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Abstract of the Dissertation

Measurement of φ Meson Production and

Searches for Pentaquark Particles from

the STAR Experiment at RHIC

by

Jingguo Ma

Doctor of Philosophy in Physics

University of California, Los Angeles, 2006

Professor Huan Z. Huang, Chair

We present results for the measurement of φ meson production at mid-rapidity

in
√

s
NN

= 200 GeV p + p and Au + Au collisions from the STAR experiment

at RHIC, and results for searches of pentaquark particles Θ++, Ξ−− and their

corresponding anti-particles in several data sets recorded by STAR. Event mixing

and topological techniques are used in these measurements.

The φ meson mass and width measured in this work are found to be consistent

with the Particle Data Group (PDG) values. No significant modifications of these

properties are found in our measurement. The measured transverse mass spectra

of φ are found to be different in shape between p + p and Au + Au data. The

Au + Au data are well represented by a single exponential distribution while the

p + p data can only be represented by a double exponential distribution due to

the power law tail at high pt.

The φ/K− yield ratio is found to be constant as a function of both collision

energy and collision centrality. The 〈pt〉 of φ is found to increase as a function

xxii



of collision energy and does not change significantly as a function of centrality in

Au+Au collisions at RHIC. A comparison of the measured φ/K− yield ratio and

of the φ 〈pt〉 with model calculations exclude kaon coalescence as the dominant

mechanism for φ production in heavy ion collisions at RHIC.

The integrated yield of φ meson is found to be consistent with thermal statis-

tical model fits which assume an equilibrated partonic state has been reached. A

hydrodynamic model inspired blast wave fit to the φ spectra indicates that the

φ freezes out earlier than the π, K and p in heavy ion collisions at RHIC. The

constant φ 〈pt〉 as a function of centrality is also consistent with earlier freeze out

of the φ than the π, K and p.

The measured RAA for the φ is consistent with unity in the region of interme-

diate pt, either due to the OZI rule suppression of φ production in p+p collisions

or the enhancement of strangeness production in Au + Au collisions. On the

other hand, the value of RCP is found to be suppressed (< 1) and consistent with

that for the K0
S, instead of that for the Λ at intermediate pt. The hadron pro-

duction at intermediate pt region at RHIC is determined by particle type rather

than by particle mass, consistent with quark recombination/coalescence model

calculations.

The measured v2 for the φ in MinBias Au+Au collisions indicates that signif-

icant amount of flow has been built up for the φ. Since the φ does not participate

in the final hadronic interaction, this flow must have been built up in the early

partonic stage.

A peak structure with significance of about 4.2 σ is observed for the Θ++ →
p + K+ and its anti-particle in

√
s

NN
= 200 GeV d + Au collisions at RHIC. If

confirmed as a real particle, it would be explicitly a pentaquark particle. However,

only much weaker signals are seen in other collision systems. It is found that the
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production rate of Θ++ across all systems is consistent with each other and future

high statistics data are needed to confirm or exclude the observed peak structure.

A search for the Ξ−− → Ξ− + π− and its anti-particle yields null results. Future

directions of study will be discussed.
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CHAPTER 1

Introduction and Physics Topics

Scientists’ query of the world around us is driven by the human passion for

discovery. The purpose of nuclear and particle physics is to gain knowledge of the

matter that has formed the universe by asking what this matter is formed of and

how do these constituents interact with each other. It is believed that leptons and

quarks are the building blocks of matter and that these most elemental particles

interact with each by exchanging force mediators.

The main goal of relativistic heavy ion collision program is to search for a

predicted new state of matter, and study the equation of state of nuclear matter

at extremely high temperature and energy density. It has been suggested that

in heavy ion collisions at very high energies protons and neutrons will melt,

producing a system with free quarks over a large volume (much larger than the

size of the nucleon), namely the Quark Gluon Plasma (QGP) [HM96]. Searching

for its existence and measuring its properties will greatly enrich our knowledge

about the force that has governed the formation of our Universe.

Quantum Chromodynamics (QCD) is the modern theory of the strong in-

teraction. In this chapter we will review some important features of QCD and

introduce the physics topics that will be investigated and discussed in this thesis.

An outline for the subsequent chapters will be given at the end of this chapter.
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1.1 Quantum Chromodynamics

The most elementary building blocks of matter are leptons and quarks, which

interact among themselves by exchanging force mediators (photon, gluon. . .).

QCD, the theory of strong interactions, is a SU(3) gauge field theory of quarks

and gluons. QCD is an analogy of the theory for electromagnetic interactions, the

Quantum Electrodynamics (QED). However, unlike QED, QCD’s non-Abelian

character requires gluons to carry color charge and self-interact, resulting in more

astonishing and fascinating phenomena in strong interactions.

Figure 1.1: Running of the strong coupling constant established by various types

of measurements at different scales, compared to the QCD prediction [Sch96].

Due to the gluon-gluon self-interaction, the effective coupling constant of

strong interaction (αs) becomes smaller at shorter distances (larger momentum
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transfer (Q2)). This is known as asymptotic freedom in the strong interaction.

The strong coupling constant has been experimentally measured to be a strongly

varying function of distance or Q2 of the form

αs(Q
2) =

12π

β0 ln(Q2/ΛQCD)
, (1.1)

where Q2 is the momentum transfer, β0 and ΛQCD are constants. The experi-

mentally measured strong coupling constant αs as well as the QCD calculation

are shown in figure 1.1. The figure shows that the measured value of αs decreases

monotonously with increasing momentum transfer for the interaction, consistent

with the QCD calculations.

No free quarks have ever been observed in any experiment. This means that

quarks are always confined in color-neutral objects (hadrons). This is known as

quark/color confinement and can be explained by the running coupling constant

of strong interaction. When two quarks are separated to large distance, the

coupling becomes stronger, thus more and more self-coupled gluons hold the

quarks together. As a result, no single quark can be extracted from a hadron and

it can only exist in color neutral objects.

QCD is a precise and beautiful theory [Wil00]. However, it cannot be used to

analytically calculate processes that dominate the hadronic world around us due

to the non-linear nature of the strong force.

Physicists have developed Monte Carlo methods using numerical path inte-

grals of the QCD Lagrangian on a discrete Euclidian space time grid (LQCD) to

study QCD matter. Since no new parameters or field variables are introduced in

this discretization, LQCD retains the fundamental characters of QCD. The only

tunable input parameters in LQCD simulations are the strong coupling constant

and the bare masses of quarks. LQCD has been used to provide the framework for

investigation of non-perturbative phenomena in the regime of strong interaction.
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There is one kind of processes that QCD can be directly used to calculate, the

regime where the strong coupling constant is small (large momentum transfer).

Perturbation theory can be applied in these QCD processes and physics quantities

can be calculated in a power series as leading order, next-to-leading order etc

(pQCD). In fact, pQCD has been proven to describe a large set of high energy,

large momentum transfer processes with outstanding accuracy.

