collisions is long enough to cause significant
jet modification. The strongest modification is found for trigger particles perpendicular

to the reaction plane where the away-side medium path-length is the longest, and this

path-length appears to be not very different in 20-60% and top 5% Au + Au collisions.

The near-side correlation amplitude decreases from in-plane to out-of-plane. The
decrease was found to entirely come from the decrease in the long range An correlation
(ridge). The ridge yield decreases to ~ 0 at out-of-plane in the 20-60% centrality, while

significant ridge yields persist from in-plane to out-of-plane in top 5% collisions. The

vil
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jet contribution to the near-side correlation is extracted from the difference of small
and large An correlations, subject to small experimental systematic uncertainties. The
jet contribution in the 20-60% centrality appears to somehow increase from in-plane to
out-of-plane. The near-side jet parallel to the reaction plane appears to have suffered
significant interactions with the medium, which reduce the real jet correlated multi-
plicity and produce a long range An ridge containing a large number of hadrons. The
near-side jet perpendicular to the reaction plane, on the other hand, appears to suffer
minimal medium modification, generating small amount of ridge. The top 5% results
are qualitatively similar, but the significant ridge contribution persists over all ¢, and
the variations of the jet and ridge magnitudes in ¢, is significantly smaller, consistent

with the more spherical collision geometry.

The main results presented in this thesis are with 3 < p?:ig < 4 GeV/c. The results
from trigger particles with higher pr is necessary to check the results since they are
more probably coming from jet fragmentation. In the future RHIC run with the TPC
DAQ1000 upgrade, we are able to accumulate more than ten times statistics of the data
sample in Run IV, used in this thesis. It provides us the possibility of investigating the

correlations with high py trigger particles in the future.

Keywords: Relativistic heavy ion collisions, STAR experiment, Quark Gluon

Plasma, Di-hadron correlation, Reaction plane, Ridge
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CHAPTER 1

Introduction

1.1 Quantum Chromodynamics

To the present human being’s knowledge, matter is fundamentally made of leptons,
quarks and force mediators. The forces between fundamental components are grouped
into four kinds: gravitation, electromagnetic interaction, weak interaction, and strong
interaction. Since 1970’s, the later three forces have been unified into the Standard Model
(SM), consisting of the electroweak unification theory which describes the elctromagnetic
and weak interactions, and the Quantum Chromodynamics (QCD) which describes the

strong forces.

QCD is a fundamental gauge theory for quarks and gluons - the strong force media-
tors. They carry a property analogous to electric charge called color. QCD [DKS03] is
a non-Abelian gauge field theory based on the gauge group SU(3)¢, with gauge bosons
- color octet gluons for factors and a unique group coupling constant g,. The subscript
C denotes the quantum number - color. There are three colors in QCD, namely Blue,
Green, Red. Quarks belong to a color triplet representation in the SU(3)s symmetry,
but hadronic states are assumed to be color singlets in QCD. Owing to the non-abelian
character of the color group, the invariant QCD Lagrangian requires gauge (gluon) self-
interactions, which do not appear in Quantum ElectroDynamics (QED) - the gauge
theory describing electromagnetic interaction. In other words, whereas photons carry
no electric charge, gluons do carry color charge. So they can interact directly with each

other.
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Generally speaking, QCD is a non-perturbative gauge theory in most cases. It can be
calculated using a computer-assisted method - Lattice QCD [Gup98]. In this calculation,
the spacetime is discretized and replaced by a lattice with lattice spacing equal to a. The
quark fields are only defined at the elements of the lattice and the gauge fields are defined
on the links of the lattice. The action is rewritten in such a way that the limit a — 0
formally gives the original continuous action. Lattice QCD has been widely used for
reliable QCD calculations. The precision of Lattice QCD calculations are limited by the

lattice spacing or the computing power.

1.1.1 QCD running coupling constant o, and Asymptotic free-

dom

The renormalized QCD coupling shows a scale dependent coupling as(p) (running cou-
pling), similar to that in QED. However, the QED running coupling increases with
energy scale, while the gluon self-interactions lead to a complete different behavior in

QCD. a,(u) can be written as Equation 1.1:

_ g Am
k) = dr " Goln(p2/Aep) (1)

Where Gy = 11 — %n £, ny is the number of quarks with mass less than the energy scale
1. When 3y > 0, this solution illustrates the asymptotic freedom property: oy — 0 as
i — o0o. The larger energy transfer is equivalent to the shorter distance, according to
the uncertainty principle. So the strong force becomes smaller at shorter distance, which
is well known as the Asymptotic Freedom. Its discovery has been awarded the Nobel
Prize in Physics 2004. On the other hand, this solution also shows strong coupling at
i~ Agep, so QCD is non-perturbative in this case. a, needs to be determined from
experiment. The world averaged a; at the fixed-reference pg = My is as(Mz) = 0.1187+
0.002 [Yao06], and the QCD scale Agcp ~ 200 MeV. Figure 1.1 shows the measured o

at different momentum transfer scale p compared with Lattice QCD calculations.
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Figure 1.1: Measured QCD running coupling constant ag from different experiments com-

pared with Lattice QCD calculations.

1.1.2 Perturbative QCD (pQCD)

Perturbation theory can be used with QCD for interactions involving large momentum
transfers (i.e. hard processes). Physics quantities, such as cross sections, can be calcu-
lated to a truncated series, known as Leading Order (LO), Next-to-Leading Order (NLO)
etc.. There are plenty of experiments on high energy processes which offer quantitative
tests of pQCD. Figure 1.2 left plot shows the inclusive jet cross section measurements
at various energies from PDG [Yao06] compared with NLO pQCD calculations. The
pQCD calculation shows nice agreements with high energy UA1, UA2, CDF data etc.
Recently, there was also a measurement on the inclusive jet cross section measurement
from the STAR collaboration at RHIC [Abe06], shown in Figure 1.2 right plot, and the
NLO pQCD calculation agrees with the data points well.

In QCD, assuming factorization, the cross section of an inclusive process A + B —
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C' + ... can be written as:

DC/C(ZC7 Qz)

T2,

doap—
EC JAB © KZ/dxadxbfa/A me ) (ab—> d) (12)

abed

The middle term & % (ab — cd) can be calculated in pQCD from Feynman diagrams. The
first term f,/4(24, Q2) or fi/5(2p, Q}) is the hadron Parton Distribution Function (PDF)
and the last term D, .c(z, Q%) is the Fragmentation Function (FF) that describes the
transition from a parton to a hadron. For leptons, these two terms do not contribute
in this formula. Hence, we can measure PDFs through lepton-nucleon deep inelastic

scattering interactions and FFs through high energy ete™ collisions.

1.1.3 Confinement and chiral symmetry breaking

In QCD, quark must be confined in hadrons because quarks have color quanta, while
hadrons are color-neutral to us. This can also be expected from the QCD coupling a(p).
When two quarks are separated to a large distance, which corresponds to a small energy
scale, the coupling becomes strong, i.e. intuitively, more and more self-coupled gluons
hold the quarks not to be isolated. It is quite different in QED because there is no self

coupling between photons, so that we can observe isolated electric charges.

Phenomenogically, the binding potential between a quark pair is often defined as the
Cornell potential

V(r)~—a/r+or (1.3)

The first term is analogous to the electric potential between two electric charges, but
between two color charges. The second term is introduced to hold the two quark without
separating from each other. In this approximation, infinite amount of energy are needed
to observe the isolated quark, or the deconfined quark. We have never seen deconfined

quarks in normal temperature and density.

In the absence of quark masses, the QCD Lagrangian can be split into two indepen-

dent sectors: the left- and right-handed components [Pic95]. This Lagrangian is invariant

5
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under chiral symmetry transformations then. This symmetry, which is the extension of
classical SU(3), is a global SUL(ns) x SUg(ny) symmetry for n; massless quark flavors.
However, it is spontaneously broken in the vacuum in the Nambu-Goldstone’s way to
realize this symmetry and this breaking gives rise to (nfc — 1) massless Goldstone parti-
cles. Thus we can identify the 7, K, n with the Goldstone modes of QCD: their small
masses being generated by the quark-mass matrix which explicitly breaks the global

chiral symmetry of the QCD Lagrangian.

1.1.4 QCD Phase transition

QCD matter is mostly observed as nuclei or hadron gas in our normal condition. Recent
advances in the formulation of thermaldynamical lattice QCD at finite temperature and
density however, suggests that when sufficiently high temperature and energy density are
reached, quarks becomes effectively deconfined, or QCD predicts a phase transition to
a new matter, named Quark Gluon Plasma (QGP), with new (color) degrees of freedom
(d.o.f.), which could be manifested by a rapid increase in entropy density, hence in
pressure with increasing temperature. Meanwhile, in this new matter the broken chiral
symmetry in normal QCD matter will be restored and consequently, masses of scalar
mesons and vector mesons will decrease [Kar02a]. Lattice QCD calculations provide
quantitative predictions on this phase transition: the critical temperature of this phase
transition is T, ~ 150 — 180 MeV, and the energy density at the critical point is e.(7;) ~
1—3 GeV/fm? (~ 0.17 GeV/fm? for nuclear matter) [Kar02b]. The appearance of these
color d.o.f. can be illustrated by a sharp increase in pressure with temperature, shown

in Figure 1.3 [KLPO0O].

The arrows indicate the Stefan-Boltzmann limits, which are for the systems with
massless, non-interacting quarks and gluons. The insert plot shows the ratio of p/psp
as a function of T for 3 different flavor configurations. The similarity of the three curves
indicates that besides the effect of quark masses, there should be interactions in the newly
formed system, which is different from the original weakly interacting QGP scenario.

6
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Figure 1.3: Lattice QCD calculations for the evolution of p/T* with the increase of temper-
ature T for 3 different flavor configurations. The arrows indicate the SB limit for each case.

The insert plot shows the ratio of p/psp as a function of 7'

Lattice QCD calculations of the potential between two heavy-mass quarks also offer

evidence of deconfinement.

Figure 1.4 shows a recent calculation of the heavy-mass quark-antiquark pair Cornell
potential in different temperature conditions [KLP00]: with the increase of temperature,
the rampart of the potential between two quarks, which causes confinement, will bend
down and thus liberate quarks from the trap. In addition, the continuous bending
without sudden change indicates a crossover transition at high temperature and vanishing
net quark density. In an extreme high density of color charges, color charges could be
screened in a similar way as electric charges known as Debye screening: the long-range
interaction is shortened in dense medium of charges. In this situation, the potential with
color screening is given by [Sat00]

1 —exp(—pr
V() = —afr + or 2SR, (1.4)
wr
where p is the color screening mass. When p is sufficiently high, the potential remains
a finite constant as r increases, which also leads to the deconfinement of the quark pair

System.
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Figure 1.4: Lattice calculations for the heavy-mass quark potential in different temperature

cases. The band depicts the Cornell potential of V(r) = —a/r + or with a = 0.25 £+ 0.05.

1.2 Heavy Ion Collisions

Experimentally, to search for this new kind of matter, a large amount of energy needs
to be packed into a limited space volume. Heavy ion collisions have been proposed as a
more effective way because the initial energy density increases as a power law function
with the atomic number while only logarithmically with collision energy [Lin96]. One
of the prime motivations for building the Relativistic Heavy Ion Collider (RHIC) is to
create and study such a kind of matter made of deconfined quarks and gluons (i.e.
Quark Gluon Plasma (QGP)). The temperatures and densities reached are expected to
be similar to those thought to have prevailed in the very early universe, prior to the

formation of protons and neutrons.

Figure 1.5 shows the QCD phase diagram. The grey shadows depict the first order
phase transition boundaries, while at high temperature and low density, the phase tran-
sition from hadron gas to QGP is expected to be a cross-over from Lattice QCD [FK02].
The red dot labeled ”3cr point” is the end point of first order phase transition, or critical

point. The blue dots depict the freeze-out conditions of several collider energies from
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Figure 1.5: QCD phase diagram. The grey shadows depict first-order phase transition
boundaries. The red dots depict the critical points and ”3cr point” is calculated from Lat-
tice QCD [FKO02]. The blue dots depict the freeze-out conditions of several collider energies

from statistical fit [Bra01].

statistical model fit [Bra01].

Since year 2000 the first Au 4+ Au collision was displayed, RHIC has conducted
many very successful runs. The heavy ion collisions at RHIC constitute an exploration
into the unknown and one should be ready to be surprised. Plenty of exciting physics
results reveal that the matter created at RHIC is quite different from what we observed
before: It cannot be described by hadronic degrees of freedom and illustrates many of
the signatures in a QGP scenario. These measurements provide strong hints for the

discovery of a strongly interacting QGP [Adc04].

Figure 1.6 illustrates the space-time evolution of a heavy ion collision at RHIC to our
knowledge now. The collision starts with two highly Lorentz contracted nuclei colliding
with each other, and there will be four possible stages following that: a pre-equilibrium
stage, an equilibrated-deconfined-parton stage, an interacting-hadron stage and finally a
free-hadrons stage. The experiments can only detect hadrons in the free-hadron stage of

the collisions evolution. Probing the early stage of the collision evolution with particles



DOCTORAL DISSERTATION

W

interacting hadron
gas

deconfined

time 1t

pre-equilibrium

space
Figure 1.6: Space-time evolution of a heavy ion collision at RHIC.

measured in the final stage is a significant challenge. Penetrating probes, who aren’t
affected by the later stage interactions, will be essential to study the property of the

matter in the early stage. Jets from initial hard scattering are ideal probes.

1.2.1 Initial condition

The initial condition of the heavy ion collisions at RHIC is one of the most fundamental
quantities, which need to be addressed to answer whether the energy densities reach the
deconfinement phase transition. Because baryon number is conserved and the rapidity
distributions are only slightly affected by rescattering in the late stage of collisions, the
measured net baryon (B — B) distribution can reveal the energy loss of initial partic-
ipants and allow us to estimate the degree of nucleon stopping power. Measurements
from the BRAHMS collaborations at RHIC [Bea04] show that 73 4+ 6732 GeV of the
initial 100 GeV per participant is deposited and available for excitations, which is quite
significant. Figure 1.7 shows rapidity loss (dy) = (y) —y, for different energies from AGS
to RHIC [Bea04].

10
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insert plot shows the measured data points of net baryon distribution from BRAHMS and

different extrapolations to full rapidity.

The initial Bjorken energy density [Bjo83] can be calculated using:

1 dEr

= — 1.
AJ_T dy ( 5)

EBj

where 7 is the formation time of the medium and A, is the nuclei transverse overlap
region area. The formation time is not known but is generally taken to be approximately
1 fm/c. The density of normal nuclear matter is approximately 0.16 GeV/fm®. Lattice
calculations predict that the phase transition to deconfined quarks and gluons occurs
~ 1 GeV/fm*. For the top RHIC energy (\/syy = 200 GeV), the PHENIX dEr/dy
measurement [Adl04] indicates an initial energy density of ~ 5 GeV/fm?® (7 ~ 1 fm/c,
A, =7R?, R~ 1.2AY3 fm) for central Au + Au collisions, exceeding the critical energy

density thought necessary for the phase transition.

In most cases when nuclei collide off-axis, the transverse overlap region will be asym-
metric. Figure 1.8 shows the overlap density for Au nuclei colliding with impact parame-
ter b =5 fm. A Woods-Saxon distribution is used for the density profile of the Au nuclei.
Most observables in heavy ion collisions are integrated over the azimuthal angle and they

11
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are insensitive to the azimuthal asymmetry of the initial source. In this thesis, we discuss
measurements sensitive to the conversion of the initial spatial anisotropy. The particles
produced in-plane and out-of-plane traverse different lengths in the medium source. The

detail technique will be discussed in Chapter 3.
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Figure 1.8: The overlap density for Au nuclei colliding off-axis for impact parameter b = 5
fm. The beam directions are in and out of the of the page. The reaction plane is by the beam

axis and the vector connecting the centers of the two nuclei.