1.2 QCD phase diagram and relativistic heavy ion colli-

sions

When the density and/or the temperature of matter gets higher and higher (like

continue squeezing and heating nuclear matter), QCD predicts that eventually

nucleons will not be able to hold their constituents together and quarks and

gluons will be liberated from nucleons. These quarks and gluons are not limited in

nucleons any more (called deconfinement), they are free to move in a much larger

phase space and able to interact with multiple partons at high density. The color

degree of freedom becomes the effective degree of freedom for the system, and this

new state of matter is called the Quark Gluon Plasma (QGP). In QGP matter

the broken chiral symmetry in normal nuclear matter may also be (partially)

restored (there is speculation that this happens at a higher temperature than

deconfinement) as the quark mass diminishes and the masses of scalar and vector

mesons will decrease [Kar02].

At extremely high energy densities and/or temperature, QCD theory does

predict a phase transition from normal nuclear matter to a new form of matter,

which consists of an extended volume of interacting quarks, antiquarks, and glu-

ons (QGP). QGP is predicted to come into existence at a critical temperature
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(Tc) and/or a density approximately 10 times the normal nuclear matter.

Figure 1.2: LQCD results of P/T 4 as a function of temperature showing QCD

phase transition. Different lines are for several different choices of number of

dynamical quark flavors. The arrows are the corresponding Stefan-Boltzmann

pressures for the same quark flavor configurations.

Figure 1.2 shows one LQCD calculation [KLP00] of the nuclear matter pres-

sure as a function of the temperature of the system. It shows that the pressure

divided by T 4 (P/T 4) increases rapidly above Tc and then begins to saturate by

about 2Tc. The rapid rise of P/T 4 indicates a phase transition from hadronic

matter to QGP, when the color degree of freedom takes control of the matter,

resulting in a rapid rise of entropy and thus pressure. The predicted critical tem-

perature for the phase transition is Tc ≈ 160 MeV. The saturated values of P/T 4

are lower than that for an idea gas (Stefan-Boltzmann limit), in which quarks

and gluons are non-interacting and quarks are massless. And this means that

there are still substantial remaining interactions among the quarks and gluons in

the QGP phase.
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The evolution of a heavy ion collision with the formation of the QGP can

be depicted by the following: After the two colliding nuclei pass each other, a

huge amount of energy is deposited in the interaction region. A phase transition

occurs and the QGP is formed if the temperature of the fireball exceeds the

critical temperature Tc. Then the system immediately starts expanding and

cooling down, and the temperature decreases and passes Tc again and reaching

a chemical freeze out temperature Tch, at which inelastic scattering ceases and

relative abundance for hadron species stabilizes. When the system continues

expanding and cooling, the temperature finally reaches the kinetic freeze out

temperature Tfo where elastic scattering between hadrons ceases. The produced

particles escape from the interaction region and eventually stream into detectors.

The extreme conditions needed for the formation of QGP are thought to have

existed a few microseconds after the Big Bang (high temperature) and might exist

in neutron stars (high density). It has been proposed that this extreme condition

can be reached by smashing heavy ions together with very high energies in the

laboratory. The Relativistic Heavy Ion Collider (RHIC) at the Brookhaven Na-

tional Laboratory (BNL) has been built to create such conditions for the creation

of the QGP in the laboratory. The primary goal at RHIC is to create the QGP in

the highest-energy collisions of heavy nuclei ever achieved under laboratory con-

ditions and to measure the properties of this new state of matter. The scrutiny of

this new state of matter promises to answer some of the key questions of nuclear

and particle physics.

Early results from the RHIC experiments reveal new nuclear phenomena at

temperatures and densities well into the range where quarks and gluons–rather

than nucleons and mesons–are expected to define the relevant degrees of free-

dom. The first measurements of head-on collisions at RHIC energies, with nuclei
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as heavy as gold, have already taken us a major step toward the long-sought

quark-gluon plasma. It has been found that different regions reveal dramatically

different dynamics at RHIC. In the soft sector (pt . 1.5 GeV/c), soft processes

dominate and the multiplicities, yield, momentum spectra and correlations of

hadrons reflect the properties of the bulk, for example its initial conditions, its

degree of thermalization and its equation of state. In the sector of hard processes

(pt & 5 GeV/c), the interaction of energetic particles produced in initial hard

scattering processes with the medium provides a unique, penetrating probes for

the matter produced at RHIC. In the intermediate pt region, where soft pro-

cesses interplay with hard processes, the study of hadron production explores the

hadronization processes in heavy ion collisions and provide important informa-

tion of the system evolution. A comprehensive summaries of the RHIC physics

results can be found in [Ada05b].

1.3 φ meson production in heavy ion collisions

The φ, a vector meson with spin = 1, is composed of a strange and an anti-strange

quark and thus has hidden strangeness. Table 1.1 lists the quantum numbers,

mass, full width and some of the decay modes of the φ meson as listed by the

Particle Data Group [Eid04].

φ meson production has always been of great interest from elementary col-

lisions up to heavy ion collisions. Due to its valence quark structure, φ meson

decay and production is thought to be suppressed by the OZI rule (also known

as the quark-line rule) [Oku63, Zwe64, IOS66]. For example, the φ decays more

often to two kaons rather than three pions, although the later is more favorable

in energy and phase space. The OZI rule is directly related to the asymptotic

freedom of the strong interaction. In a process involving the strong interaction,
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IG(JPC) 0−(1−−)

Mass 1019.417±0.014 MeV/c2

Full width Γ 4.458±0.032 MeV/c2

Decay mode Branching ratio

φ → K+ + K− 49.2±0.7%

φ → e+ + e− (2.91±0.07)×10−4

φ → µ+ + µ− (3.7±0.5)×10−4

Table 1.1: List of φ properties taken from the Particle Data Group (PDG).

when the initial state and final state are connected by gluons only, the gluons

must carry enough energy to create a quark and anti-quark (for example ss̄ quarks

for the φ) pair. Asymptotic freedom tells us that the coupling constant for these

gluons are small since they are relatively ”energetic”, especially for those gluons

to produce heavier ss̄ or even cc̄ pairs. A small coupling constant means a small

interaction magnitude, resulting in suppression for the φ decay and φ production

in elementary collisions where no strangeness is available in the projectile/target.

In heavy ion collisions, φ meson production has been measured by several

experiments from AGS up to RHIC energies. The E-802 experiment measured φ

production from the kaon decay channel in central Si + Au collisions at a beam

energy of 14.6A GeV/c at the AGS [Aki96]. Their measured mass and width of

the φ is consistent with those of free φ mesons, and the measured φ/K− yield

ratio is consistent with that in p + p collisions. Another AGS experiment, the

E-917 experiment, measured φ production from the kaon decay channel in several

centrality bins in Au + Au collisions at a beam energy of 11.7A GeV/c [Bac04a].

The measured φ meson yield per participant projectile nucleon increases strongly

in central collisions in a manner similar to that observed for kaons. The yield
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ratio φ/K− is observed to be approximately constant with collision centrality, but

with large uncertainties. At the SPS, φ production has been measured by the

NA49 experiment from the kaon decay channel [Afa00] and the NA50 experiment

from the dimuon decay channel [Ale03] at a beam energy of 158A GeV/c. No

mass shift or significant broadening of the φ peak is seen at the SPS. The φ/π

yield ratio measured by the NA49 experiment is found to increase by a factor

of 3 from inelastic p + p to central Pb + Pb collisions. The extracted φ yield

from the NA50 experiment is about a factor 2-4 higher than that from the NA49

experiment, this difference has stimulated considerable interest.