1.2.2 Bulk property and collective motion

The bulk matter created in heavy ion collisions is essential for discovery and study
of the new QGP phase. Its property can be studied via particle yields, momentum
spectra, anisotropic parameters etc. Different probes can reveal the system information
at different evolution stages. In this section, I will introduce the coupious production of

the majority of the particles in the low and intermediate momentum (pr <~ 5 GeV/c).

12
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1.2.2.1 Particle spectra and freeze-out

Hadron spectra, especially in the soft sector, reflect the properties of the bulk sys-
tem. Since difference hadrons have different production (hadronization) mechanisms,
systematic analysis of specified particle transverse momentum spectra can reveal the
characteristics of the system during evolution at different stages. Figure 1.9 shows
the identified particle (7=, K~ ,p,A,Z,£2.¢) pr spectra measured in central Au+Au colli-
sions [Ada04a, Ada04b, Ada0ba, Cas04] as well as the Blast Wave thermal model [SSH93]
fits to the data points.
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Figure 1.9: Identified particle spectra in central Au+Au collisions at \/syxy = 200 GeV and
the Blast Wave fit results. The BW fits were done for 7=, K, p simultaneously and for other

particles separately.

The bulk system after the nuclei collide evolves dramatically: the volume expands
and the density becomes more and more dilute, but the particle collective velocity devel-

ops larger and larger. The data points on that plot show the slopes of particle spectra

13
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changes for different particles (masses), indicating the strong collective motion of final
state particles. The dashed lines depict the fit results from the Blast Wave thermal
model [SSH93|. In the Blast Wave thermal model, local thermal equilibrium is assumed.
"Blast wave” means that particles freeze out from the system surface simultaneously
when dense matter becomes dilute enough. Under the assumption of simple cylindrical
source and boost invariance in rapidity, there are only two parameters to drive the parti-
cles spectra: freeze-out temperature T, and average transverse velocity (Gr). Figure 1.10
shows the fit parameters T}, versus (fr) for different particles in Au + Au collisions.
Simultaneous fit to the light hadrons (7=, K, p) gives larger flow velocity and small
freeze-out temperature in central collisions than peripheral collisions, indicating that
light hadrons freeze out later with stronger collectivity in central collisions. The fit to
multi-strange hadrons (€2 and ¢) in central Au + Au collisions shows higher freeze-out
temperature and lower transverse velocity compared to light hadrons, indicating those
particles leave the system at the earlier stage than light hadrons. Since multi-strange
hadrons are expected to have much smaller hadronic scattering cross sections and their
transverse momentum distributions will not change much after the chemical freeze-out.
The kinetic freeze-out temperature from the fit to multi-strange hadrons is consistent
with the chemical freeze-out temperature 7,,, which is close to the critical temperature
T., meaning the temperature of the system created in the collisions is greater than T,

and hence the phase transition may take place at RHIC energy.

1.2.2.2 Anisotropic flow

As mentioned above, in non-central heavy ion collisions, the initial overlapping region
of the two nuclei is anisotropic in coordinate space. This leads to anisotropic pressure
gradient distributions in the dense matter and subsequently is converted to an anisotropy
in the final state momentum space via rescattering. The dynamic expansion of the system
will wash out the coordinate-space-anisotropy, while the momentum-space-anisotropy

will persist during the evolution of the system [KHO03]. Hence the measurement of the
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Figure 1.10: Blast-wave parameters T}, vs. (O7) contour plot from the simultaneous fits to
stable hadrons (7, K, p) spectra in Au + Au collisions and p + p collisions and separate fits
to multi-strange hadrons ¢(ss), Q(sss) spectra in central Au + Au collisions. The contours
of m, K, p fits in Au + Au are for peripheral collisions in the left and central collisions in the

right. The contours of ¢ and () are for central Au + Au collisions.

particle azimuthal anisotropy with respect to (w.r.t) the reaction plane can reveal the

dynamics at early stage of the collisions.

The final state particle spectrum in momentum space can be expanded into a Fourier
series in terms of the particle azimuthal angle ¢ w.r.t. the reaction plane V,,, shown as

Equation 1.6.

BN 2N =
v, = (cos[n(¢ — U,,))) (1.6b)

where v,, is the n-th harmonic Fourier coefficient. The first and second harmonic co-
efficients vy, vy are called directed and elliptic flow. Due to the approximate elliptic
shape of the overlapping region, the elliptic flow v, is the largest harmonic flow observed
in mid-rapidity. Because of the quenching of coordinate-space-anisotropy, elliptic flow

can reveal early information about the system and because it depends on rescattering,
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elliptic flow is sensitive to the degree of thermalization of the system in the early stage.
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Figure 1.11: Elliptic flow vy of identified particles as a function of py at low pr region

compared with hydrodynamic model predictions.

The identified particle vy(pr) shows strong pr dependence. Figure 1.11 shows the
measurements and the hydrodynamic model predictions for pr < 2 GeV/c [Ada05d]. In
this low pr region, the measurements show v, has larger values for lower mass particles.
While hydrodynamic models, which assume ideal relativistic fluid flow and negligible
relaxation time compared to the time scale of the equilibrated system, successfully re-
produce such a mass ordering observation and reasonably describe the v, magnitudes.
This agreement implies early thermalization, .e. strongly interacting matter with a very

short mean free path dominates the early stages of the collisions.

A recent publication on the ¢ meson elliptic flow measurement shows the ¢ mesons
have a finite and comparable vy as other mesons [Abe07]. We learned from the particle
yield analysis that ¢ meson cannot be coupiously produced from the hadronic rescatter-
ings [Ada0bal, thus ¢ elliptic flow will only come from the partonic rescatterings. The
finite vy for ¢ meson suggests that a partonic matter with strong collectivity has been

produced at RHIC.
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1.2.2.3 Coalescence

In elementary collisions, due to small produced multiplicity, fragmentation is the dom-
inant hadronization scheme for produced particles. While in high energy heavy ion
collisions, the system is so dense and occupied with tons of particles. Once the wave
functions of different particles are close enough in coordinate and momentum spaces,

they may coalesce and form hadrons [LK02, MVO03].
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Figure 1.12: vy of Kg and A in a large pr range in Au + Au minimum bias collisions.
At ~ 2 — 3 GeV/e, vy of both particles starts to saturate and deviate from hydrodynamic

predictions.

Figure 1.12 shows identified particle vy versus pr in a larger pr range. vy for mesons
and baryons saturates above a certain pr (~ 2 —3 GeV/c), and start deviating from the
hydrodynamic model predictions. In addition, vy of mesons and baryons are different
at intermediate py (2-5 GeV/c). Figure 1.13 shows by scaling both vy and (mr — my)
with the Number of the Constituent Quarks (NCQ) in the corresponding hadron (n, =
2 for mesons and 3 for baryons), all particles fall onto one universal curve, shown on the
right panel. This meson/baryon grouping phenomenon was also observed in the nuclear
modification factor Rep at intermediate pr (1.5 < pr/(GeV/c)< 5) [Ada04b, Sor03].
Coalescence models [LK02, MV03] which assume hadrons are formed through coalescing
of constituent quarks provide a viable explanation for these observations. This indicates
the flow developed during a sub-hadronic (partonic) epoch, and offers a strong evidence
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Figure 1.13: vy/n, vs. (mp — myg)/ng for different particles. All measured particle vy seems

to follow the NCQ scaling.

of deconfinement at RHIC.

1.2.3 Jet quenching

As emphasized several times above, due to strongly dynamic evolution of the system,
penetrating probes would be ideal to gain early stage information. In heavy ion collisions
at RHIC energy, high pr (pr >~ 5 GeV/c) particles are believed to be produced mainly
from the initial QCD hard-scattering processes [Adl02a]. These energetic particles can be
used as unique probes by studying their interactions with the medium since jet quenching
scenario predicts that the high transverse momentum partons will interact with the
medium and lose a large fraction of their energy in the medium prior to forming hadrons
and it’s further indicates that the energy loss depends on the gluon density and the

path-length that the away-side parton traverses.
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Figure 1.14: Nuclear modification factor in central Au + Au and d 4+ Au collisions.

1.2.3.1 Single hadron production suppression

One of the most striking phenomena observed at RHIC is the single hadron production
suppression at high pr in central Au + Au collisions. Experimentally, the widely used
observable quantity of particle energy loss is called the nuclear modification factor R4p,
the difference between the spectrum in A+B collisions w.r.t. a p + p collision reference,

is extensively used. It is defined as:

d?*Nap/dprdy
R = 1.7
AB(Pr) Tand?o, Jdprdy (1.7)

where Tup = (Nyin)/0pn is the nucleus overlap function, calculated from a Glauber
model [Won94|. N,;, represents the number of binary collisions in a nucleus-nucleus
collision. For high pr particles, they are mainly from the initial hard scattering, and
less affected by the nuclear effects such as the shadowing, the Cronin effects etc., their
spectra in central Au + Au collisions are expected to be scaled with the number of
binary collisions (R4p = 1). However, the experimental result [Ada03] in Figure 1.14
shows that there is a strong suppression relative to the binary scaling expectation at high

pr in the central Au 4+ Au collisions. This suppression is not seen in d + Au collisions,

the control experiment, in which there is supposed to be no jet medium interaction in the
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final states. This suggests the suppression in central Au + Au is due to the final state
interactions rather than initial state effect and thus a very dense matter must be created
in central Au 4+ Au collisions at RHIC. This phenomenon is well known as so-called “jet

quenching”.

1.2.3.2 Di-hadron correlations

The single particle production suppression may be attributed to the surface bias on
the particle selection. This ambiguity can be cleared by analyzing the back-to-back di-
hadron production. Figure 1.15 shows the high pp di-hadron correlations with a trigger

trig assoc trig

particle 4 < p;"¥ < 6GeV/c and associate particles 2 < p§**°° < p/* for p + p (black
line), central d + Au (red circles) and central Au + Au (blue stars) collisions. The
correlated hadron yield at high py, while not much changed on the near-side in all three
systems, is strongly suppressed on the away side in central Au + Au relative to p +
p and d + Au [Ada03]. The suppression in Au + Au collisions may be caused by
an initial or a final state effect. However, the contrast between d + Au and central
Au + Au collisions indicates that the cause of the disappearance of back-to-back jet
correlation in Au + Au is associated with the medium produced in Au + Au but not

in d + Au collisions. It’s a final state effect. This lends strong support for the partonic

energy loss picture (jet quenching).

Due to momentum conservation, the disappearance of away-side fast partons must
result in an excess of softer emerging hadrons. Figure 1.16 left plot shows di-hadron
azimuthal angle correlation for ;™ > 4 GeV/c and p3*°° > 0.15 GeV/c [Ada05b]. The
plot exhibits jet-like peaks that are much broader for central Au + Au collisions than for
p + p collisions, which is consistent with dissipation of jet energy to the medium. The
right plot in Figure 1.16 shows the centrality dependence of the (pr) of the associated
away-side charged hadrons (threshold lowered to 0.15 GeV/c), compared with that of
inclusive hadrons [Ada05b]. This also offers a hint of the attainment of thermalization

via the frequent soft parton-parton interactions in the early collision stages. But how
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Figure 1.15: High pr di-hadron azimuthal correlations in p + p , d + Au and Au + Au

collisions. The figure is from reference [Ada03].

strong those partons interact is still a crucial open question, that needs to be answered

quantitatively to address the evidence of early thermalization of the system.

In non-central collisions, the suppression of the away side particle production in
di-hadron azimuthal correlations should depend on the relative orientation of the back-
to-back pair with respect to the reaction plane according to jet quenching. In the first
analysis by the STAR Collaboration, shown in Figure 1.17, the suppression of the back-
to-back high pr correlations for out-of-plane triggers is observed to be stronger compared
to in-plane triggers, which is consistent with a path-length dependent jet quenching pic-
ture [Ada04c]. In this thesis, I will report the detail analysis on the di-hadron correlations

with respect to the reaction from a large amount of data sample collected in Run IV.

Most recently, in the di-hadron An x A¢ 2-Dim correlation analysis, enhanced near-
side (A¢ ~ 0) correlated yield at large An has been observed in various trigger particle pr
and associate particle pr selections [Put07], shown in Figure 1.18. This phenomenon is
well known as the Ridge effect. The ridge persists even at the trigger pr ~ 9 GeV /¢, well
into the kinematic region where jet fragmentation is thought to be dominant, suggesting

it is associated with jet production. But the origin of its production mechanism is still
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Figure 1.16: Left: Di-hadron azimuthal correlations with a high pr trigger and low prp
associated particles in p + p , d + Au and Au + Au collisions. Right: The (pr) of away side jet
evolves with the change of multiplicities in p + p (open triangle) and Au + Au (solid triangles)

collisions.
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Figure 1.17: Di-hadron azimuthal correlations for in-plane and out-of-plane in p + p , d +

Au and Au + Au collisions.
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under investigation.

Figure 1.18: Raw An x A¢ di-hadron correlation function in central Au + Au collisions for

3< pgfig <4 GeV/c and p§7*°¢ > 2 GeV/c. A large An correlation - ridge is observed.

1.3 Thesis Outline

In this thesis, we present the measurement of di-hadron correlations with respect to
(w.r.t.) the reaction plane for Au + Au collisions at \/syy = 200 GeV. With the
large amount of data sample collected in RHIC Run IV (about 10 times more than the
statistics reported in [Ada04c]), and the large acceptance of the TPC which allows us
to achieve sufficient event plane resolutions, we present the di-hadron correlations with
the trigger particle azimuthal angle w.r.t the reaction plane. This allows us to study the
path-length dependence of the parton energy loss in the dense medium from the away-
side correlations, and characterize the properties of the ridge phenomenon from the
near side correlations. This information will be helpful for understanding the medium
characteristics created in heavy ion collisions.
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In Chapter 2 we will discuss the facilities used to study heavy ion collisions. The
Relativistic Heavy Ion Collider (RHIC) and the detector system - the Solenoidal Tracker
At RHIC (STAR) will be described. Chapter 3 contains details of the analysis methods
including the anisotropic flow and reaction plane measurements, especially the detail of
flow background subtraction in di-hadron correlations. In Chapter 4, we present the
results of di-hadron correlations, and in Chapter 5, we discuss these results, focusing on
away-side and near-side respectively, and draw conclusions. In Chapter 6, we summarize
this analysis and present an outlook for the future work. In the appendices, we include
the definition of useful kinematic variables used in this thesis, di-hadron correlation
results for each p?jg and p77°°¢ bin, a list of my presentation list and publication list, and

the acknowledgement.
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CHAPTER 2

Experimental Set-up

2.1 RHIC accelerator

The data used in this thesis is from collisions that were carried out at the Relativistic
Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL). RHIC is designed
to accelerate and collide heavy ions and polarized protons with high luminosity. The
purpose of this extraordinary new accelerator is to seek out and explore new high-energy
forms of matter and thus continue the centuries-old quest to understand the nature and
origins of matter at its most basic level. RHIC is also designed to deliver polarized
proton beams up to center-of-mass energy 500 GeV to carry on vigorous spin scientific

programs.

Figure 2.1 shows a diagram of the RHIC machine complex, including a Tandem Van
de Graaff facility, a linear proton accelerator, the booster synchrotron, the Alternative
Gradient Synchrotron (AGS), and ultimately the RHIC synchrotron ring. For Au beam
operations, the Au ions with charge () = —1e are created using the Pulsed Sputter Ion
Source. Then they are accelerated through the Van de Graaff facility and a series of
stripping foils, and the Au ions at the exit are with a kinetic energy of 1 MeV /nucleon
and a net charge of () = +32e. A bending magnet is used to make the charge selection
on the ions. The ions are then injected into the booster synchrotron and accelerated
to an energy of 95 MeV /nucleon. After the Au ions leave the booster, they are further
stripped to @ = +77e and transferred into the AGS, where they are accelerated to

8.86 GeV /nucleon and sorted into four final bunches. Finally, the ions are injected into
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RHIC and stripped to the bare charge state of () = +79¢ during the transfer. For p +
p operations, protons are injected from the 200 MeV Linac into the booster, followed
by acceleration in the AGS and injection into RHIC. Siberian Snakes are used in the
AGS and RHIC to preserve the polarization.There are two beam lines throughout the
entire acceleration procedure, including two Tandem Van de Graaffs. This allows for
two different types of ions, on in each beam line, with which we can get asymmetric

collisions, such as deuteron and gold which has been run at RHIC.
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Figure 2.1: Schematic of the RHIC complex. RHIC’s two 3.8-kilometer rings collide relativis-

tic heavy ions and polarized protons at six intersection points.
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RHIC consists of two concentric super-conducting storage rings that are called blue
and yellow rings, respectively. Each ring has its own dependent set of bending and
focusing magnets as well as ratio frequency cavities, but both share a common horizontal
plane in the tunnel. The RHIC rings have a 3.834 km circumference and has a total of
1700 superconducting magnets cooled to < 4.6 K. The rings have six interaction points,
and 4 of them are equipped with detectors. They are two large experiments STAR (6
o’clock), PHENIX (8 o’clock) and two small ones PHOBOS (10 o’clock) and BRAHMS

(2 o’clock), respectively.

So far it has collided protons (A=1), deuterons (A=2), copper nuclei (A=63), and
gold nuclei (A=197) at various energies (\/syny = 200, 130, 62.4 and 22 GeV). There
are future plans to do low energy scans (/syn ~ 5-20 GeV) with Au + Au collisions to
search for the first order phase transition boundary and the critical ending point in the

QCD phase diagram.

2.2 STAR detector

The Solenoidal Tracker at RHIC (STAR) is a specially designed detector to track thou-
sands of particles simultaneously produced by each ion collision at RHIC. It has a full
21 azimuthal symmetric acceptance, high precision tracking, momentum determination
and particle identification in a large range around mid-rapidity. STAR consists of several
subsystems and a main tracker - the Time Projection Chamber (TPC) located in a 0.5

T homogenous solenoidal analyzing magnet.

Figure 2.2 shows the cutaway view of the STAR detector. The main tracker - TPC
covers the |n| < 1.5 and 27 in azimuth. The details of TPC detector will be discussed
in the next section. There are inner detectors: a three layer Silicon Vertex Tracker
(SVT) surrounded by an additional layer Silicon Strip Detector (SSD) close to the beam
pipe, which provides additional high precision space points on track so that it improves

the position resolution and allows us to reconstruct the secondary vertex of weak decay
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Figure 2.2: Cutaway view of the STAR detector.

particles. There are two Forward TPC (FTPC) detectors covering 2.5 < |n| < 4 to track
particles at forward and backward rapidity region. There is also a Time-Of-Flight (TOF)
detector using Multigap Resistive Plate Chamber (MRPC) technology at mid-rapidity
outside the TPC to extend the PID capability of STAR. The TOF detectors will replace
the Central Trigger Barrel (CTB) trays in the near future. Outside the TOF detector,
there are two ElectronMagnetic Calorimeters (EMC) at STAR: the Barrel EMC (BEMC)
and the Endcap EMC (EEMC). The BEMC surrounds the TPC while the EEMC is in
the front of TPC. These two EMCs provide full azimuthal coverage for the combined
pseudorapidity —1 < n < 2. They are used to measure the electromagnetic probes -

electrons and photons.

RHIC has a beam bunch crossing rate of about 10 MHz, while the slow detectors
(TPC and FTPC) only operate at rates of about 100 Hz currently. Fast detectors are
used to intelligently trigger and select desired events. There are some main trigger de-
tectors: Zero Degree Calorimeter (ZDC), CTB and Beam-Beam Counters (BBC). Two
ZDCs locates on each side ~ 18 m away from the collision points. Each is centered at

0° and covers ~ 2.5 mrad. The ZDCs are hadronic calorimeters to detect the outgo-
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ing neutrons. They are put beyond the dipole magnets which bend away the charged
fragments. The ZDC signals are used for monitoring the heavy ion beam luminosity
and for the experiments triggers. The CTB is a collection of scintillating tiles covering
the whole barrel ektexine of the TPC. The CTB will be mostly used to select central
triggered events in heavy ion collisions by measuring the occupancy of those CTB slats.
The BBC subsystem covers 3.3 < |n| < 5.0, measuring the "beam-jets” at high rapidity
from Non-Singly Diffractive (NSD) inelastic p + p interactions. It consists of two disk
shaped scintillating detectors, with one placed at each endcap of the TPC (3.5 m from
TPC center). Each BBC disk is composed of scintillating tiles that are arranged in a
hexagonal closest packing. The p + p NSD trigger sums the output of all tiles on each
BBC and requires a coincidence of both BBC’s firing above noise threshold within a time

window.

In Au + Au minimum bias collisions, cuts are made on the signals in both ZDCs and
the CTB. There is also a cut on the primary event vertex obtained from the ZDCs. The
ZDC cuts required a coincidence between the two ZDCs of summed signal greater than
about 40% of a single neutron signal. The CTB cut is used to reject nonhadronic events
which removes events with a very low number of hits in the CTB. This cut rejects some
of the desired events that are very peripheral and is why we do not use centralities below
the 80% most peripheral. In central Au + Au collisions, there are much higher cuts on
the ZDC and the CTB. There is a cut on the primary vertex obtained from the BBCs
The cuts are tuned such that the events taken are about 10% of the total cross section
and such that the multiplicity distribution matches the minimum bias distribution for
the top 5% most central collisions. In d + Au minimum bias collisions, a cut requiring
at least one spectator neutron in the outgoing Au beam direction depositing energy in

the east ZDC is made.

The STAR magnet is cylindrical in design with a length of 6.85 m and has inner and
outer diameters of 5.27 m and 7.32 m, respectively. It generates a field along the length

of the cylinder having a maximum of |B,| = 0.5 T. It allows the tracking detectors
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to measure the helical trajectory of charged particles to get their momenta. Magnet
field mapping is done for all three field components B,, By, and B,. This was done in
36 azimuthal points, 57 axial locations. This was measured with a steerable array of
Hall probes from CERN and supplemented by NMR measurements. The reproducibility
of the absolute field is better than + 0.5 Gauss. For full magnetic field (0.5 T), the
maximum radial field value is + 50 Gauss and the maximum azimuthal component is

less than 3 Gauss.

2.3 Main tracker - TPC

The TPC (Time Projection Chamber) is the primary tracking device in the STAR de-
tector [And03]. Consisting of a 4.2 m long cylinder with 4.0 m in diameter, it is the
largest single TPC in the world. The cylinder is concentric with the beam pipe, and
the inner and outer radii of the active volume are 0.5 m and 2.0 m, respectively. It can
measure charged particles within momentum 0.15 < pr/(GeV/c)< 30 (0.075 GeV /c low
limit for 0.25 T). The TPC covers the full region of azimuth (0 < ¢ < 27) and covers the
pseudorapidity range of |n| < 2 for inner radius and |n| < 1 for outer radius. Figure 2.3

shows a cutaway view of the structure of the TPC.

The TPC sits in the middle of the STAR magnet, and it is divided into two parts
by the central membrane. A uniform electric field is applied to each part of the TPC,
respectively. The electric field is provided by the thin central membrane, the inner and
outer concentric field-cages cylinders and readout end caps on the end of the TPC. The
central membrane is a disk with a central hole. It is made of 70 um of carbon-load
Kapton film. It is typically held at 28 kV high voltage, thus operated as a cathode of
the TPC. The central membrane is mounted in the outer and inner cage cylinders. A
chain of 183 resistors and equipotential rings along the inner and outer field cage create
the uniform drift filed (~ 135 V/cm) from the central membrane to the endcap ground

planes.
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Figure 2.4: Cutaway view of the outer subsector pad and wire planes. All dimensions are in

mim.
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The TPC end-caps contain anodes and pad planes. The readout planes are Multi-
Wire Proportional Chamber (MWPC) with pad readout. The chambers consist of three
wire planes and a pad plane, which are organized into 12 subsectors for each sub-volume
of the TPC. Figure 2.4 shows a cutaway view of the positions of the wires and the
pads. The amplification and readout are done by the anode wire planes which consist
of 20 um wires. The wire direction is chosen to best determine the momentum of very
high transverse momentum particles whose tracks do not curve much in the magnetic
field. This places the anode wires roughly perpendicular to the radial direction. In
the other direction, the resolution is limited by the wire spacing (4 mm). The pad
dimensions are also optimized to the best position resolution, perpendicular to radial
tracks. The pad dimensions are chosen such that the induced charge from an avalanche
point on the anode wires shares most of its signal with three pads. The outer radius
subsectors are optimized for the best possible energy loss resolution, while the inner
radius subsectors are optimized for good two-hit resolution due to high track density in
that region. Figure 2.5 shows one sector of the inner and outer pads. 136,608 readout
pads provide (x,y) coordinate information, while z coordinate is provided by 512 time
buckets and the drift velocity. Typical resolution is ~ 0.5 — 1.0 mm. The anode wires
voltage is set independently for the two sectors. A ground grid plane of 75 pum wires is
used to terminate the field in the avalanche region and provide additional shielding for

the pads. The anodes, pad, and grounding grids make up the MWPC.

The working gas of the TPC is two gas mixture — P10 (Ar 90% + CH4 10%) regulated
at 2 mbar above the atmospheric pressure. The electron drift velocity in P10 is relatively
fast, ~ 5.45 cm/us at 130 V/cm drift field. The gas mixture must satisfy multiple
requirements and the gas gains are ~ 3770 and ~ 1230 for the inner and outer sectors

working at normal anode voltages (1170 V for inner and 1390 V for outer), respectively.

When charged particles traverse the TPC, they liberate the electrons from the TPC
gas due to the ionization energy loss (dF/dx). These electrons are drifted towards the

end cap planes of the TPC. There the signal induced on a readout pad is amplified and
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Figure 2.5: The pad plane of one TPC sector. The inner subsector is to the right and the

outer subsector is to the left.

integrated by a circuit containing a pre-amplifier and a shaper. Then it is digitalized and

then transmitted over a set of optical fibers to STAR Data AcQuisition system (DAQ).

The TPC reconstruction process begins by the 3D coordinate space points finding.
This step results in a collection of points reported in global Cartesian coordinates. The
Timing Projection chamber Tracker (TPT) algorithm is then used to reconstruct tracks
by helical trajectory fit. The resulted track collection from the TPC is combined with
any other available tracking detector reconstruction results and then refit by application
of a Kalman filter routine — a complete and robust statistical treatment. The primary
collision vertex is then reconstructed from these global tracks and a refit on these tracks
with the distance of closest approach (dca) less the 3 cm is preformed by a constrained
Kalman fit that forces the track to originate from the primary vertex. The primary
vertex resolution is ~ 350 pum with more than 1000 tracks. The refit results are stored
as primary tracks collection in the container. The reconstruction efficiency including the
detector acceptance for primary tracks depends on the particle type, track quality cuts,

pr , track multiplicity etc. The typical value for the primary pions with Ny; > 24 and
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In| < 0.7, dca < 3.0 ¢cm is approximate constant at pr > 0.4 GeV/c: >~ 90% for Au +

Au peripheral collisions and ~ 80% for central collisions, respectively.

The TPC can also identify particles by the dE /dx of charged particles traversing the
TPC gas. The mean rate of dE//dz is given by the Bethe-Bloch equation 2.1 [Yao06]:

dFE Z 1 [1. 2m.c2B*Y* T as
de A 2™ IE

J

o 3 (2.1)

The meaning of each symbol can be referred to [Yao06]. Different types of particles
(different rest masses) with the same momentum have different kinematic variables g
(7), which may result in distinguishable dF/dx. The typical resolution of dE/dz in Au
+ Au collisions is ~ 8%, which makes the /K separation up to p ~ 0.7 GeV/c and

proton/meson separation up to p ~ 1.1 GeV/c.

Additionally, a new recent technique was developed to identify high momentum (p >
3 GeV/c) pions and protons in the relativistic rising region of dE/dx [Sha06] benefiting
from the advantage that the mean rates of dE/dx for different particles have a visible
separation in the relativistic rising region (~ 20 separation for pions and protons). Due
to large acceptance of the TPC, using the topology of their weak decay in the TPC, the
K9, A(MA) etc. can be identified across pr region 0.3 < pr/(GeV/c)< 7.0 (upper edge
limited by statistics). Resonances (K*, ¢, A etc.) can be reconstructed through the
event mixing technique [Adl02b]. Figure 2.6 shows the PID capabilities up to date with
the TPC. In addition, the TOF PID capability is also shown on the plot.
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Figure 2.6: pr reach of particle identification capability with STAR detectors for Run IT and
Run III configurations. The upper edges of rdE/dxz, weak decay topology, event mixing are

limited by statistics.
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CHAPTER 3

Analysis Method

High transverse momentum (pr) partons which evolve to final jets are valuable probes of
the high energy density matter created at the Relativistic Heavy-Ion Collider (RHIC).
This is because the properties of jets in elementary collisions can be calculated reliably
by perturbative QCD (pQCD). The comparison between simple p + p collisions and Au
+ Au collisions may reveal the property of jets which are modified by the dense medium
created at RHIC and the properties of the medium which is affected by jets due to the

strong interactions between them.

The well-known jet quenching scenario predicts that these high transverse momentum
partons will interact with the medium and lose a large fraction of their energy in the
medium prior to forming hadrons and the energy loss depends on the gluon density
and the path-length that the away-side parton traverses. The current experimental
observations on the suppression of high pr particles and the disappearance of back-to-
back jets are successfully explained by the energy loss picture predicted in jet quenching.
Further investigating the path-length effect or the gluon density effect described in jet-

quenching will be very interesting and meaningful.

However, in heavy-ion collisions, very large amount of particles are produced. It
is not possible to reconstruct jets event by event due to the large background. So in
heavy-ion collisions people reconstruct jet-like correlations through angular correlations
in statistical basis. In two-particle correlations (di-hadron correlations) this is done by
triggering on an intermediate or high py particle and studying the angular distributions

of the other particles in the event with respect to the trigger particle. This is the method
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used in this thesis. We concentrate the di-hadron correlations relative to reaction plane
to study the dependence of correlations on the trigger particle orientation with respect

to reaction plane, thus examine the path-length effect predicted in jet-quenching.

3.1 Motivation

For the di-hadron azimuthal correlations with a high pr trigger particle, as mentioned

before, we have already got several key measurements.

The strong suppression on the away-side of high pr di-hadron correlation lends strong
support for the partonic energy loss (jet quenching) picture. While the enhancement on
the away-side of di-hadron correlation with softer associate particles explains where the
lost energy from high pr partons is and indicates the strong jet-medium interaction.
Moreover, the first investigation from STAR experiment results on di-hadron correlation
with trigger particle in plane and out of plane is consistent with the jet quenching picture

and gives us a hint about the path-length effect described in jet-quenching.

Inspired by this first simple investigation, we are going to explore the path-length
effect in greater details by observing the away-side modification via finer selection of
trigger particle direction with respect to reaction plane. Besides the away-side study,

the near-side properties relative to reaction plane may be investigated simultaneously.