If the QGP is formed in heavy ion collisions, strange quarks can be copiously

produced by light quark-antiquark annihilation and gluon interactions [RM82,

Raf84, KMR86]. In this system with copious strange quarks, the φ may be

formed simply by coalescence of the strange quarks, bypassing the OZI rule, and

thus the suppression of φ production observed in elementary collisions should

not be prevalent in heavy ion collisions. There has been experimental obser-

vation of enhancement for φ production in A + A collisions relative to p + p

collisions [Bac04b, Afa00, Adl02b, Ada05c]. In fact, an enhanced production of φ

meson in heavy ion environment has been predicted to be a signal for QGP for-

mation [Sho85]. A high statistic measurement of φ production at RHIC energies

will address this question more precisely.

The φ meson is thought to have a very small cross section for interactions with

non-strange hadrons [Sho85]. Whether the φ participates in the radial flow in

heavy ion collisions as do the other ordinary hadrons has been a very interesting

question. The φ life time is about 41 fm. This means that most of the φ mesons

decay outside of the fireball in heavy ion collisions. So if φ keeps its properties

in the hot medium, it will decouple earlier from the system and survive the late
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stage hadronic interaction, carrying more information about the early stages of

heavy ion collisions and helping us understand the creation and evolution of

the system [HSX98, DBB99, BD00]. If the φ meson does decouple earlier than

normal hadrons, the φ will experience smaller radial flow during the expansion of

the system and exhibit a different behavior comparing with the pion, kaon and

proton.

Comparing to other hadrons, the φ meson has no feed-down from higher mass

resonances, and this property makes it more appealing as a ”clean” probe of heavy

ion collisions. Further more, the φ dilepton decay channels are clean probes of the

system since the decay products do not interact strongly in the hadronic stage

and thus escape freely from the fireball.

On the other hand, transport models like RQMD, UrQMD and AMPT [Bas99,

Ble99, Sor95, PKL02] have suggested that at low transverse momentum (pt),

the K+K− pair from φ decay is either dominantly rescattered or absorbed by

the dense medium produced in heavy ion collisions. This results in a much

lower φ yield at low pt and a harder transverse mass (mt − mφ) spectrum recon-

structed from K+K− than that from dilepton channels (e+e− and µ+µ−). In these

models, φ production from hadron scatterings includes baryon-baryon channels

BB → φNN , meson baryon channels (π, ρ)B → φB where B ≡ N, ∆, N∗ and

also reaction channels such as KΛ → φN . The φ scattering with meson includes

φM → (K,K∗)(K,K∗) and φ(K,K∗) → M(K,K∗), where M ≡ (π, ρ, ω). As

a consequence, these models predict the yield ratio φ/K− increases with colli-

sion centrality. A comparison of the measurement with model predictions will

distinguish between different production mechanisms for the φ.

Theoretical calculations show that possible in-medium effects of the kaon and

the φ in nuclear matter can dramatically change the mass, decay width and decay
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branching ratios of φ meson [CV03, BGP97, Hag05, PKL02] because the φ meson

mass is so close to the threshold for decay to two kaons. In these calculations,

the φ meson mass decrease slightly with increasing temperature/density of the

nuclear matter. The decay branching ratio and width can change dramatically

at the same time. Experimentally, these effects can be measured and tested by

study of the φ mass and width as a function of pt and system size (centrality), and

by measuring the φ simultaneously from both kaon and dilepton decay channels.

Nuclear modification factors (RAA and RCP ), which are the yield ratio of

A + A collisions over p + p collisions or central A + A collisions over peripheral

A + A collisions normalized by number of binary collisions (Nbin), are used to

study hadron production at RHIC. If A+A collisions are the simple superposition

of p + p collisions, RAA and RCP will be 1. Any deviation from 1 would indicate

nuclear effects or different hadron production mechanisms. Elliptic flow v2, the

second Fourier coefficient of the momentum distribution, has been proposed as

a sensitive probe of the early stage in heavy ion collisions [Sto82, Sor99]. This

anisotropy in momentum space is transferred from the initial coordinate space

anisotropy by intensive interactions among constituents of the system. Thus

it reflects the initial conditions of the collision and provides information of the

system evolution.

It has been found that in relativistic heavy ion collisions, hadron production

obeys certain scaling behaviors. For example, the STAR measurement of the

nuclear modification factor (RCP ) and elliptic flow (v2) of the K0
S and Λ man-

ifested a clear difference [Ada04d]. The measured v2 for the K0
S and Λ show

mass hierarchy at pt < 1.5 GeV/c, consistent with hydrodynamic model calcula-

tions [HKH01] under assumption that there is a common expansion in the early

stage. However, at higher pt, the measured v2 deviate from the hydrodynamic
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model calculations and saturate at different values for the K0
S and Λ. The mea-

sured RCP value is also different for the K0
S and Λ in the intermediate region,

with the Λ RCP being higher than that of the K0
S. The proton to pion ratio at

intermediate pt measured by PHENIX experiment is also much higher than that

expected from fragmentation mechanisms for hadron production [Adl03]. These

observations, in disagreement with the traditional picture of hadron production,

have stimulated considerable theoretical investigations.

Quark recombination/coalescence models [DH77, HY03, FMN03b, FMN03a]

have been able to successfully explain the observed phenomena in the interme-

diate pt region at RHIC. In quark recombination/coalescence models, hadron

production proceeds via recombination of lower pt partons instead of via frag-

mentation of higher pt partons. At low pt, the parton distribution is exponential

in shape and recombination/coalescence wins over fragmentation in the inter-

mediate pt region. One characteristic prediction of this model is that hadron

production is dominated only by number of constituent quarks of the hadron,

and this manifests a meson-baryon difference as illustrated by the K0
S and Λ v2

and RCP measurements. Nonaka and collaborators [NFB04] studied elliptic flow

v2 for the φ and other multi-strange hadrons (Ξ, Ω) in the framework of recombi-

nation and fragmentation. Their study shows that measurement of the φ and Ω

v2 allows unambiguous distinction between parton recombination and statistical

hydronization for hadron production in the intermediate pt region. In this ap-

proach, they find that the behavior of v2 as a function of pt is dominated by the

number of valence quarks of the respective hadron, leading to very similar values

of the elliptic flow for all mesons and likewise for all baryons, nearly independent

of the hadron mass, as opposed to conventional statistical hadronization in hy-

drodynamic calculations. The calculated v2 for the φ meson is nearly identical to

that of kaon above a pt of 2 GeV/c, while at high pt the elliptic flow is dominated
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by fragmentation, leading to a universal curve above 6 GeV/c for all hadrons.