3.2 Di-hadron Azimuthal Correlation

The defining characteristic of a jet is the production of a large number of particles clus-
tered in a cone in the direction of the fragmenting parton. Traditionally, energetic jets
are identified directly using standard jet reconstruction algorithms [Cat93]. In heavy ion
collisions, the large amount of soft background makes direct jet reconstruction difficult.
Even in d + Au or p + p collisions, the range of energy accessible to direct jet recon-

struction is probably limited to pr > 5 — 10 GeV /¢, below which the jet cone becomes
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too broad and contamination from the "underlying event” background is significant.

The di-hadron(two-particle) azimuthal correlation technique provides an alternative
way to access the properties of jets. It is based on the fact that the fragments are strongly
correlated in azimuth ¢ and pseudorapidity n. Thus, the jet signal manifests itself as a
narrow peak in A¢ and An space. Jet properties can be extracted on a statistical basis
by accumulating many events to build a A¢ distribution or a A¢ correlation function

with known sources of background correlations subtracted.

In more details, events with at least one large transverse momentum hadron (3 <
p?jg <4 GeV/cor4 < p?jg < 6 GeV/c in this analysis), defined as a trigger particle,
are used. These high pr particles may predominantly come from jets of hard-scattering
partons. The selection of high py particles preferentially triggers on jets. For each of the
trigger particles in the event, we increment the number N(A¢, An) of associated tracks
with lower transverse momentum as a function of their azimuthal (A¢) and pseudorapid-
ity (An) separations from the trigger particle. We then construct an overall azimuthal
pair distribution per trigger particle,

1

Ntrigger

D(A¢) = / 6(]7; m dAnN(A¢, An) (3.1)

where Ny igger is the observed number of tracks satisfying the trigger requirement. The
correlation is normalized to per trigger particle, not per event, because we are interested
in quantities on a per-jet basis. The efficiency ¢ for finding the associated particles is

evaluated by embedding simulated tracks in real data.

Besides this tracking efficiency correction, Another 2-particle acceptance correction
got from mixed-event method is also applied in this analysis: A trigger particle is selected
from one event and the associated particles are taken from a different event to construct
the A¢ distribution. Normalizing this mixed distribution may approximately obtain the
pair acceptance. The mixed events must be of the same centrality as the one that the
trigger particle in. And no other conditions are placed on the mixed events so that they

will be referred to as inclusive events.
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Applying the analysis procedure to the p 4+ p collisions where jets properties in
absence of medium can be calculated and well understood by perturbative quantum
chromodynamics, two approximately Gaussian-shape jet cone can be observed on the
near-(A¢ = 0) and away-side (A¢ = ) (see the p + p results in Figure 1.17 for

reference), which is contributed from di-jets.

Due to the complexity in Au + Au collisions, the comparison of the measurements
with simple system p + p may help us to understand the modification on jets from the
medium and the nature of the medium. This comparison has been previously studied
in [Ada04c]. And the comparison with system d + Au will allow us to disentangle initial
state nuclear effects from other effects seen in Au + Au collisions when compared to p

+ p collisions. In this thesis, results from d + Au collisions are used as a reference.

3.3 Di-hadron Azimuthal Correlation With Respect

to Reaction Plane

In this thesis, we study the path-length effect by exploiting non-central collisions (20 —
60%) where the overlap region between the two colliding nuclei is anisotropic: the size
in the reaction plane direction is shorter than that perpendicular to reaction plane. We
divide the ¢ space into 6 small slices with the equal size (each slice has A¢p = 15°, see
Figure 3.1) according to the direction of reaction plane. From the in-plane direction to
out-of-plane, we name it slice 1, slice 2, slice 3 ... through slice 6. Then study the di-
hadron correlations requiring that the trigger particle azimuthal direction is in each slice.
Thus, by selecting the trigger particle direction with respect to reaction plane, we select
different path-lengths of the medium that the away-side parton traverses, providing more
differential information than the inclusive jet-correlation measurements. The path-length
that away-side parton traverses in the reaction plane direction is the shortest. It becomes

longer when the trigger particle goes from in-plane to out-of-plane and reaches longest
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one in the out-of-plane direction. This can be easily seen from the cartoon (Figure 3.1).
The comparison of so measured di-hadron correlation results with trigger particles in

each slice will give us the information whether there is the path-length effect.

Qut-of-plane

Figure 3.1: Sketch of 6 slices of trigger particle azimuthal angle relative to event plane. The

path-length away-side parton transverses becomes longer from in-plane to out-of-plane.

3.4 Event and Track Selection

The data used in this analysis were taken by the STAR experiment at RHIC. The main
detector used for this analysis is the Time Projection Chamber (TPC). The details of

the experiment and detector have been discussed in Chapter 2.

We use the minimum bias Au + Au data and the ZDC trigger central Au + Au data
in this analysis. They were from Run IV at RHIC. The reference minimum bias d + Au
data used for comparison were from Run III. The nucleon-nucleon center of mass energy

for both data is 200 GeV. The minimum bias triggers for Au + Au and d + Au collisions
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were provided by the Central Trigger Barrel (CTB) and the Zero Degree Calorimeters
(ZDC). The online central trigger for Au + Au collisions, corresponding to 12% of the
total geometrical cross-section, was provided by an additional cut on the ZDC signal.
The high multiplicity events selected from this ZDC trigger sample, corresponding to
5% of the total geometrical cross-section, are identical to the top 5% events from the

minimum bias data sample.

The tracks are reconstructed in the TPC. There are two kinds of reconstructed tracks.
One is the global track, the other is the primary track. The global track is defined by
the helix fit to the TPC points one by one. The collision vertex can be identified from all
the reconstructed global tracks. The primary track is defined by the helix fit to the TPC
points along with the vertex. The primary event vertex was fitted by the reconstructed
global tracks. Events with a primary vertex within £30 cm of the geometric center of
the TPC along the beam axis are accepted. Only primary tracks pointing to the primary
event vertex within 2 cm are used in the analysis. Tracks are required to have at least 20
(out of maximum 45) hits used in track fitting. The ratio of the number of hits used in
tracking fitting to the possible maximum number of hits is required to be greater than
0.51 to eliminate split tracks. The same event and track cuts are applied to particle
tracks used for event plane reconstruction and for the subsequent correlation analysis.
Particle tracks within the pseudo-rapidity region of || < 1 are used in the correlation

analysis. The track cuts are listed in table 3.1.

Dca Cut | NFitPoints | NFitOverMaxPoints | Eta Cut pr Cut

< 2.0 cm > 20 > 0.51 < 1.0 |>0.15GeV/c

Table 3.1: The track cuts in this analysis for Au + Au collisions at /syny = 200 GeV. Same

track cuts are used in both event plane reconstruction and the correlation analysis.

The number of tracks (i.e. multiplicity) measured by the main TPC are used to
define the STAR’s centrality intervals. The TPC reference multiplicity is the number of

the primary tracks in the TPC with the 15 or more fit points having the pseudo-rapidity
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from -0.5 to 0.5 and a distance of closet approach (DCA) to the primary vertex less than
3 cm. Nine centrality bins and the corresponding geometric cross section are listed in
Table 3.2. A part of low multiplicity events are rejected due to a lower cut on CTB to
reject the non-hadronic events. The geometric cross section listed in Table 3.2 is the

fraction of the corrected total number of events.

10° E_ ' | ' | ' | ' E
2L o Au+Au @ 200 GeV i
S5 3 S % o .
R8s B2 3 -
u Tp] ! ™ .
i Si S 8' N

10-20%

10*

10?

0 200 400 600
Reference Multiplicity

Figure 3.2: (color online) The TPC charged particle multiplicity distribution in Au + Au
collisions at /syny = 200 GeV. Different colors are for different centrality definition. x-axis
indicates the number of the reference multiplicity. The geometry cross section used for this
di-hadron analysis is combined from 4 centrality intervals (20 — 30%, 30 — 40%, 40 — 50% and
50 — 60%).

Figure 3.2 shows charged particle multiplicity distribution. Events with centrality

bins between 20% and 60% are used in the analysis.
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Centrality Bin | Multiplicity | Geometric Cross Section

1 14-31 70%-80%
2 31-57 60%-70%
3 57-96 50%-60%
4 96-150 40%-50%
5 150-222 30%-40%
6 222-319 20%-30%
7 319-441 10%-20%
8 441-520 5%-10%
9 > 520 0%-5%

Table 3.2: Run IV centrality bins in Au + Au collisions at \/syy = 200 GeV.

3.5 Anisotropic Flow and Event Plane

The reconstruction of reaction plane is very important in this analysis since we study
the jet modification with respect to reaction plane. Another important thing in the
analysis is the well known anisotropic flow as its precision is relative to the veracity of

the estimation of background. The two things are mainly discussed in this section.

3.5.1 Anisotropic Flow

In heavy ion collisions, the size and shape of the collision region depend on the distance

between the centers of the nuclei in the transverse plane (impact parameter b).

In non-central collisions, the overlapping reaction zone of two colliding nuclei is not
spherical, it has the shape like an almond (see Figure 3.3) . Rescatterings among the
system’s constituents convert the initial coordinate-space anisotropy into a momentum-
space anisotropy since the pressure gradient is not azimuthally symmetric, see Figure
3.4. The spatial anisotropy is largest in early time of the evolution of the collision. As

the system expands it becomes more spherical, thus this driving force quenches itself.
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Therefore the momentum anisotropy is particularly sensitive to the early stages of the
system evolution [Sor99]. In addition, because anisotropic flow depends on rescattering,
it is sensitive to the degree of the thermalization [VP00, KSHOO] of the system at early

time.

Figure 3.3: Sketch of an almond shaped fireball produced in non-central collisions, where z

direction is the collision axis.

Usually, anisotropic flow is quantified by the Fourier expansion of the triple differen-

tial distribution [VZ96].

d*N 1 d®N

s — %m(l + Z 20y, cos[n(¢ — ¥,.)]) (3.2)

n=1

where W, denotes the (true) reaction plane azimuthal angle. The azimuthal angle of an
outgoing particle is given by ¢ and n is a positive integer corresponding to the n-th order
harmonics. The sine terms vanish due to the reflection symmetry with respect to the

reaction plane.

The Fourier coefficients are given by

v, = (cos(n(o — ¥,))) (3.3)
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Py

Px

Figure 3.4: Sketch of the formation of anisotropic flow.

where (...) indicates an average over the particles in all events under study. The first
order harmonics v; and the second order harmonics vy are usually called directed flow

and elliptic flow, respectively.

The general method for measuring flow is the one called event plane method. The
measurement includes three steps. Firstly, the essence is to estimate the reaction plane.
Secondly, the estimated Fourier coefficients in the expansion of the azimuthal distribution
of emitted particles is evaluated with respect to the event plane. Thirdly, the Fourier
coefficients are corrected with the event plane resolution. The event plane resolution is
the limited resolution between the angle of measured reaction plane and the real reaction

plane. Step 1 and 3 will be discussed in following sections.

Other methods like 4-particle and 2-particle cumulant methods avoid the reconstruc-
tion of reaction plane. The flow values given by these methods have small non-flow effect.

We will not discuss the two methods in this thesis.

3.5.2 Event Plane Reconstruction

—
The reaction plane is defined by the impact parameter vector b and the beam direc-

tion. The estimated reaction plane we call the event plane. The reaction plane can be
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reconstructed only if the final state of the interaction products retains some memory
(azimuthal asymmetry) of the initial collision geometry. Usually the method uses the
anisotropic flow itself to determine the event plane. It also means the event plane can

be determined independently for each harmonic of the anisotropic flow.

The event plane vector @ and the event plane angle v, from the nth harmonic of

the particle’s azimuthal distribution are defined by the equations

Qncos(n¥,) = X, = Z w; cos(ne;) (3.4)

Qnsin(nV,) =Y, = Z w; sin(ne;) (3.5)

(3.6)

b= (s S

>, w; cos(ng;)

The sum goes over all the particles used in the event plane determination. These
particles are called flow tracks. The w; are weights. Usually the weights are assigned
with the transverse momentum. This choice of weights is to make the reaction plane

resolution the best by maximizing the flow contributions to the flow vector.

In this analysis, we use the second flow harmonic to determine the event plane angle.
Note that the event plane angle W, is in the range 0 < Wy < w. The flow track selection

criteria are listed in Table 3.3.

Flow track selection criteria
nHits > 20
nHits/nMax > 0.51
dca < 2cm
transverse momentum 0.15 < pr < 2.0 GeV/c
pseudo-rapidity In| < 1.0

Table 3.3: Selection criteria for flow tracks used in the event plane reconstruction
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What should be mentioned here are some additional techniques used in this analysis

when determining the event plane:

e Avoidance of Auto-correlation: The particles used in estimating the event plane
are soft particles which pr is below 2.0 GeV /c. However the particles used as associated
particles in this analysis are also low pr particles. The multiple use of the same particles
will result in auto-correlations. To avoid auto-correlation, particles in the interesting pr
bin that are used for correlation analysis are excluded from event plane reconstruction.
For example, for associated p%s°® bin of 1.0 < p4**°¢ < 1.5 GeV /¢, the particles used to
calculate the event plane are from pr ranges of 0.15 < pr < 1.0 GeV/c plus 1.5 < pr <

2.0 GeV/c.

e Modified Reaction Plane: Non-flow effect such as di-jet production can influence the
determination of the event plane. Imaging that a di-jet aligns with reaction plane, it will
result in better event plane determination. However, a di-jet perpendicular to reaction
plane will give worse event plane estimation. So taking the jet effect into account, we
exclude particles within |An| < 0.5 of the highest pr particle in the event from the
event plane construction. This method is called the modified reaction plane (MRP)

method [Ada05c¢].

e Flattening of Reaction Plane: Biases due to the finite acceptance of the detector
which cause the particles to be azimuthally anisotropic in the laboratory system should
be removed by making the distribution of event planes isotropic in the laboratory. There
are several different methods to remove it [Pos05]. In this analysis, we use the most
commonly used method. In this method, the distribution of the particles themselves is
used as a measure of the acceptance [Bar97a, Bar97b, App98]. One accumulates the
laboratory azimuthal distribution of the particles for all events and uses the inverse
of this as weights in the calculation of the event planes. This is done centrality by
centrality. Figure 3.5 shows the event plane distribution before (left) and after (right)
this correction. After the ¢ angle acceptance correction, the anisotropy event plane

distribution becomes flat.
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Figure 3.5: An example of event plane angle distribution before(left) and after(right)
phi—weight correction. It’s for Au + Au collisions at /syy =200 GeV.

e pr-weight Method: We use particles transverse momentum as weight parameter in
estimating event plane. This gives better event plane reconstruction due to the stronger

anisotropy at larger pp.

3.5.3 Event Plane Resolution

As mentioned in Section 3.5.1, The general flow measurement includes three steps and
the final step is that the observed anisotropic flow should be corrected by the event plane
resolution. This is because the observed flow is correlated to the event plane. Due to
finite multiplicity in the event plane calculation, there are some uncertainties between
the event plane and real reaction plane. The observed anisotropic flow corrected by the
event plane resolution, is given by Equation 3.7 [PV98].

,Uobs

= (cos[km(\Ir;m — v, (37)

The mean cosine deemed as the event plane resolution sums over the whole event
sample. Where v,,, v?*, U, and W, are the real v,, observed v,, the event plane angle

calculated from the m-th harmonic flow and the real reaction plane angle. The resolution

depends both on the harmonic used to determine the event plane m and the order of
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the calculated coefficient n (n = km). It is generally true that better accuracy for
the determination of v, is achieved by using the event plane (¥,,) determined from the
same harmonic (m = n). According to paper [PV98], the event plane resolution can be

expressed as Equation 3.8.
VT 2 2 2
(cos[km (¥, — W,)]) = 275 ™ exXP(—Xin/4) X -1 2060 /4) + L1y 2(X5/4)] - (3.8)

where Xm = Upm/0 (= vmV2N for number flow) and I, is the modified Bessel func-
tion of order v. However, this equation indicates a circular calculation between event
plane resolution and flow. The investigation on the correlation between flow angles of
independent sets of particles will lighten us on this problem. If one constructs the event
planes in two different windows, (a) and (b), the corresponding correlation function also
can be written analytically. But more important in this case is the simple relation of

such correlations,

(cos[n(¥? — Wb ]) = (cos[n(W® — WU,)]) x (cos[n(¥’ —,)]) (3.9)

m m

The assumption made here is that there are no other correlations except the ones due
to flow, or that such correlations can be neglected. This relation permits the evaluation
of the event plane resolution directly from the data. For two sub-events with equal

multiplicity, the resolution for each of them is

(cos[n(¥7, — ,)]) = v/ {cos[n(Pg, — T4,)]) (3.10)

In Equation 3.10, the expression on the left side is not computable directly due to
the unknown variable ¥,., while we may calculate it via the expression on the right side
from data. Thus, the sub-event plane resolution (cos[n(W% — W,)]) is obtained. And the
full event plane resolution can be calculated from the sub-event resolution by following

the steps below.

Firstly, solve the Equation 3.8 but with V¢ instead of U,,, x% instead of x,,, e.g.

solve the Equation 3.11 to get the value of x% .

{cos[km(¥y, —0,)]) = ﬁx% exp(—Xpn /4) X L-1) 20X /4) + Les1y2 (X /D] (3.11)

2v/2
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Secondly, we may get x,, from the relation of x,, = v,/0 (= v, V2N). This is

because the flow signal is the same for the same event so y,, = v, V2N = —Xm_ x
V2N=12x%.

Finally, using the obtained x,, and bringing it into Equation 3.8 one can get the full

event plane resolution (cos[km(W% — W,)]).

Actually, if the flow signal is weak, which also means that the event resolution is low,
the full event plane resolution will approximately linearly increase with y,,. Taking into
account that the multiplicity of the full event is twice as large as that of the sub-event,

one can write the full event plane resolution in a simple equation 3.12,

(cos[n(V,, — U,)]) = V2(cos[n(V¢, — ¥,)]) = V2 x v/(cos[n(Ta, — T )]) (3.12)

Generally, for this case we have

(cos[n(¥,, — ¥,)]) = C x \/{cos[n(Wa, — Wb )]) (3.13)

where C'is a correction [PV98] for the difference in sub-event multiplicity compared

to the full event.

These equations (approximate solutions Eq. 3.12 and 3.12 and rigorous solution)
allow us to estimate the event plane resolution from the two sub-events which are divided
from the full event into two windows (a) and (b). For each sub-event, the event plane

has been evaluated independently. We call it sub-event method.

There are several ways to separate the whole event into two sub-events in sub-event
method. The division may according to n or charge sign or by dividing all flow tracks
into two parts randomly. For example, in charge-sign dependent dividing method two
sub-event planes for the same event are reconstructed using tracks with charge > 0 and
charge < 0, representing the ¥¢(g > 0) and W°(q < 0), respectively. In 7 sign dependent
dividing method one may divide the full event into two part by choosing two n range. The
event plane resolution is calculated with this two independent sub-event angle according
to Equation 3.13.
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Finally, to emphasize here, we use the rigorous solution to get the full event plane
resolution. The second harmonic flow is used to determine the reaction plane in this
analysis, which means for all above equations, just simply using 2 instead of n and 1
instead of k£ can achieve the method of calculating event plane applied in our analysis.
And our event resolution is got from the randomly dividing two sub-events method.
The resolution obtained from the charge-sign dependent sub-event method is used to
estimate the systematic errors in flow background caused by the uncertainty of event

plane resolution.

3.6 Flow Background and v; Contribution

In Au + Au collisions, multiple processes can contribute to di-hadron correlation func-
tion (Equation 3.1). Primary contributions include jets, mini-jets, resonance decays and
anisotropic flow. To obtain the jet information (correlations from jets), one need to sub-
tract other sources, which we call background, contributed to the correlation function.
Among these background sources, anisotropic flow is the main contributor. And all the
background particles (no matter what origins they are from) are represented by the flow
background. This is because on one hand, background particles, by definition, are not
correlated with the trigger particle, therefore they should be represented by the inclusive
events, and on the other hand, the flow measurements are done by inclusive events which
include all contributors. So after subtracting the measured flow background, we may get
the jet signals. In following two sections, we are going to discuss how the flow contributes
to the correlation function and estimate the magnitude that the higher harmonic flow

contributes respectively.
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3.6.1 Flow Background Estimation

The azimuthal anisotropy in the angle difference A¢ = ¢; — ¢, (0 < A¢ < ) of particle

pairs which is generated from collective flow are given by [Wan91],

deairs >

where B denotes the integrated inclusive pair yield and the Fourier coefficients p,, =<

cos(nAg) > for pure collective flow are given by
Pn(PriYis Py Ysi) = Vn(Pris Yi)Vn (P15, Ys) (3.15)

Here v, is the nth harmonic flow. However, due to the constraint of trigger particle
azimuthal direction within a limited zone which has the shape like a bi-sector R (see
Figure 3.6), the v, is not the pure flow that described by inclusive integral of all interested
particles in the full ¢-space anymore, we need to introduce conditional two-particle

correlations in the transverse plane.

The nth harmonic of the pair distribution, before given by Equation 3.15, is now

expressed as
PR (pravi; pis ¥;) = va(Pris Yi) s (P15, ¥5) (3.16)

Here, v2 = (cos[n(¢ — ¥)])® is the nth harmonic coefficient of the single-particle

distribution of Equation 3.2, although the average over the azimuthal angle of the trigger

particle is taken over the restricted region R that trigger particles are selected in only.

According to the calculation of paper [Bie04] in which the finite event plane resolution

are also taken into account, v can be finally written as

R Un T Onecven (:os(mzbs)smnnC (cos(RAW)) + > x5 46... (Vkin + Vpk—n|) cos(k¢s)51“(kc (cos(kAW))
UTL

B L+ 3 g, 20k cos(keds) 29 (cos(kAD))

0t Gncn COS(00) T + Sy, (Wi + )T -
1+ Zk=2,4,6,... 2u, T .

where (cos(nAWV)) is related to the event plane azimuthal angle resolution with re-
spect to the n-th harmonic, T}, = cos(/ﬂbs)%(cos(kA\D» is a short-hand notation, c is
52



HEFaEAX
DOCTORAL DISSERTATION

Figure 3.6: The sketch of the region R which has the same shape as the slices that the trigger
particles are selected in. The region R is made up of a bisector of half-angle ¢ that intersects

the reaction plane ¥ at angle ¢,.
the half angle of the bi-sector, ¢, is the angle between the bi-sector R and the reaction
plane and 0, epen, = 1 for n even, 9y, ¢pen, = 0 for n odd respectively.

Bringing Equation 3.17 into Equation 3.14, we get the final background estimation

expression as,

dNPairs 00 VI 4+ 8, cven cOS(nd) Ty + >, (vmi + vtri_gn VT,
=B(1+ Z 2u,7%¢ d Qﬁ’f" s kol cos(nAg)
mdA¢ n=1 14> oy 6, 2U 9Ty
(3.18)

This expression makes the estimation of flow background possible from the experi-
mental observation of anisotropic flow v,, and event plane resolutions which is included

in term Tj,.

In case of elliptic flow (n = 2), neglecting higher harmonic terms with n > 4, we have

R V2t COS(2¢5)Sm 29 (cos(2AT)) + vy cos(4¢s)sm U (cos(4AT))
v —=
: 1 + 2v5 cos(2¢s sz(fc (cos(2AW))
T+ (1 +Ty)v,
n 1 + 2T2’U2

(3.19)

and the elliptic flow background contribution

deairs
TdA¢

(14 Ty)vs™
1—|—2T tmg

= B (1 + 2vyv5 cos(2A¢)) = B (1 + 2v§SSOCTZ s(2A¢)>
(3.20)
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3.6.2 Contribution From v,

In section 3.6.1, we have discussed the flow background estimation and at the end of the
section given a relatively simple expression by only considering the contribution from
elliptic flow. This consideration is widely used in previous di-hadron correlation study.
In this section, we are going to investigate the contribution from higher harmonic flow vy
and for the first time point out that in the di-hadron correlation with respect to reaction

plane, such higher harmonic flow contribution can not be neglected.
Firstly, let’s begin with writing down the expression of flow background contribution
including vy and vy,

deaiTs B
TdA¢

B (1 + 20005 cos(2A¢) + 2usv)f cos(4A¢)) (3.21)

Here v, and v, are associated particle anisotropic flow, and v& and v} are for trigger

particles.
We have been using the first term so far, up to v (see Equation 3.19).

We should really consider vy contribution. We can supply people with following

signal

Packground ratio is about

figures: the magnitude of vy is about 0.1, v4 ~ v3 ~ 0.01 and our

1

705+ 1t can be negligible for reaction plane integrated correction because in this case

vf = v, and the contribution from vy is v4 X v4 ~ 0.0001, about x100 smaller than the
leading effect vy x vy. However, for reaction plane dependent correlation, v2 # v, it is
expressed by Equation 3.17, So the terms that v, is included are vy, vo X v4 and v4 X vy.
We need to keep up to terms of vy X vy since vy X v4 ~ 0.001 is about 10% of the signal.
The terms vy X v4 are too small and may be neglected. According to this estimation,

let’s keep terms up to vy for v and terms up to vy for v, then we have:

Do+ (1+T)vy™ + (Ty + Te)vy™

v : : 3.22
2 1+ 2150l 4+ 2T (3:22)
and ‘ . '
n Tit (To+To)vy™ + (L + Te)oi™ T+ (To + To)vy™
U4 — ~ (323)

14 2508 4 2T 14210
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In summary, by taking v, contribution into account, the final flow correction of di-

hadron correlation with respect to reaction plane in this analysis is:

deairs
v B (1 + 20205 cos(2A¢) + 20405 cos(4A¢))
T 1 T trig T T trig
= B|14 208502 ++ 4)1}?”. + (12 —tm. o)V cos(2A¢)

1+ 2Tovy ™ + 2Tyv,™

(3.24)
Ty + (T + Te)vs™
+2v5%%0¢ 1+ (Bt t‘iz% cos(4A¢)
1+ 2T2U2 9

In the case of 6 slices, we have ¢ = 15°, and ¢, for slice 1, 2, ..., 6 are equal to 7.5°,

22.5° 37.5°, 52.5°, 67.5° and 82.5° respectively. Bringing them into Equation 3.24, we

can get the flow correction for each slice.

3.7 Systematic Uncertainties

One of the most difficult things in this analysis is the estimation of systematic uncertain-
ties. The major systematic uncertainties come from the background subtraction since
the signal is sitting on a very large background and a little bias on the background
estimation will affect the jet signal. For example, for the v9 measurement, we have so
far the values from event plane method, 2-particle cumulant method and 4-particle cu-
mulant method, which one should be used? Hence, the determination of background is
very critical in the analysis. We need to give the systematic errors by fully considering
everything.

The flow background, as given by Equation 3.24, has three important ingredients:
The event plane resolutions ({cos(2AWV)), (cos(4AWV)) and (cos(6AW))), the anisotropic
flow measurements vy and v4, and the background magnitude B. In this section, we

discuss the uncertainties from them one by one.
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3.7.1 Uncertainties from Resolutions

The event plane resolutions in the analysis, (cos(kAW))(k = 2,4,6), are obtained from
the randomly dividing sub-event method which we have talked before: The event is
randomly divided into two sub-events with equal multiplicities. The two sub-events are
analyzed to yield event plane angles which, ideally, should be identical. The difference
between the obtained event plane angles, AV, gives the accuracy of the event plane
determination. Since only the trigger events (events with at least one trigger particle)
enter into our correlation measurements, the event plane resolution are measured using

trigger events only.

People would naively expect that the event plane resolution should be calculated for
each slice respectively (calculated from the events in which the trigger particle orientation
is fixed in some slice with respect to event plane) because it would be different for different
trigger particle orientations from the reaction plane due to the influence of di-jets on the
event plane determination: a di-jet aligned with the reaction plane enhances the event
plane construction resulting in a better resolution, whereas a di-jet perpendicular to the
reaction plane reduces the accuracy of the constructed event plane resulting in a poorer
resolution. However, this is a poster effect due to the selection of the trigger particle angle
from the reaction plane. The resolutions used in the flow background determination, on
the other hand, should be those of all trigger events before any selection of the trigger

particle orientation is made.

method | (cos(2AW)) | (cos(4AW)) | (cos(6AW))
randomly 0.698 0.354 0.146
charge-sign 0.680 0.332 0.124
uncertainty 2.6% 6.2% 15%

Table 3.4: Event plane resolution uncertainties and event plane resolutions for inclusive events
from randomly-dividing method and charge-sign dependent method in Au + Au 20-60% col-

lisions.
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The systematic uncertainties on the event plane resolutions are estimated by com-
paring to the resolutions obtained by charge-sign dependent sub-event method instead
of randomly dividing sub-event method. They are assessed by comparing the event res-
olution from trigger events only (default) and inclusive events. Table 3.4 shows the reso-
lution values from two methods for 3 < pi*Y < 4 GeV/c and 2 < p%*°° < 3 GeV/c. The
thus estimated resolution uncertainties are 2.6% on (cos(2AW)), 6.2% on (cos(4AV))
and 15.1% on (cos(6AW)) respectively. According to these numbers, the uncertainty
from (cos(2AW)) is small compared to that from vy. Although the uncertainties from
(cos(4AW)) and (cos(6AW)) is bigger, the contribution from these items to background
is small due to the higher harmonics. So in our results we ignore the uncertainties from

the resolutions.

3.7.2 Uncertainties from Flow

As discussed previously, there are several methods to measure flow. Here we want to
mention two of them: One is so called Modified Event Plane Method, the other is the
4-particle Cumulant Method. The reaction plane method over predicts the vy due to
contributions from non-flow effects (such as jets). Although the modified event plane
method excludes particles within An < 0.5 to reduce the non-flow contribution from
jets, it still includes some non-flow effect. The 4-particle cumulant method [PV98] is
able to suppress the additional contributions from non-flow effect but under predicts the

vg signal in the presence of vy fluctuations.

However, the background particles we need to subtract are all particles in the event
except those correlated with the trigger particle. The anisotropy of the background is
that of all background particles, including the underlying hydrodynamic type soft com-
ponent and particles related to jets other than the one selected by the trigger particle.
The anisotropy we need to use for the background is, therefore, not the one from hy-
drodynamic flow, but the one which includes partial non-flow effect due to the present
background jets. In the lack of better measurement, we use the average v, which is the
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average value between the elliptic flow from the modified reaction plane method which
includes non-flow effect and that from the 4-particle cumulant method which includes

minimal non-flow effect.

We compute the modified reaction plane elliptic flow, v,{ M RP}, for selected cen-
trality and given pr bin, using inclusive events (minimum bias events within the given
centrality bin). The vo{ M RP} from trigger events (with at least one trigger particle)
only is well within the systematic uncertainty. We do not measure the 4-particle elliptic
flow, vy{4} directly. We deduce v2{4} using the pr-independent ratio of the previously
measured vo{ M RP} and v2{4} as a function of centrality. We then use the average vy
as the default vy for our flow correction, and the range between vo{ M RP} and vo{4}
as systematic uncertainty due to elliptic flow. Below is the method how we get the

pr-independent ratio of vo{ M RP} and vo{4}.

o~ 10 3 Li | 1 L | L ] <
X of(a) E
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= -
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Figure 3.7: Comparison of vs values using different flow measurement techniques as function
of centrality. “Standard” signifies the reaction plane method results and 've{4} signifies the
4-particle cumulant results. Flow measurements are from Au + Au collisions at \/syy = 200

GeV. Plots are from reference [Ada05c].