The experimentally observed particle type dependence of RCP and v2 needs

much more data from other hadrons to be fully established since there is a big

mass difference between the K0
S and Λ (or π and proton). The φ meson plays a

very important roles here due to its unique properties. The φ is a meson yet it is

as heavy as a Λ, making it perfect for differentiating between mass or particle type

(meson or baryon) ordering of the observed difference in v2 and RCP between the

K0
S and Λ. In other words, precise measurement of φ meson nuclear modification

factors RAA, RCP and elliptic flow v2 will provide more detailed very important

insights into hadron production mechanisms and the evolution of the heavy ion

collisions at RHIC.

1.4 The search for pentaquark particles

Physicists have long been wondering why nature prefers hadron to be made of two

or three quarks instead of four or five or even more. Quantum Chromodynamics

(QCD), which is believed to be the underlying theory of strong interaction, does

not exclude the existence of nonconventional multi-quark states such as qqq̄q̄,

qqqqq̄ etc. The real question is only what should be the mass and width of such

states if they really exist. However, QCD is highly non-perturbative when dealing

with hadron spectra, and thus most theoretical calculations rely on phenomeno-

logical models that are inspired by QCD theory, yet not precisely QCD.

In early 2003 the LEPS experiment announced the observation of a baryon res-

onance state with mass 1.54±0.01 GeV/c2 and width less than 25 MeV/c2 [Nak03].

The observed state is consistent with the five-quark state (pentaquark Θ+) pre-

dicted by the Chiral Soliton Model [DPP97]. The claim of the discovery has
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motivated a lot of experimental and theoretical investigations on the possible ex-

istence of five-quark systems. More than 50 experimental papers and more than

500 theoretical/phenomenological papers have appeared since then.

Following the first claim of the pentaquark sighting, more than ten exper-

iments [Bar03a, Ste03, Kub04, Bar03b, ADK04, Ale05, Air04, Abd04, AER05,

Che04, Tro] have reported evidence supporting the existence of such a state.

These experiments report the observation of a peak structure consistent with the

production of the Θ+ pentaquark particle from various interactions and ener-

gies, but all with low statistical significance. The NA49 and the H1 experiment

also reported the evidence for possible heavier pentaquark states [Alt04, Akt04].

However, more experiments have reported null results in their searches of pen-

taquark particles [Bai04, Aub04a, Abe06, Abe04, KZZ04, Abt04, Sch04, Ant04,

Lon04, Lit05, Gor04, Ste05, Pin04, Arm05, NCW04, Ada04a]. Among these ex-

perimental results, most experiments with positive evidences were reported from

early 2003 to mid-2004, while experiments with negative results overwhelmed

after mid-2004.

The evidence of pentaquark states has motivated a lot of debate since its

birth. The experiments reporting positive results all suffer from low statistics

(significance of a few σ) and inconsistency between experiments (For example,

the reported values of mass span a region more than 20 MeV/c2). On the other

hand, those experiments reporting negative results usually come from very dif-

ferent reaction channels thus making comparisons difficult. So the fate of the

pentaquark relies on dedicated high-statistics experiments. The recent repeti-

tions [Bat06, Hic05a] of some of the previous experiments that claim positive

evidence of pentaquark state yielded null results and overruled the previous ob-

servations.
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After mining the old KN scattering data, no resonance structure has been

seen and the Θ+ width has been constrained to be less than a few MeV [Nus03,

ASW03, HK03, CT04]. Detailed summary of the experimental situation on pen-

taquark searches can be found in the following references: [Hic05b, Bur05, Dan05].

Overall, the positive evidence for the existence of pentaquark particles is dimin-

ishing and the remaining positive results need to be tested.

3I
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Figure 1.3: The 10 pentaquarks predicted by Chiral Soliton Model. x axis is the

third component of isospin (I3) while y axis is the hypercharge Y = B + S.

In 1997, Diakonov et al. proposed the possible existence of a S = 1, JP = 1
2

+

resonance (the Θ+) at 1530 MeV with a width less than 15 MeV by using the

chiral soliton model [DPP97], which partly motivated the recent experimental
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search of this particle. The Chiral Soliton Model is based on the Skyrme soliton

(Skyrmion) model of the baryon, which utilizes a topological soliton solution

in the SU(3) × SU(3) chiral symmetric nonlinear sigma model. Their model

has specific SU(3) breaking terms, indicated by the chiral quark model, but

the strengths of the individual terms of the effective Lagrangian are determined

phenomenologically [Oka04]. According to this model calculation, the Θ+ is the

lightest member of the anti-decuplet multiplet (10) in the third rotational state.

The anti-decuplet members are shown in figure 1.3. In this figure, the three

members lie in the corner have explicit exotic quantum numbers and thus are

explicit exotic particles, i.e. they can not be explained by conventional two or

three quark states.

After the Chiral Soliton Model prediction by Diakonov et al. and the subse-

quent reported observation by various experiments, there have appeared numer-

ous theoretical models trying to explain the low mass and narrow width of the

observed Θ+. These model calculations includes the diquark model [JW03], clus-

tered quark model [KL03], constituent quark model [SR03], QCD sum rules [Zhu03]

etc. These theoretical calculations are nicely summarized in a few papers [JM04,

Zhu04, Oka04].

In the diquark model, Θ+ is composed of two diquarks and a strange anti-

quark, where the diquark is a strongly correlated quark pair. In all quark models,

including conventional quark model, clustered quark models and diquark model,

a small decay width for the Θ+ is hard to be accommodated, due to the fall-apart

decay mode of five quark system. In this decay mode, no extra quark antiquark

pair needs to be created for pentaquark to decay into a meson and a baryon since

there are already four quarks and an antiquark around.

People are also trying to look for pentaquark structures in Monte-Carlo lattice
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QCD simulations (see [LM05] and references therein). Similar to the experimental

situation, several LQCD calculations found positive evidence for the pentaquark

while others reported null results. Among those positive results, there is disagree-

ments regarding the spin and parity of the ground state.

S. Capstick et al. [CPR03] have raised the possibility for the Θ+ to be an

isotensor (I = 2) state. There will be an isospin multiplet containing Θ−(dddds̄),

Θ0(uddds̄), Θ+(uudds̄), Θ++(uuuds̄) and Θ+++(uuuus̄) if this hypothesis is true.

Of course, the Θ+ isospin can also possibly be one thus the multiplet contains

only three members Θ0(uddds̄), Θ+(uudds̄) and Θ++(uuuds̄). Besides the Θ+,

the proposed decay channel Θ++ → p + K+ is very well suited for experimental

investigations since the decayed daughters are easily to be detected and identi-

fied. However, several experiments [Sch04, Aub04b, Kar04, Bar03b, Jue05, Air04]

reported null results on searches of Θ++ through decay channel Θ++ → p + K+

and concluded that the Θ+ state should be isosinglet.

In relativistic heavy ion collisions, it has been found that the production of

hadron in the intermediate pt region can be explained nicely by quark recombi-

nation/coalescence models (see [Ada05b]). If this scenario is true and the pen-

taquark particles really exist, then heavy ion collisions at RHIC may be a good

environment that favors the production of pentaquark particles by just combining

the available copious constituent quarks together. It is therefore very important

that at RHIC we perform the search for pentaquark particles to help clarify the

experimental situation.