Figure 3.7 compares the v, values for the reaction plane and 4-particle cumulant

methods as a function of centrality (along with the values from some other methods).
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Since there are no 4 particle cumulant v, measurements for the top 5% and 70-80%
we assume v9{4} = vo{ M RP}/2 for these two centralities. This is a very conservative
estimate to account for any systematic uncertainties associated with extrapolation. The
ratio vo{4}/vo{ M RP} is plotted in figure 3.8 for the measured and estimated values.
A second order polynomial is used to fit the ratio. This ratio is pr independent and
as function of centrality. Using this ratio, we deduce the v9{4} values from measured

vo{ M RP}.
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Figure 3.8: Ratio of 4-particle cumulant v2 and reaction plane vo. Solid points are measured.
The line is a fit to a second order polynomial. The open points are a conservative estimate
of the ratio for the centrality bins without 4-particle cumulant vo measurement. Elliptic flow

values are from [Ada05c|. Plot is from [Ule07].

Besides vy, we also use the fourth order harmonics in the background estimation. We
parameterized vy measurement [Ada05c| within the measured pr range of 1-3 GeV/c as
vy = 1.15v2 and used the parameterization for v, for both trigger and associated particles
in our flow correction. Figure 3.9 shows the measured v,/vs. We fit the measurement
of vy/v3 to a constant in the pr range of 1 < pr < 3 GeV/c, yielding vy = 1.150v3.
The uncertainty on vy are propagated to v,. Additional uncertainty of +20% is applied
on the trigger particle vy due to the extrapolation of the parameterized vy into the
unmeasured trigger pr region. The vy uncertainty due to non-flow has the largest effect
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on the systematic uncertainties of the final correlation results.
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Figure 3.9: Results of vy/v3. A fit to a constant in the pr range of 1 < pr < 3 GeV/c is
used to parameterize vy in terms of v3. The black line shows a fit to constant over the entire

pr range. The red curves are from blast wave fits. The plot is from [Ule07]

3.7.3 Uncertainties from Normalization Parameter B

Inp+ p and d + Au collisions at RHIC, the two-particle (di-hadron) correlation
function is well described by attributing all correlations to jets/di-jets and assuming an

uncorrelated(i.e. isotropic) underlying event [Rak04]. It can be described by,
C(A¢) = B+ J(Ag) (3.25)

where C'(A¢) is the raw di-hadron correlation function. J(A¢) is the component of
the correlation function which is due to (di)jet correlations and B is the background level

of the underlying event.

However, in heavy ion collisions at RHIC, pressure gradients build up the anisotropy
of the final particles which are described by anisotropic flow. Indeed, the two-particle

correlation function in Au + Au collisions at RHIC can be fully described by two sources
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of azimuthal correlations: (di)jet correlation J(A¢) (the signal) and a harmonically

modulated underlying event, due to ve and vy background (see Equation 3.24),

C(A¢) = B (1 4 2v0v5 cos(2A¢) + 2usv4 cos(4Ag)) + J(A¢) (3.26)

From Equation 3.26, It’s easy to see that the jet signal J(A¢) can be extracted by
taking the difference between the correlation function C(A¢) and the flow background,

J(A¢) = C(A¢) — B (1 + 20905 cos(2A¢) + 204057 cos(4A¢)) (3.27)

It requires robust knowledge of flow which has been talked before and the nor-
malization parameter B. Usually the value of B is fixed by two methods. One is the
"ZYAM?” (Zero Yield at Minimum) approach. It requires that the value of jet-function is
zero at the minimum A@,,ip-

J(Appmin) = 0. (3.28)

The advantage of "ZYAM” method is that no functional form for J(A¢) need to be
assumed and no assumption of the minimum jet signal position. The shortage is related
to the statistical fluctuations due to the determination of A¢,,;, with only one data

point.

The other method called ”Fitting” method overcomes this shortage, it is assuming
that the jet signal is zero at the range around A¢ = 1 and one may choose a reliable
A¢ range around 1 as a fitting range that the flow background is used to fit the raw
signal(C(A¢)). In the fitting range, several data points are selected and thus reduces the
fluctuation. However, it is assuming the minimum jet signal position in prior. Carefully
considering these two methods, we introduce a new method to determine the normaliza-

tion factor B.

Firstly, we define a new function Y (A¢),

) C(a0)
Y(Ag) = 1 + 20908 cos(2A¢) + 20,01 cos(4A )

N J(89)
1 + 20908 cos(2A¢) + 20408 cos(4A¢)

(3.29)
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Again assuming at some range around A¢,,;, jet yield is zero. Then try to find out
the position of A¢,,;,. We scan the whole A¢ region, calculate the sum of a few(k) data
points(zziilimm(Y(A@-))) and pick out where the sum is minimum. Thus we can get a
range which includes A¢,,;,. Using fitting method in this A¢ range (including k data
points) and get factor B. What’s different here is that instead of using one data point as
that uses in ”ZYAM?”, k data points are used which reduces the fluctuation. And instead
of fixing the the position A¢,;, = 1 as in ”Fitting” method, we find out the position
by scanning the whole A¢ region which is more natural. In this analysis, we use 4(k=4,

total 48 bins) data points to do the scan program and get the value of B.

Naively one would expect the background level B to be the same for all slices because
the underlying background should not depend on the signal (or orientation of the trig-
ger particle). However, due to the possible difference in jet-correlated multiplicities at
different azimuthal angles and the overall constrains of centrality cuts on total reference
multiplicity, there could be biases in the event samples with trigger particles at differ-
ent angles, which would contain slightly different underlying background multiplicities.
Thus, in our analysis we use different B values for different slices that obtained from the

new method of the corresponding slice.

To measure the uncertainty from normalization parameter B, We change the number
of data points (vary the size of the normalization A¢ range) used for scanning from 4
to 2 and 6 data points (totally we have 48 bins) respectively and the difference between

them gives the systematic uncertaities from B.

All above methods make an assumption that the jet signal is zero at some A¢. This
assumption is known as an upper limit on the background since the signal is positive
definite. An assumption must be made because the true level of background is unknown

a priori.
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Figure 3.10: vy v.s. transverse momentum for charged hadrons for different centrality bins.

The standard reaction plane method is shown by open symbols and the modified reaction plane

method by solid symbols. Plots are from reference [Ada05c].
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3.7.4 Other Uncertainties

For the results reported in this analysis, the entire 20 —60% Au 4+ Au centrality range is
treated as a single centrality bin in which the event plane resolutions and the elliptic low
are obtained and the azimuthal correlation is analyzed. However, the values of harmonic
flow and event plane resolutions are as function of centrality. Alternatively, the analysis
is repeated in each of the narrower centrality bins and the obtained correlation results
are added together, weighted by the number of trigger particles in each centrality bin.
The thus obtained correlation results are consistent with our default ones from a single
20—60% centrality bin, which is much more smaller than the systematic uncertainties due
to the flow uncertainties. This is because the measured elliptic flow vy are fairly constant
over the entire 20 — 60% centrality range (see Figure 3.10), so that (vy X vg) ~ (v3) is a
very good approximation. The event plane resolutions vary with centrality by 22% from
the 20 — 30% to the 50 — 60% centrality bin (see table 3.5) mainly due to the multiplicity
change. However, the event plane resolutions enter into the flow background of Equation
3.24 linearly, and because the high py trigger particle multiplicity scales almost linearly
with the the total multiplicity, the effect of the centrality-varying event plane resolutions
is minimal in the flow correction calculated from the single 20 — 60% centrality bin or

summed from multiple narrower centrality bins.

centrality | 20-30% | 30-40% | 40-50% | 50-60%

(cos(2AW)) | 0.74 | 0.721 | 0.662 | 0.573

Table 3.5: Event plane resolution measured for each centrality bins from 20-60%.
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CHAPTER 4

Results

In this chapter, we present the measurements of di-hadron azimuthal correlations as a
function of the trigger particle orientation relative to the event plane ¢5 = |¢pig — Vip|
and as a function of associated particle transverse momentum p$*° in 20-60% and top
5% Au + Au collisions at /syny = 200 GeV. The trigger particle pr range used in
this analysis is 3 < pf_,fig < 4 GeV/cand 4 < ptfig < 6 GeV/c. The associate particle
pr range are 0.15 < p§7*°° < 0.5 GeV/e, 0.5 < p§c < 1.0 GeV/e, 1.0 < p3¥° < 1.5
GeV/e, 1.5 < p§7°¢ < 2.0 GeV/c and 2.0 < p3¥°° < 3.0(4.0) GeV/c respectively. We

also present the values of measured vy, event plane resolutions and normalization factor

B.

4.1 Raw Signal and Flow Modulation

Figure 4.1 shows an example of the raw (not background subtracted) di-hadron corre-
lation results with trigger particles in 6 slices of azimuthal angle relative to the event
plane, ¢5 = ¢uig — Ypp. From left to right column, they are related to 0° < ¢, < 15°,
15° < ¢ < 30°, 30° < ¢ < 45°, 45° < ¢, < 60°, 60° < g < 75° and 75° < ¢ < 90°
respectively. The plots are for 20-60% Au + Au collisions at /syy = 200 GeV, pr range
for trigger particle is 3 < ptT”g < 4 GeV/c and for associate particles is 1.0 < p§**°° < 1.5
GeV/c. Both the trigger and associate particles are restricted within |p| < 1. The

curves are anisotropic flow modulated background. The red line is calculated with mod-

ified reaction plane vo{ M RP}, blue one is from 4-particle cumulant vo{4}, black one is
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calculated with the average vo which is the average of vo{4} and vo{ M RP}. As we men-
tioned, the black curves are the default flow background estimation. The red and blue
curves are used as systematic uncertainties estimation. The jet signals can be achieved

from the differences between the raw signal(black circles) and the flow curves.
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Figure 4.1: Raw di-hadron correlations with trigger particle in 6 slices of azimuthal angle
relative to the event plane, ¢; = ¢4 — ¥ pp from left to right is corresponding to 0° < ¢ < 15°,
15° < ¢s < 30°, 30° < ¢s < 45°, 45° < ¢s < 60°, 60° < ¢y < 75° and 75° < ¢s < 90°
respectively. The plots are from 20-60% Au + Au collisions at \/syy = 200 GeV, and with
3 < ptTrig <4 GeV/cand 1.0 < p3**°© < 1.5 GeV /c. The curves are flow modulated background
calculated with modified reaction plane vo{ M RP}(red), 4-particle va{4} (blue) and the average

vy from the two methods (black).

From this figure, we can see that the flow modulation in some slice is not exactly has
the shape of cos(2(A¢)) due to the contribution of vy terms, which gives a strong and

direct evidence that v4 terms can not be neglected.

4.2 Values for Background Estimation

In this section, we list some important measurements which are critical in the flow
background estimation. These measurements are elliptic flow v,, event plane resolutions
({cos(2AW)), (cos(4AV)) and (cos(6AW¥))) as well as background normalization factor
B.

Table 4.1 and table 4.2 list the default v, values for different pr bins in 20-60% and top
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uncertainties.

as function of associated pp for trigger particle 3 < p;.

trig

5% Au + Au collisions respectively. Also listed are the values of event plane resolutions
< 4 GeV/c in 20-60% Au +
Au collisions. The resolutions differ in different associated pr bins because particles
in a given associated pr bin are excluded in the event plane reconstruction to avoid

auto-correlation as aforementioned. The errors shown on the table are the systematic

pr(GeV/c) | vytsyst. (cos(2AW)) | (cos(4AW)) | (cos(6AW))

0.15-0.5 | 0.036+0.003 0.676 0.328 0.129
0.5-1.0 0.079£0.006 0.599 0.250 0.084
1.0-1.5 0.126+0.009 0.637 0.287 0.104
1.5-2.0 0.161+0.012 0.678 0.330 0.130
2.0-3.0 0.188+0.014 0.706 0.363 0.152
3.0-4.0 | 0.185+0.013 \ \ \

4.0-6.0 | 0.16120.012 \ \ \

collisions. The errors are systematic uncertainties.

Table 4.1: Elliptic flow and event plane resolutions as a function of pr in Au + Au 20-60%

pr(GeV/e) voEsyst. (cos(2AW)) | (cos(4AW)) | (cos(6AW))

0.15-0.5 | 0.011540.0008 0.463 0.143 0.0353
0.5-1.0 0.0259=£0.0019 0.398 0.105 0.0218
1.0-1.5 0.0455£0.0031 0.426 0.121 0.0271
1.5-2.0 0.0559£0.0041 0.461 0.142 0.0348
2.0-3.0 0.067240.0049 0.490 0.162 0.0425
3.0-4.0 0.0657£0.0048 \ \ \

4060 | 0.051040.0037 \ \ \

collisions. The errors are systematic uncertainties.
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The vy values and event plane resolutions for 4 < péfig < 6 GeV/c are not shown
because they are similar to corresponding 3 < pgfig < 4 GeV /c results since the particles

used to estimate flow and reconstruct the event plane are same.

Tables 4.3 and 4.4 list the obtained background level B as a function of ¢y — Wgp
and p2*°¢ in 20-60% Au + Au collisions for 3 < pi™ < 4 GeV/c and 4 < pi™¥ < 6

GeV /c respectively. The errors are the systematic errors.

Values of background level B for top 5% Au + Au collisions are shown in table 4.5
and 4.6. They are relative to 3 < p"¥ < 4 GeV/c and 4 < pi*9 < 6 GeV/c respectively.
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4.3 Background Subtracted Results for 6 Slices

Figure 4.2 shows the background subtracted di-hadron azimuthal correlations (black
circles) as a function of the trigger particle orientation relative to the event plane ¢ =
birig — Ypp, from left to right column, it is for 0° < ¢, < 15°, 15° < ¢, < 30°
30° < @y < 45°, 45° < ¢, < 60°, 60° < @5 < 75° and T5° < ¢ < 90° respectively
and as a function of the associated particle p$°*°°; from the top down, it is related to
0.15 < pgsc < 0.5 GeV/e, 0.5 < p375° < 1.0 GeV/e, 1.0 < pgc < 1.5 GeV/c,
1.5 < p§7oec < 2.0 GeV/c and 2.0 < p§**°° < 3.0 GeV/c respectively. The pr range for
trigger particles is 3 < p?:ig < 4 GeV/e. The results are from 20-60% Au + Au collisions
at \/syn = 200 GeV. The histograms are the systematic errors due to anisotropic flows,
the blue lines around zero are systematic uncertainties due to normalization factor B.

The minimum bias d + Au inclusive di-hadron correlation is superimposed in red color

for comparison.

Let’s take a careful look at the results presented in Figure 4.2. The near-side peaks
are evident for all trigger particle orientations. The shape of the near-side peak changes
with ¢, becoming similar to d + Au results at large ¢5. The previous published results
have shown that the near-side correlation, while not much modified at high p7, is mod-
ified in Au + Au collisions relative to p + p and d + Au collisions at low to modest
pr. The present results indicate that the modification changes from in-plane to out-of-
plane. It appears that the modification is mostly present for trigger particles oriented
in-plane and modification for trigger particles oriented most out-of-plane is minimal for
this centrality bin. However, we note that with the subtraction using vo{ M RP?}, the
modification is only modest. Unlike the near-side, the away side correlation structure
evolves dramatically from in-plane to out-of-plane. The away-side is single peaked when
trigger particles are oriented close to the reaction plane. Only when the trigger particle
direction is far away from the reaction plane, does the double-peak structure emerge

on the away side. And the away-side modification increases with increasing associated
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assoc

p7°°¢. The previous results show that the away-side correlation structure is significantly
modified in central Au + Au collisions, and the modification is the largest in the inter-
mediate pr range [Ada03]. The present result indicates that the away-side modification
has a strong dependence on the trigger particle direction relative to the reaction plane.
The results suggest significant difference between the medium path-lengths traversed by

the away-side parton at different ¢5 = ¢4y — Vgp and should provide useful input to

theoretical modelling of partonic energy loss in nuclear medium.

Figure 4.3 shows the similar results in 20-60% Au + Au collisions at /syx = 200
GeV but with the higher trigger pr range 4 < ptT”g < 6 GeV/c. In fact, the higher trigger
particle pr is selected, the more probable it is from a jet and the more well defined is the
jet axis. Although it is limited by the statistics, the results and variations from trigger

trig trig

particles with higher pr of 4 < p*¥ < 6 GeV/c are similar to that from 3 < p;*Y < 4
GeV/ec.

The results for top 5% Au + Au collisions at \/syy = 200 GeV are shown in Figure
4.4 and Figure 4.5. They are for trigger particle pr range in 3 < pgfig < 4 GeV/c and

4 < pgfig < 6 GeV/c respectively. We will discuss them in next chapter.

4.4 Background Subtracted Results for 2 Slices

Besides dividing the ¢-space into 6 slices, we also have the measurement for 2 slices

situation (i.e. trigger particles are in-plane and out-of-plane).

Figure 4.6 shows the background subtracted di-hadron correlations with trigger parti-
cles in-plane (red circles) and out-of-plane (blue circles). The results are for 3.0 < pi*? <
4.0 GeV/c (upper row) and 4.0 < pi* < 6.0 GeV/c (lower raw), and 1.0 < p%°° < 1.5
GeV/c (left column) and 2.0 < p3¥*°¢ < 3.0(4.0) GeV/c (right column) in 20-60% Au
+ Au collisions. The systematic errors due to the uncertainty of anisotropy flow are
shown in histograms (solid line is the results from vo{ M RP} and dotted line is from

v9{4}). Difference is observed between in-plane and out-of-plane for both pj5°¢ bins.
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Figure 4.2: Background subtracted di-hadron correlations with trigger particle in 6 slices of
azimuthal angle from the event plane, ¢4.;g— ¥ gp. The plots are for 20-60% Au + Au collisions
at \/snyn = 200 GeV, 3 < ptTMg < 4 GeV/c, and five associate pp ranges. Both the trigger and
associate particles are restricted within |n| < 1. Systematic uncertainties due to flow are shown
in histograms, Systematic uncertainties due to normalization factor B are shown as blue lines
around zero. The inclusive di-hadron correlation from d + Au collisions is superimposed for

comparison in red color, where the size of the shaded area indicates statistics errors.

75



DOCTORAL DISSERTATION

(pmg-Wrp (0°159 (15°,30° (30°,45°9 (45°,60°) (60°75° (75°,90°
1.0

d

1
J0sse

(50'sT0)

(0T'50)

1N, dN/dAg

(GT0T)

(02sT)

(0€'072)

Figure 4.3: Background subtracted di-hadron correlations with trigger particle in 6 slices of
azimuthal angle from the event plane, ¢4.;g— ¥ gp. The plots are for 20-60% Au + Au collisions
at \/snn = 200 GeV, 4 < ptTMg < 6 GeV/c, and five associate pp ranges. Both the trigger and
associate particles are restricted within |n| < 1. Systematic uncertainties due to flow are shown
in histograms, Systematic uncertainties due to normalization factor B are shown as blue lines
around zero. The inclusive di-hadron correlation from d + Au collisions is superimposed for

comparison in red color, where the size of the shaded area indicates statistics errors.
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Figure 4.4: Background subtracted di-hadron correlations with trigger particle in 6 slices of
azimuthal angle from the event plane, ¢¢.i— WV gp. The plots are for top 5% Au + Au collisions
at \/syn = 200 GeV, 3 < pflfig < 4 GeV/c, and five associate pp ranges. Both the trigger and
associate particles are restricted within |n| < 1. Systematic uncertainties due to flow are shown
in histograms, Systematic uncertainties due to normalization factor B are shown as blue lines
around zero. The inclusive di-hadron correlation from d + Au collisions is superimposed for

comparison in red color, where the size of the shaded area indicates statistics errors.
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Figure 4.5: Background subtracted di-hadron correlations with trigger particle in 6 slices of
azimuthal angle from the event plane, ¢¢.ig— ¥ gp. The plots are for top 5% Au + Au collisions
at \/snn = 200 GeV, 4 < ptTMg < 6 GeV/c, and five associate pp ranges. Both the trigger and
associate particles are restricted within |n| < 1. Systematic uncertainties due to flow are shown
in histograms, Systematic uncertainties due to normalization factor B are shown as blue lines
around zero. The inclusive di-hadron correlation from d + Au collisions is superimposed for

comparison in red color, where the size of the shaded area indicates statistics errors.
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The difference is larger for the low p$7*° bin. The difference at high p3°*°¢ is on the
order of 1o of systematic uncertainty. The analysis reported here(bottom right plot)
differs from that published STAR results in [AdaO4c| in two ways: (i) the average
vy = ({MRP} 4+ v2{4})/2 is used in this analysis while vy = v,{MRP} was used
in Ref. [Ada04c|, (ii) the flow correlation is corrected up to vy in this analysis while

correction only up to vy was done in Ref. [Ada04c].
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Figure 4.6: Background subtracted di-hadron correlations with trigger particles in-plane
(|ptrig — ¥EP| < 7, blue circles) and out-of-plane (|¢¢rig — Ypp| > 7, red circles). The results
are for 3.0 < p?ig < 4.0 GeV/c (upper row) and 4.0 < pf}ig < 6.0 GeV/c (lower raw), and
1.0 < p¥5¢ < 1.5 GeV/c (left column) and 2.0 < p§*#°¢ < 3.0(4.0) GeV /c (right column). They

are from 20-60% Au 4+ Au collisions. Both the trigger and associate particles are restricted

within |n| < 1. Systematic uncertainties due to flow subtraction are shown in histograms.
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CHAPTER 5

Discussions

Results presented in Chapter 4 show that both the near-side and away-side are modified
and the modification depends on the trigger particle orientation relative to reaction
plane. In this chapter we will discuss the modifications on near-side and away-side in

more details.

5.1 Comparison Between Mid-central and Central

Collisions

The away-side modifications for both 3 < p" < 4 GeV/c and 4 < pii™¥ < 6 GeV/c in
20-60% Au + Au collisions change from in-plane to out-of-plane and the modification
becomes stronger when trigger particles move from in-plane to out-of-plane. The strong
dependence on the trigger particle direction with respect to reaction plane suggests the
important role the medium path-length plays in jet quenching scenario. We can further
examine this results by investigating the ¢, dependence of the correlation function in
top 5% central Au + Au collisions because if it is true, one should observe that the
path-length variation with the trigger particle orientation is greatly reduced in central
collisions. The results from top 5% Au + Au collisions are shown in Figure 4.4 and

Figure 4.5.

To make a careful comparison, we present the results from two centrality bins with

one associate pr bin 1.0 < p#*°¢ < 1.5 GeV/c in Figure 5.1 and compare them carefully.

80



DOCTORAL DISSERTATION

The upper plot is from 20-60% Au + Au collisions and the lower one is from top
5% Au + Au collisions. The trigger particle py range is 3 < p4? < 4 GeV/c. The
reference results from d + Au collisions is superimposed in red. In mid-central collisions,
away-side structure evolves from single-peak (¢s = 0°) to double peak (¢s = 90°).
However, although sizeable change is observable, the change from in-plane to out-of-plane
is not dramatic in central collisions, as what we expected. The double-peak structure
seems already present for trigger particles oriented in-plane(at small ¢) due to the
relatively larger path-length away-side parton traverse in the reaction plane direction in
central collisions and for trigger particles mostly perpendicular to reaction plane(large
¢s) there is little difference between these two centrality bins since the path-lengths are
almost same on the direction perpendicular to reaction plane between the two centrality
bins. These results are consistent with the path-length effect in jet quenching scenario

qualitatively.

5.2 Away-side

Evolutions from single-peak to double-peak on the away-side structure are obviously
observed in 20-60% Au + Au collisions while the evolution is observed not as significant
in top 5% central Au + Au collisions as that in mid-central collisions. To quantify this
modification, we focus on the broadness and amplitude of the away-side respectively in

this section.

5.2.1 Away-side Broadness

A variable away-side 'RMS’ is defined to quantify the away-side broadness as,

_ (Zz Ap; — )%y,
RMS = \/ S (5.1)

where 7 denotes the ith bin in the A¢ region. y; is the value of correlation function

for ith bin. The sum is within |[A¢ — 7| < 27 — 1. RMS describes the degree of the
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Figure 5.1: (color online) Background subtracted di-hadron correlations with trigger particle
in 6 slices of azimuthal angle from the reaction plane, ¢ = ¢ — Wgpp. The plots are for
20-60% (upper one) and top 5% (lower one) Au + Au collisions, 3 < péfig < 4 GeV/c and
1.0 < p§¥*°¢ < 1.5 GeV/c. Both the trigger and associate particles are restricted within
|n] < 1. Systematic uncertainties due to flow subtraction are shown in histograms. The
inclusive di-hadron correlation from d + Au collisions (in red) is superimposed for comparison,

where the size of the shaded area indicates statistics errors.
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broadness on the away-side: the bigger RMS is, the more broadness (or double-peaked)

that the away-side appears, the stronger modification there is.
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Figure 5.2: (Color online)Left: The di-hadron correlation function away-side RMS as a func-
tion of the trigger particle azimuthal angle from the event plane, ¢s, in 20-60% (blue) and top
5% (red) Au + Au collisions for 1.0 < p3**°® < 1.5 GeV/c. Right: The away-side RMS for

slice 1 and 6 as a function of associated p7**°® in 20-60% Au + Au collisions. The trigger pr

range is 3 < pf‘,fig < 4 GeV/c for both panels. The curves indicate systematic uncertainties due

to flow subtraction. The corresponding d + Au results is indicated by the arrow in the left

panel and by the shaded area in the right panel.

Figure 5.2 left panel shows the RMS of the away-side correlation function within
|A¢p — 7| < 2 — 1 as a function of the trigger particle orientation ¢ for 20-60% and
top 5% Au + Au collisions in blue and red circles, respectively. The py range for
trigger and associated particles are 3 < pi*? < 4 GeV/c and 1.0 < p%*° < 1.5 GeV/c.
The solid and dotted lines are the systematic errors due to flow background subtraction
from vo{ M RP} and vy{4} respectively. The reference d + Au results are indicated by
the arrow on the right. The away-side RMS increases with ¢4, which means the away-
side distribution becomes more double-peaked as ¢, increases and the rate of increase
is smaller in central than mid-central collisions. If we look at the RMS for slice 1
(the first data points), it is not much larger than d + Au in mid-central collisions.
However, in 5% central collisions, the away-side with trigger particles in slice 1 already
shows marked broadening compared to d + Au . This is consistent with the different
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pathlengths in the reaction plane direction between the two centrality bins. For the RMS
in slice 6 (the last data point on the plot), the results are not much different between
the two centralities. This is perhaps again consistent with the collision geometry -
the difference in the pathlengths perpendicular to the reaction plane between the two

collision centralities is not significant.

The right panel of Figure 5.2 shows the away-side RMS as a function of the associated
p3eeoc for slice 1 (blue) and 6 (red) in 20-60% centrality. The corresponding d + Au
result is indicated by the shaded area. The RMS remains constant for slice 1, and is
not much broader than the d + Au result. The RMS for slice 6 increases with p§***.
The double-peak structure is the strongest when the trigger particle is perpendicular to
the reaction plane and the associated particle is hardest. Results for other slices vary
smoothly between those shown for slice 1 and 6, and the top 5% centrality data also lie

in-between.

5.2.2 Away-side Amplitude

Figure 5.3 shows the average correlation amplitude on the away-side in the center region
(|Ap—m| < 0.42) and in the double-peak region (0.78 < |A¢—7| < 1.65) as a function of
¢ in 20-60% (left panel) and top 5% (right panel) Au + Au collisions. The amplitudes
in the 7 region are similar between the two centrality bins, both drop with ¢s. The
double-peak region amplitude remains constant over ¢, and the amplitude in top 5% is
higher than that in 20-60% Au + Au collisions. The relative amplitudes between the
two regions indicate the degree of the double-peak structure: For mid-central collisions,
the amplitude for 7 region is higher than that for double-peak region at small ¢, and
becomes lower at large ¢, which means the away-side evolves from single-peak to double-
peak. However, for top 5% central collisions, the amplitude of 7 region and double-peak
region are similar at small ¢,, then the amplitude of 7 region becomes higher than that
of double-peak region, which indicates that the away-side appears double-peak structure
at the small ¢;.
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Figure 5.3: (Color online) The away-side di-hadron correlation amplitudes in 7 region
(|A¢p — 7| < 0.42) and double-peak region (0.78 < |A¢ — 7| < 1.65) as a function of the
trigger particle azimuthal angle from the event plane,@s, in 20-60% (left) and top 5% (right)
Au + Au collisions. The curves and square brackets indicate systematic uncertainties due to

flow subtraction from vs and B uncertainties, respectively.

5.3 Near-side

The near-side peak are found changes with ¢;. To see it clearly, Figure 5.4 plots the
average amplitude of near-side correlation. It is rather counterintuitive as the near-side
jet predominately emerges outward from the surface of the medium due to jet quenching.
It experiences minimal amount of medium which should not vary much from in-plane
to out-of-plane. Yet, the results demonstrate a significant change in the near-side peak
amplitude. The near-side amplitude drops with ¢,. For the 20-60% centrality, the
amplitude at large ¢, is not much different from the d + Au results, perhaps indicating
minimal medium modification. On the other hand, the amplitude at small ¢, appears

larger than d + Au suggesting significant medium modification.

In section 3.1, it has been shown in the inclusive di-hadron correlation that the near-
side correlation strength is enhanced in Au 4+ Au with respect to p + p and d +
Au collisions, and the enhancement is mainly due to the large contribution from the
ridge [Put07]. In order to investigate the underlying physics mechanism for the near-

side structure changing with trigger particle orientation, we try to separate contributions
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Figure 5.4: The near-side di-hadron correlation amplitudes as a function of the trigger particle
azimuthal angle from the event plane in 20-60% Au + Au collisions with 3 < pgfig <4 GeV/e
and 1.0 < p§¥*°¢ < 1.5 GeV/c. The curves indicate systematic uncertainties due to flow

subtraction from wvs.

from the ridge and the jet by analyzing the correlation data in two different An regions:
|An| > 0.7 where the ridge is the dominant contributor (two black boxes) and |An| < 0.7
where both the ridge and the jet contribute (red and pink boxes) (see Figure 5.5 for

reference).

To gain the ridge part (two black boxes on figure 5.5), one can just do the flow
background subtracted di-hadron correlation function from |An| > 0.7. The near-side
correlation got in this way is considered to be due to ridge because the jet contribution

is mostly confined within |An| < 0.7.

For the jet part (red box on the plot), one may take the difference between the raw
(not background subtracted) correlations from the two An regions after multiplying a
coefficient C' onto the |An| > 0.7 raw correlation, such that the resultant correlation
on the away-side is zero. The coefficient may also got from the triangle An acceptance
distribution (The acceptance distribution is triangle because the single particle 7 distri-
bution is flat in measured 7 region) by taking the acceptance ratio between |An| < 0.7
and |An| > 0.7. Such measured coefficient value is about 1.44. And the coefficient got

from such two ways are almost equivalent. Here raw correlation results are used instead
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Figure 5.5: An illuminating plot for separating the jet and ridge parts on the near-side

correlations.

of background subtracted correlation results because we want to avoid the uncertainties
from measured flow background. Since the flow contribution is symmetric in two An
regions, it is auto-cancelled by taking the difference between the correlations in two An
regions. An assumption that the ridge is uniform in the measured An range is made
here so that the resultant difference should represent the di-hadron correlation for the

jet part on the near-side above the flat ridge.