Based on its design, STAR is well suited for the search of pentaquark particles.

The large acceptance and the tracking capability of the TPC have made STAR

able to identify various short-living particles such as the φ, K∗, Λ∗, K0
S, Λ, Ξ−

and Ω by utilizing either event mixing techniques or reconstruction of displaced
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decay vertices. Stable particles such as π±, K± and p(p̄) can be identified as well

by measuring their ionization energy loss in the TPC gas.

Here we present the results for the search of Θ++ → p + K+, its anti-particle

Θ̄−− → p̄ + K−, and also Ξ−− → Ξ− + π− and its anti-particle Ξ̄++ → Ξ̄+ + π+

from the STAR experiment at RHIC. Charged hadrons π±K±pp̄ are identified by

their ionization energy loss in the TPC gas. The pK invariant mass is calculated

to search for the Θ++ → p + K+ signal. For the Ξ−− → Ξ− + π− pentaquark,

the Ξ− and Λ are reconstructed by finding their displaced decay vertices from

the decay channel Ξ− → Λ + π− and Λ → p + π− respectively.

From now on, we shall refer to the Θ++ and Ξ−− as implicitly including their

anti-particles unless specified otherwise. It’s also worth keeping in mind that the

names used for pentaquarks in this thesis are for convenience only, and the names

do not imply that we claim the existence of these particles.

1.5 Thesis outline

In this thesis we present the measurement of φ meson production as well as

the results for the searches of pentaquark particles at RHIC from the STAR

experiment. In chapter 2 we will briefly introduce the experimental facilities.

This is followed in chapter 3 by the description of the analysis methods and by the

presentation of results for the φ meson measurements. In chapter 4 we will present

the analysis details and results for the searches of pentaquark particles from

STAR. Finally, in chapter 5 we will conclude and talk about further measurements

that are needed for both the φ and the pentaquark particles.
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CHAPTER 2

Experimental Facilities

In this chapter the facilities built for the heavy ion program are briefly described.

We will describe the collider complex, the STAR experiment and the main track-

ing device–the TPC for STAR.

2.1 RHIC collider

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory

(BNL) is a world-class scientific research facility that was built to create and

investigate strongly interacting matter at energy densities unprecedented in a

laboratory setting. It is the first machine that can bring heavy ions to head-on

collisions. 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. Hundreds

of physicists from around the world use RHIC to study what the universe may

have looked like in the first few moments after its creation. RHIC drives two

intersecting beams of gold ions head-on, in a subatomic collision. What physicists

learn from these collisions may help us understand more about why the physical

world works the way it does, from the smallest subatomic particles, to the largest

stars [RHI].

Figure 2.1 shows the components of RHIC complex. Some designed param-
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Figure 2.1: The RHIC complex.

eters of RHIC are listed in table 2.1. RHIC is designed to accelerate and clash

heavy ions and also (polarized) protons. Its two counter-circulating supercon-

ducting storage rings are arbitrarily denoted as blue and yellow. The RHIC dou-

ble storage ring is itself hexagonally shaped and 3834 m long in circumference,

with curved edges in which stored particles are deflected by 1,740 superconduct-

ing niobium titanium magnets. The six interaction points are at the middle of the

six relatively straight sections, where the two rings cross, allowing the particles

to collide. The interaction points are enumerated by clock positions, with the

injection point at 6 o’clock. Four interaction points are occupied by experimen-

tal detector systems, STAR at 6 o’clock, PHENIX at 8 o’clock, PHOBOS at 10

o’clock and BRAHMS at 2 o’clock, respectively. The four experimental programs

complement each other with emphasis on different physics goals. Two interaction

points are unused and left for further expansion.

A particle passes through several stages of boosters before it reaches the RHIC
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Parameter Value

Luminosity (Au + Au) 2 × 1026 cm−2sec−1

Luminosity (p + p) 4 × 1030 cm−2sec−1

Top beam energy (Au) 100 GeV/u

Top beam energy (proton) 250 GeV/u

# of bunches per ring 60

Revolution frequency 78 kHz

Ions per bunch (Au) 109

Ions per bunch (proton) 1011

# of interaction points 6

Beam life time ∼10 hours

Ring circumference 3833.845 m

Table 2.1: List of some design parameters for RHIC.

storage ring. The first stage for ions is the Tandem Van de Graaff accelerator,

while for protons, the 200 MeV linear accelerator (Linac) is used. As an exam-

ple, Au nuclei with charge Q = −1e are produced by the Pulsed Sputter Ion

Source. They are then accelerated by Van de Graaff and some of their electrons

are knocked off by stripping foils. Au nuclei leaving the Tandem Van de Graaff

have an energy of about 1 MeV per nucleon and have an approximate average

electric charge Q = +32e (32 electrons stripped from the Au atom). The se-

lected Q = +32e particles are then accelerated to 95 MeV per nucleon by the

Booster Synchrotron. At the exit of the Booster Synchrotron the nuclei pass

through another stripping foil and Au nuclei with Q = +77e are selected for

injection into the Alternating Gradient Synchrontron (AGS). In the AGS they

finally reach 8.86 GeV per nucleon and after passing through a final stripping

foil, fully stripped Q = +79e Au nuclei are injected into the RHIC storage ring
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over the AGS-To-RHIC Transfer Line (ATR) sitting at the 6 o’clock position.

In proton beam operations, protons are injected from Linac to the Booster Syn-

chrotron and then accelerated and stored in the AGS and RHIC. In RHIC, ions

reach their top energy and can be stored up to 10 hours. Since the first physics

running in year 2000, RHIC has successfully run Au + Au and Cu + Cu colli-

sions at several beam energies and also d + Au and (polarized) p + p collisions at

√
s

NN
= 200 GeV.

2.2 STAR detector

The Solenoidal Tracker at RHIC (STAR) [Ack03b] shown in figure 2.2 is a com-

posite detector system which was constructed to study the behavior of strongly

interacting matter at high energy density and search for signatures of the for-

mation of the Quark Gluon Plasma (QGP). STAR is designed to simultaneously

measure many observables in an investigation of the space-time evolution for rel-

ativistic heavy ion collisions and searching for the possible phase transition in

this process.

To meet its physics goals, STAR is primarily designed to measure hadron

production over a very large solid angle, featuring detector systems for high pre-

cision tracking, momentum analysis and particle identification. Figure 2.2 shows

a layout of the STAR detector, with cutaway showing the inner components.

The whole detector is placed in a uniform magnetic field with a maximum field

strength of 0.5 T. The magnetic field allows momentum analysis for charged

particles by measuring the bend of their trajectories.