Figure 5.6 shows the di-hadron correlations for jet part and ridge part with trigger
particles in each slice in 20-60% and top 5% Au + Au collisions. The upper plot is the
result from 20-60% collisions. The lower plot is the top 5% collision result. For each
of these plots, the top raw is the results corresponding to ridge and the bottom raw is
corresponding to jet part. For each raw, the 6 mini-plots are relative with the trigger
particles in slice 1, 2, ..., 6. The trigger and associated particles py range for both plots
are 3 < pi"¥ < 4 GeV/c and 1.5 < p*°¢ < 2.0 GeV/c. The ridge correlation shows a
significant changes with ¢s. It decreases firstly and then almost saturates at larger ¢,.
However, the jet correlation behaves differently. Small changes on the near-side from in-

plane to out-of-plane in mid-central collisions and almost little changes of the near-side
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Figure 5.6: Di-hadron correlations for ridge part (Top row in each plot) and jet part (bottom
row in each plot) in 20-60% (upper plot) and top 5% (lower plot) Au + Au collisions, respec-
tively. The results are for 3 < péfig <4 GeV/cand 1.5 < p§7*°¢ < 2.0 GeV/c. The inclusive

di-hadron correlation from d + Au collisions (in red) is superimposed for comparison.
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correlation with ¢, in top 5% central collisions.

To quantify the near-side modification, we show in Figure 5.7 the total yield on the
near-side (|A¢| < 1.0) as a function of ¢ for the 'ridge’ part (blue points)in the 20-60%
centrality (left plot) and top 5% centrality (right plot), respectively. The systematic
uncertainties from the uncertainties of vy and background level B on the ridge yields are
indicated by the curves and square brackets, respectively. Here we only present one result
as an example with the pr ranges for trigger and associated particles are 3 < péfig <4
GeV/c and 1.5 < p4s°¢ < 2.0 GeV/c. The ridge yield decreases with ¢s. And the
decrease appears to be more significant in the 20-60% centrality bin than the top 5%

centrality bin.

Figure 5.7 also shows the near-side yield as a function of ¢ for the ’jet’ part (red
points) in mid-central (left plot) and central (right plot) collisions, respectively. The
systematic uncertainty on the jet yield is small because the large uncertainties due to vy
are cancelled assuming vy is constant over An. This should be a very good assumption
because PHOBOS shows that v, is rather constant within the n acceptance of the STAR
TPC (dropping only outwards large |n|), and moreover, even if v, drops with 7 in our
measured range, the effect is mostly washed out in the difference variable An. Other
sources of systematic uncertainties, however, may be present. One such source is that the
ridge amplitude (after acceptance correction) may not be constant over over measured
An but drops with increasing |An|. If so, our ’jet’ measurement constrains residual ridge
contribution. However, we expect this to be a rather small fraction of the measured ridge
yield. Nevertheless, this effect would cause the real ’jet’ part to be smaller than shown
in Figure 5.7 and more so at smaller ¢,. Another source of systematic uncertainties is
that the jet peak may be wide so the |An| < 0.7 cut may not contain the whole jet
part, and moreover the fraction that leaks out of the An cut gets subtracted. Such an
effect would be larger in the top 5% centrality than the 20-60% centrality because of jet
broadening, if any, is expected to increase with centrality. We expect this uncertainty

does not depend much on ¢, although the jet width is not a priori necessarily the same
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over ¢s.

Given the above caveats in the systematic uncertainties, the 20-60% results shown in
Figure 5.7 left panel may suggest that the near-side jet in the reaction plane direction
interacts with the medium, losing energy and generating a sizeable ridge over a long An
range. The near-side jet perpendicular to the reaction plane suffers minimal interaction
with the medium, with no significant ridge and with the correlated multiplicity only
slightly higher than that in d + Au . The initial jet energy selected by the trigger
particle is likely the highest at small ¢, and decreases with increasing ¢, approaching
that in d + Au . The results in the top 5% central collisions shown in Figure 5.7 right
panel are qualitatively similar, but the variation with ¢, is much smaller, consistent with

the more spherical collision geometry in central collisions.

o 0.2 o 0.2
-g ® jet part, near-side g @ jet part, near-side
0.15 @ ridge part, near:side 0.15 @ ridge part, near-side —
~—_
oaf* 01
¢ e
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$ ' I T A g s 2
R
Q.05 gl \ 0.05/¢ t ¢ — *
0 . . . . . 0 . . . .
0 20 40 60 80 0 20 40 60 80
079, Prp (deg) ?=¢,-Ygp (deg)

Figure 5.7: (color online) The di-hadron correlation total yield on the near-side (|A¢| < 1.0)
for jet part (red) and ridge part (blue) as a function of trigger particle azimuthal angle from
the event plane, ¢ = |9/ — Up|. The systematic uncertainties on the ridge data due to the
uncertainties of flow subtraction from vs and background level B are indicated by the curves
and square brackets, respectively, while those on the jet data are small. The results are for
3 < pi" < 4 GeV/e and 1.5 < pi5°¢ < 2.0 GeV/c in 20-60% (left) and top 5% (right) Au +

Au collisions. The jet signal from d + Au data is indicated by the arrow on the right.

An interesting phenomena appears by taking the ridge yield from the two centrality
bins together. This comparison is presented in Figure 5.8 as an example with one asso-
ciated pp bin of 1.5 < p2s¢ < 2.0 GeV/c for 3 < pii*? < 4 GeV/c (left panel) and we
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Figure 5.8: The comparison of ridge yield in two centrality bins. Blue and red circles are
represented for 20-60% and top 5% results, respectively. The left plot is for 3 < p?jg < 4
GeV/c, the right one is for 4 < p?ig < 6 GeV/c. The pr range for associated particles is
1.5 < p§*#°¢ < 2.0 GeV/c for both plots.

also compare the ridge yield for the higher trigger 4 < p?jg < 6 GeV/c (right panel) .
Both the results show that at the small ¢4 (0° < ¢5 < 15°), the ridge yields are similar in
these two centralities. As we know, the collision geometry is similar in the reaction plane
direction but different in the direction perpendicular to the reaction plane, as shown in
cartoon 5.9. So does the gluon density behave in the two directions between the two
centralities. Naturally, one may imagine that the similar ridge yields in the two central-
ity bins may not be a coincidence, it may depend on the collision geometry or the gluon

density. However, further evidences are needed to testify this thought.

@ 'd 2%
\ Z C;z

Figure 5.9: A cartoon of collision geometry in two centrality bins. The left cartoon shows the

collision geometry for central collisions and the right one is for mid-central collisions.
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CHAPTER 6

Summary and Outlook

In this thesis, we present the di-hadron azimuthal correlations in Au + Au collsions at
Vsny =200 GeV from STAR experiment as a function of the trigger particle azimuthal
angle from the event plane (¢ = [¢!" — Ugp|) in six equal size slices. The background
subtraction method is discussed in details. The flow correction is carried out to the
order of v9vy. The systematic uncertainties in the background subtraction are extensively
discussed. The [¢" — Upp| dependences of the di-hadron correlation signals, as well
as the trigger and associated pr dependences, are studied. Both the mid-central 20-60%
and the top 5% central Au + Au collisions are investigated. The minimum bias d +
Au collision data are presented for baseline comparison. The correlation functions are
also obtained from small and large |An| regions separately, in attempt to isolate the jet

and ridge contributions to the near-side correlation strength and study their behavior in
|¢trig _ \I}EP|-

The di-hadron correlations are strongly modified in Au + Au collisions with respect
to minimum bias d + Au collisions. The modifications strongly depend on the trigger

particle orientation relative to the event plane and evolve with associated p7**°“. No

significant changes are observed as a function of the trigger particle p?,fig in the measured

range of 3 < p;fig < 6 GeV/c. The qualitative trend of the correlation function with
|¢'"9 — Wpp| appears similar in central and mid-central collisions; quantitatively, the
|¢'"9 — Wpp| dependence of the correlation function is stronger in the middle central

collisions. The p77*°® dependences of the correlation function are quantitatively similar

in the two centrality selections.
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The away-side correlation broadens from in-plane to out-of-plane, and broadens with

increasing associated p$**°° for most |¢"*9 — W gp| slices. For 20-60% Au + Au collisions,

the away-side correlation for |¢!™ — Wpp| < 7/6 is single-peaked, independent of p4#soe,
and not much wider than d + Au , however, the amplitude is larger than the d + Au
data. For |9 — W pp| > /6, the away-side double-peak structure starts to develop and
becomes stronger for increasing |¢™ — Ugp| and increasing p*°°. For top 5% central
Au 4+ Au , the away-side correlation seems already double-peaked and quite different
from d + Au in the first [¢"9 — Upp| slice, and becomes more strongly double-peaked
with increasing |¢" — Wgp| and increasing p%*. The away-side correlation widths
for slice 6 are similar between 20-60% and top 5% centrality bins. The correlation
amplitude at A¢ = 7 drops from in-plane to out-of-plane for both two centralities, and
the correlation amplitude in the double-peak region remains constant over ¢, in both
centralities but with higher amplitude in central collisions. The trends of the away-side
modification underscore the importance of the path-length that the away-side parton
transverses in the medium. The away-side medium path-length in the reaction plane
direction in 20-60% Au 4+ Au collisions is quite modest and not enough to generate
significant modification to jet correlation, while that in the top 5% collisions is long
enough to cause significant jet modification. The strongest modification is found for
trigger particles perpendicular to the reaction plane where the away-side medium path-

length is the longest, and this path-length appears to be not very different in 20-60%
and top 5% Au + Au collisions.

The near-side correlation amplitude decreases with [¢"9 — W gp|. The decrease comes
entirely from the decrease in the long range An correlation (ridge). The ridge yield
decreases significantly with [¢" — W gp| in the 20-60% centrality, while significant ridge
yields persist over all slices in top 5% collisions. The jet contribution to the near-side
correlation is extracted from the difference of small and large An correlations, subject
to small experimental systematic uncertainties. The jet contribution in the 20-60%

centrality appears to remain constant or somehow slightly increase from in-plane to out-

93



DOCTORAL DISSERTATION

of-plane. The ¢, ~ 90° near-side correlation is found to be slightly larger than that
measured in minimum bias d + Au collisions. The near-side jet parallel to the reaction
plane appears to have suffered significant interactions with the medium, which reduces
the real jet correlated multiplicity and produces a long range An ridge containing a large
number of hadrons. The near-side jet perpendicular to the reaction plane, on the other
hand, appears to suffer minimal medium modification, generating small amount of ridge.
The top 5% results are qualitatively similar, but the significant ridge contribution persists
over all ¢ — Wp|, and the variations of the jet and ridge magnitudes in |¢" — U gp|

is significantly smaller, consistent with the more spherical collision geometry.

To summarize our main findings, in mid-central Au + Au collisions the di-jet parallel
to the reaction plane suffers medium interactions on both the near- and away-side. The
near-side interactions generate the long range An ridge; the away-side interactions appear
modest although perhaps stronger than the near-side. The di-jet perpendicular to the
reaction plane fragments on the near-side with only slightly larger multiplicity than in
d + Au with small amount of ridge generation, and on the away-side suffers maximal
interactions with the medium generating strong double-peak correlation structure. The
top 5% centrality shows smaller variations with |¢!" — Upp| consistent with the more
spherical geometry. The near-side ridge persists over all ¢ — Wpp| slices, and the
away-side correlation is significantly modified over all |¢!"¥ — W zp| and the modification
increases with [¢" — Upp|. At |¢"9 — Upp| ~ 90° the away-side correlations are
similar between the two centralities consistent with similar away-side path-length. The
similar near-side ridge yields at |¢""" — Wgp| ~ 0° in two centralities may suggest the
dependence of the collision geometry or the gluon density since both of them are similar

in the reaction plane direction in the two centralities.

The main results presented in this thesis are with 3 < ptT”g < 4 GeV/c. The results
from trigger particles with higher pr is necessary to check the results since they are
more probably coming from jet fragmentation. In the future RHIC run with the TPC

DAQ1000 upgrade, we are able to accumulate more than ten times statistics of the data
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sample in Run IV, used in this thesis. It provides us the possibility of investigating the

correlations with high py trigger particles in the future.

Due to the limited event plane resolutions, there must be some smearing in the
correlation study: Some trigger particles should have come from some slice, here slice 2
for example, maybe miscount in slice 3 or 1. So the next step for correction of the limited
event resolutions in correlation function is needed. And we have already attempted to

do the corrections in some simple Monte-Carlo simulations.
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APPENDIX A

Kinematic Variables

Let us introduce some useful kinematic variables that are commonly used in heavy ion
physics.
For two body colliding system, the beam direction is usually defined as z-axis. And

the pr (transverse momentum) is defined as:

pr = \/P:+p? (A1)

pr is a Lorentz invariant variable since both p, and p, are unchanged under a Lorentz

boost along z axis. For identified particles the transverse mass is defined as

mr = y/p% + m? (A.2)

where m is the particle mass and the transverse kinetic energy of the particle is
mp — m.

Another commonly used variable in heavy ion collisions is the rapidity, defined as

1 E+p,
=] A.
y 2n(E_pz) (A.3)

The rapidity is useful in that one can switch between reference frames along the z-axis
and the only change in rapidity is an additive constant. If particle mass is much smaller
than its momentum, it is convenient to use pseudorapidity n which is approximately the

rapidity. The definition for pseudorapidity is,

1. (7] +pz>
=—In| ==—= A4
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APPENDIX B

Backup Figures
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Figure B.1: (color online) Same as Figure 4.6 with 3 < ptTTig <4 GeV/cin 20-60% Au + Au
collisions, but for other 3 associated pr ranges: 0.15 < p7¥*°® < 0.5 GeV/e, 0.5 < p3**°¢ < 1.0
GeV/c and 1.5 < p7%*°¢ < 2.0 GeV/c.
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Figure B.2: (color online) Same as Figure 4.6 with 4 < ptTrig < 6 GeV/c in 20-60% Au + Au
collisions, but for other 3 associated pr ranges: 0.15 < p7¥*°¢ < 0.5 GeV/e, 0.5 < p3**°© < 1.0

GeV/c and 1.5 < p§**¢ < 2.0 GeV/c.
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Figure B.3: (color online) Same as Figure 5.2 with 3 < pgfig <4 GeV/c in 20-60% Au + Au
collisions, but for other 3 associated pr ranges, from up to down, they are: 0.15 < p3*¥°¢ < 0.5

GeV/e, 0.5 < p37%°¢ < 1.0 GeV/c and 1.5 < p%%°¢ < 2.0 GeV /¢, respectively.
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Figure B.4: (color online) Same as Figure 5.7 with 3 < pgfig <4 GeV/c in 20-60% Au + Au
collisions, but for other 4 associated pr ranges: 0.15 < p7¥*°¢ < 0.5 GeV/e, 0.5 < p3**°© < 1.0

GeV/e, 1.0 < p§**°¢ < 1.5 GeV/c and 2.0 < p3**°© < 3.0 GeV/c, respectively.
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Figure B.5: (color online) Same as Figure 5.7 in 20-60% Au + Au collisions, but for
4 < pgfig < 6 GeV/c and all associated pr ranges: 0.15 < p§**°¢ < 0.5 GeV/¢, 0.5 < p¥%°¢ < 1.0
GeV/e, 1.0 < p§7%¢ < 1.5 GeV/e, 1.5 < p§7%°¢ < 2.0 GeV/c and 2.0 < p3*¥¢ < 34.0 GeV/c,

respectively.
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