The Silicon Vertex Tracker (SVT) [Bel03] provides particle tracking close to

the interaction region. The main tracker Time Projection Chamber (TPC) [And03]
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Figure 2.2: Layout of the STAR detector with cutaway showing the inner com-

ponents.
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is 4.2 meters long and 0.5 to 2 meters in radius. It covers a pseudo-rapidity range

η ≤ 1.8 for tracking with complete azimuthal coverage (∆φ = 2π). A radial-

drift TPC (FTPC) [Ack03a] is also installed to extend particle tracking into

forward region (2.5 < η < 4.0). To extend particle identification in STAR to

larger momenta , a ring imaging Cherenkov detector [Bra03] and a time-of-flight

(TOF) patch are installed. The barrel and endcap Electromagnetic Calorime-

ters (EMC) [Bed03, All03] allow measurement of the event transverse energy,

and trigger on and measure high transverse momentum photons, electrons and

electromagnetically decaying hadrons.

2.2.1 DAQ and trigger

STAR has a fast data acquisition system (DAQ) [Lan03]. It receives data from

various detectors having a wide range of readout rates. Au + Au collision events

are ∼200 MB in size and are processed at input rates up to 100 Hz.

The trigger system for STAR [Bie03] is a 10 MHz pipelined system which is

based on input from fast detectors to control the event selection for the much

slower tracking detectors. The trigger system is functionally divided into different

layers with level 0 being the fastest while level 1 and 2 are slower but they apply

more sophisticated constraints on the event selection.

Fast detectors that provide input to the trigger system are a Central Trigger

Barrel (CTB) at |η| < 1 and two Zero Degree Calorimeters (ZDC) located in

the forward direction at θ < 2 mrad, at ±18 meters from the TPC center. The

ZDCs measure the total energy of neutrons which originate from the break-up of

the nuclei colliding in the interaction region at the center of the STAR detector.

A coincident signal of the ZDCs is the only requirement for the minimum bias

Au + Au trigger. The CTB provides a good estimate of number of charged
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particles produced in the mid-rapidity region. The central Au + Au data is

triggered by requiring coincidence in the ZDCs and a CTB signal which exceeds

a certain predetermined threshold. For p + p data taking, a coincident signal of

two Beam-Beam Counters (BBCs) is required for the minimum bias trigger.

2.2.2 Time Projection Chamber

The STAR TPC shown in figure 2.3 is the main tracker for STAR. It records

the tracks of particles, measures their momenta and identifies the particles by

measuring their ionization energy loss (dE/dx). Particles are identified over

a momentum range from 100 MeV/c to greater than 1 GeV/c and momenta

are measured over a range of 100 MeV/c to 30 GeV/c. The TPC is a three

dimensional tracking device with about 70 million pixels from 136,608 channels

of front end electronics (FEE).

Figure 2.3: A cutaway view of the STAR TPC.

25



The TPC is a cylindrical large volume gaseous detector which is put in a

uniform magnetic field. A uniform electric field of ∼ 135 V/cm is well defined by

a thin conductive Central Membrane (CM) at the center of the TPC, concentric

field cage cylinders and the read out end caps. The paths of primary ionizing

particles passing through the gas volume are reconstructed with high precision

from the released secondary electrons which drift to the readout end caps at the

ends of the chamber.

The TPC uses Multi Wire Proportional Chambers (MWPC) with readout

pads as the readout device. The drifting electrons avalanche in the high fields at

the 20 µm anode wires providing an amplification of 1000 to 3000. The image

charge produced on the pads is measured by a preamplifier/shaper/waveform

digitizer system. Usually the image charge is shared by several adjacent pads,

so the original track position can be reconstructed to a small fraction of a pad

width.

P10 (10% methane, 90% argon) has been chosen as the working gas for the

TPC. The gas pressure is maintained at 2 mbar above atmospheric pressure.

The P10 gas has a fast drift velocity which peaks at a low electric field. The

advantages are that operating on the peak velocity makes the drift velocity stable

and insensitive to small variations in temperature and pressure. The low voltage

also greatly simplifies the field cage design.

The TPC has been running stably and reliably for several years. It has pro-

duced many interesting and exciting physics results for STAR.
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CHAPTER 3

Data Analysis and Results

In this chapter the methods used to select events and measure the φ meson

production through its decay channel φ → K+K− in the available data samples

are presented. The event mixing technique which is used to measure φ meson and

other resonances has been developed in the STAR experiment and many details

can be found in Eugene Yamamoto’s PhD thesis [Yam01].

We start this chapter by describing the data sets that are used in the analysis,

followed by description of the detailed analysis procedure. We end this chapter

by presenting the results from the analysis. We will describe the methods that

are used to calculate the φ meson spectra, the elliptic flow v2 parameter, and

the vertex finding efficiency for p + p events. We will present the results for

the φ meson invariant multiplicity distribution, the calculated particle ratios, the

nuclear modification factor RCP and the φ meson v2.

3.1 Data

The data sets used in this measurement were taken by the STAR detector in

the year 2001 RHIC run for Au + Au and p + p collisions at
√

s
NN

= 200 GeV.

Information on these data sets are listed in table 3.1. At the time of writing this

thesis, there has been much more data from STAR that have been used for φ

analyses, but these new data will not be discussed here.
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Data Set Centrality Selection Vertex Z Cut Usable Events (M)

MinBias Au + Au (0-80%) |Z| ≤ 25 2.13

Central Au + Au (0-5%) |Z| ≤ 25 1.06

MinBias p + p MinBias |Z| ≤ 50 6.54

Table 3.1: List of data sets used for the φ meson measurement. The centrality

and vertex position (Z direction) selection are also listed. The number of usable

events is the final number of events after these selections.

The complete data sets include minimum bias (MinBias) triggered and central

triggered Au + Au collision events and minimum bias triggered p + p collision

events, all at
√

s
NN

= 200 GeV. The MinBias trigger for Au + Au collisions

requires a coincidence between the two ZDCs and the central trigger for the

Au + Au additionally requires a high energy deposition in the CTB, while the

MinBias trigger for p+p collisions requires a coincidence between the two BBCs.

Note that this p + p trigger configuration only triggers Non-Singly Diffractive

(NSD) p+p events at RHIC so what we are measuring is actually φ yield in NSD

p + p collisions.

An online cut on the vertex Z is set to only record events around the center

of the TPC when the detector is taking data. A cut on the vertex Z is applied

to avoid bias of this online vertex cut and also to select events around the center

of the TPC.

The centrality of Au + Au collisions is defined by slicing the uncorrected

number of charged hadron (Nch) distribution into several bins, where each bin

corresponds to a certain fraction of the total inelastic cross section. Figure 3.1

shows the uncorrected charged hadron distributions in both Au + Au and p + p

collisions. The Au + Au data are divided into 9 centrality bins from the most
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Figure 3.1: Left plot: Distribution of uncorrected number of charged tracks (Nch)

within |η| < 0.5 in 200 GeV Au + Au collisions. The distribution is sliced into

9 centrality bins according to the fraction to the total inelastic cross section as

indicated in the plot. Right plot: Nch distribution within |η| < 0.5 in 200 GeV

p + p collisions. The p + p data are divided into two multiplicity bins for study

of multiplicity dependence.

central bin toward the most peripheral bin (from right to left in the left plot

of figure 3.1): 0-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70%

and 70-80%. The 80-100% most peripheral bin is not used in the analysis due

to quickly decreasing vertex finding efficiency and triggering efficiency when the

multiplicity is low.

For the analysis of the φ meson, several centrality bins are combined together

to increase statistics in each bin. These centrality bins used are 0-10%, 10-

30%, 30-50% and 50-80%. To avoid trigger bias from the cut on CTB energy

deposition, only events in the top 0-5% centrality bin are used for the central

triggered Au + Au data.

The p+p data are divided into two multiplicity bins to study the multiplicity

dependence of φ meson production. The low multiplicity bin is defined as Nch <
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5 and the high multiplicity bin is defined as Nch ≥ 5. The final numbers of events

which passed all event selection criteria are listed in the final column of table 3.1.

3.2 Analysis

3.2.1 Applied cuts

For the reconstruction of the φ meson, we need to identify the two decay daughters

K+ and K−. Besides the cuts used to select events, there are several track cuts

applied to ensure the selection of desired and good tracks. Table 3.2 lists the

applied cuts used in the data analysis. Since the φ meson has a decay distance

of only 41 fm, the decay kaons should originate from the collision vertex, thus

only primary tracks (tracks which have a distance of closest approach (dca) to

the collision vertex less than 3 cm) are used for the φ meson analysis.

Applied Cuts for φ

Primary Track Yes

Track Fitting Flag flag > 0

Track Number of Fit Points nFit ≥ 15

Track Fit Points to Maximum Points Ratio nFit / nMax > 0.55

Track Pseudo-Rapidity |η| < 1.0

Track Momentum 0.1 GeV/c ≤ p ≤ 4.0 GeV/c

Track Transverse Momentum 0.1 GeV/c ≤ pt ≤ 4.0 GeV/c

Track PID by dE/dx −2.0 < nσkaon < 2.0

Track Pair δ−DipAngle δ−DipAngle > 0.04 Radian

Table 3.2: List of cuts used for the φ meson measurement.

Some track quality cuts are applied to ensure that we get the good tracks.
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The flag of a track is used to record the status of the track fitting at the stage of

track reconstruction. It is required to be greater than 0 to avoid tracks with bad

fitting. Number of fit points of the track is required to be nFit ≥ 15 and nFit

/ nMax > 0.55 to reject short tracks and splitting tracks. The pseudo-rapidity

(η) of the track is required to be within |η| < 1.0 to make sure selected tracks

are well within the TPC acceptance. Both the momentum (p) and transverse

momentum (pt) are required to be within [0.1 GeV/c, 4.0 GeV/c]. Tracks with

pt < 0.1 GeV/c are usually very short and not usable, while the high momentum

cut is used to reduce combinatorial background.
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Figure 3.2: The mean ionization energy loss (〈dE/dx〉) (in GeV/cm) of charged

track in the TPC gas vs. rigidity (p × charge) of the track. Black points are for

all of the charged tracks and red points are for the selected kaons and protons.

Charged tracks in the TPC are identified by their ionization energy loss dE/dx

in the TPC gas. The energy loss is calculated at each hit point and the mean is

calculated after truncating the highest 30%. Figure 3.2 shows the mean ionization

energy loss (〈dE/dx〉) of charged tracks measured by the TPC vs. the rigidity of
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the track. Different bands correspond to different particle species as indicated by

names in the figure. The electron/positron band crosses with the pion bands,

kaon bands and proton bands in different pt regions. Through the 〈dE/dx〉
measurement, kaons and pions can be separated by the TPC up to a momentum

of about 0.6 GeV/c; And protons can be separated from kaons and pions up to a

momentum of about 1.1 GeV/c. The red dots in the figure are kaon and proton

(anti-proton) bands in certain momentum range by a 2 σ cut on 〈dE/dx〉 for kaons

and protons respectively. For the φ meson analysis, a cut −2.0 < nσkaon < 2.0 is

applied to select the kaon sample. As we can see from the figure, the kaon sample

is contaminated by electrons around p = 0.5 GeV/c, pions at p ' 0.6 GeV/c and

protons at p ' 1.0 GeV/c.

Due to the electron contamination in the kaon sample, the K+K− pair we

used to calculate the φ meson invariant mass may be actually an e+e− pair. This

brings the e+e− pairs from photon conversion in the materials of the detector into

our data. The result is that a huge photon conversion peak, which may affect the

extraction of φ meson yield, appears near the threshold of two kaons’ invariant

mass. It is therefor necessary to eliminate or at least reduce the contamination

from photon conversion.

Fortunately, the e+ and e− from photon conversion are found to have a small

δ−DipAngle distribution, so a δ−DipAngle > 0.04 radian cut is applied to remove

contamination from photon conversion. A layout of δ−DipAngle between two

tracks is shown in figure 3.3 and defined by

δ−DipAngle = arccos(
pt1pt2 + pz1pz2

p1p2

). (3.1)

Most of the contamination from photon conversion can be removed by applying

this cut. The effect of this δ−DipAngle cut on the φ meson reconstruction

efficiency is found to be small, lowerring the efficiency by < 5% at pt < 1.0 GeV/c
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Figure 3.3: δ−DipAngle between two tracks.

and ∼ 10% at pt > 2.0 GeV/c.

3.2.2 φ meson signal building and yield extraction

After selecting the K+ and K− samples, the φ meson invariant mass (minv) is

calculated for every permutation of K+K− pair and accumulated in each trans-

verse momentum, rapidity and invariant mass ((pt, y,minv)) bin (same event).

The resulting invariant mass distribution consists of a φ meson peak on top of

a combinatorial background. For the calculation of the background, the event

mixing technique as described in [Yam01, DFN84, LH94] is used. To get the

best description of the background shape, the two events to mix with each other

should have similar geometric shape, i.e. similar track number, similar track

space and momentum distributions etc. In our data analysis, the two events that

mix with each other is required to have a similar vertex position (they belong to
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the same vertex Z bin, each bin is 10 cm wide for p + p events and 5 cm wide for

Au + Au events) and charged hadron multiplicity to make sure the two events

have similar geometric shape. To increase statistics for the mixed event and at

the same time lower the memory consumption of computing, each event is mixed

with 10 other events for p + p data and 4 other events for Au + Au data. The

resulting invariant mass distribution from both same event and mixed event in

the measured pt range 0.4 GeV/c < pt < 4.0 GeV/c and rapidity range |y| < 0.5

are shown in figure 3.4 and 3.5.
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Figure 3.4: φ meson invariant mass distribution from MinBias Au+Au collisions

at 200 GeV. Left plot: Red histogram represents the invariant mass distribution

from same event while the black histogram is from mixed event. The two distri-

butions almost overlap with each other. The φ meson peak is not visible from the

same event invariant mass distribution without background substraction. Right

plot: φ meson invariant mass distribution after background subtraction from

event mixing. The fit to the invariant mass is a Breit-Wigner function for the φ

peak plus a linear function for the residual background.

The red histograms in the left plots of figure 3.4 and 3.5 are the same event

invariant mass distribution while the black histograms are the background dis-

tribution calculated by event mixing. We can see from the left plot of figure 3.4

that the event mixing background matches the same event distribution well. The
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φ meson peak is not visible due to the overwhelming combinatorial background.

However, for the invariant mass distribution in p + p collisions from the left plot

of figure 3.5, we can clearly see a peak for the φ meson at m ∼ 1.019 GeV/c2

from the same event. There are also excesses over the event mixing background

at m > 1.06 GeV/c2 which are mainly due to the contaminations from other

particles. For example, from the study of simulation the invariant masses of

K0
S → π+π− and Λ → p+π− will show up in this region when the pion daughters

are misidentified as kaons, as shown in both Au + Au and p + p data.
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Figure 3.5: φ meson invariant mass distribution from p+p collisions at 200 GeV.

Left plot: Red histogram represents the invariant mass distribution from same

event while black histogram is from mixed event. The large peak at invariant

mass around 1.019 GeV/c2 is the φ meson peak, while the excesses at invariant

mass greater than 1.06 GeV/c2 are mainly from particle misidentification. Right

plot: φ meson invariant mass distribution after background subtraction from

event mixing. The fit to the peak is a Breit-Wigner plus a linear function.

The event mixing background is normalized to the same event distribution in

the mass region 1.04 GeV/c2 < minv < 1.06 GeV/c2, and then subtracted from

the same event distribution. The results are presented in the two right plots of

figure 3.4 and 3.5. The fit to the peak is a Breit-Wigner plus a linear background
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function:

n

1000

1

2π

Y Γ

(minv − m0)2 + Γ2/4
+ B

n = Invariant mass bin width in unit of MeV/c2

minv = Mass peak position in GeV/c2

Y = Resonance raw count

Γ = Full width half maximum (FWHM) in GeV/c2

m0 = Resonance mass in GeV/c2

B = p1minv + p0, background function (3.2)

The fit parameters from 200 GeV p + p and Au + Au collisions are listed in

table 3.3. The measured mass and width are consistent with that from the

embedding study, thus consistent with the values in PDG for the φ.

Au + Au p + p

mass (GeV/c2) 1.0193± 0.0001 1.0192± 0.0001

FWHM (MeV/c2) 6.8± 0.3 7.2± 0.3

Table 3.3: Extracted mass and width of the φ meson from a Breit-Wigner plus

a linear function fit to the invariant mass distribution in p + p and Au + Au

collisions. Errors are statistical only.

The φ meson raw yield is extracted in each pt and rapidity bin by fitting the

invariant mass distributions. The extracted raw yield is then corrected by accep-

tance and tracking efficiency to calculate the invariant multiplicity distribution

as a function of transverse mass and rapidity.
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3.2.3 Acceptance and tracking efficiency correction

The acceptance and tracking efficiency are studied by embedding techniques.

Simulated φ mesons with flat pt and rapidity distribution (input φ mesons) are

generated and then allowed to decay in the GEANT program. Input φ mesons

are called Monte-Carlo φ mesons if both of the decayed kaons leave a Monte-

Carlo track in the TPC. Simulated responses of GEANT for the generated φ

are embedded into raw real events and then go through the track and event

reconstruction software as used for real data production.
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Figure 3.6: The total correction factor (Detector acceptance × tracking efficiency)

for the φ meson in p+p and different centralities of Au+Au collisions as calculated

by embedding technique.

Reconstructed φ mesons are counted if both decay daughters (K+K−) are

reconstructed tracks after all cuts used in the real data analysis are applied. De-

tector acceptance is calculated by dividing the number of Monte-Carlo φ mesons
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by the number of input φ mesons, while the tracking efficiency is calculated by

dividing the number of reconstructed φ mesons by the number of Monte-Carlo φ

mesons. The total correction factor is calculated as the product of these two.

Figure 3.6 shows the correction factor for the φ meson as a function of pt in

p + p collisions and in 5 centrality bins of Au + Au collisions. The correction

factor rises quickly from about 5% at 0.5 GeV/c to about 40% at 2.0 GeV/c,

and stays almost flat up to 4.5 GeV/c. The correction factor in p + p collisions

is similar to that of peripheral Au + Au collisions, and decreases from p + p and

peripheral Au + Au to central Au + Au collisions due to increasing occupancy in

the TPC.

3.2.4 Vertex finding efficiency for p + p

The collision vertex finding efficiency drops quickly for low multiplicity events. If

the vertex of an event is not reconstructed (called lost event) or reconstructed at

a wrong place (called fake event), the φ meson will not be reconstructed. Those

lost events will not be counted in the final number of events either. Since for p+p

collisions at 200 GeV, the mean number of charged hadrons at mid-rapidity is

only dN/dη ∼ 2.65, it is therefore necessary to study the vertex finding efficiency

and make the necessary corrections to get accurate measurement of φ meson

spectra in p + p collisions. If the vertex finding inefficiency affects the φ spectra

shape, correction as a function of pt will be needed. Only a normalization factor

needs to be applied if the vertex finding inefficiency does not affect the spectra

shape.

There are two kinds of vertex finding inefficiencies as listed below.

1. Lost events. Events that have no vertex reconstructed.
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2. Fake events. Events that have the vertex reconstructed at the wrong place,

|V reconstructed
Z − V real

Z | > 2.0 cm.

By embedding Hijing p + p events into abort-gap events (events that are trig-

gered by the time of beam bucket), we are able to study these vertex finding

inefficiencies. Figure 3.7 shows the vertex reconstruction efficiency (left plot) and

the fraction of fake events (right plot) as a function of the number of good global

tracks, where good global tracks are defined in table 3.4.

Criteria for good global tracks

flag > 0

nFit ≥ 15

Table 3.4: Criteria for good global tracks.

We can see that the vertex finding efficiency increases quickly at low number

of good global tracks and nearly saturates at 1 when number of good global tracks

is greater than 5. The fraction of fake events drops very quickly when number of

good global tracks increases. The total fraction of lost events is 14.35% and the

fraction of fake events is 9.32% of the total Hijing events respectively.

To study the possible effects of vertex finding inefficiencies on the measured

φ spectra, we also need to look at these inefficiencies for events with at least one

φ decaying to two kaons. The vertex inefficiencies may be very different for these

events with φ. To get the vertex finding efficiency correction for resonances such

as the φ meson, we need to study the number of lost φ mesons due to vertex

finding inefficiencies.

Figure 3.8 shows the number of produced φ mesons as a function of number

of good global tracks in Hijing p+p events. We can see that most φ are produced

in events that have number of good global tracks greater than 5. This means
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Figure 3.7: Left plot: Vertex reconstruction efficiency as a function of number of

good global tracks for Hijing p+p events embedded into abort-gap events. Right

plot: Fraction of events with a fake vertex to the total simulated Hijing events

as a function of number of good global tracks in the same p + p data.
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Figure 3.8: Number of produced φ meson as a function of number of good global

tracks in Hijing p + p events.
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the number of lost φ due to vertex inefficiencies is small since the vertex finding

efficiency is very high and the fraction of fake events is very low for events that

have a number of good global tracks greater than 5. By requiring Hijing events

to have at least one φ decaying to kaons at mid-rapidity (satisfy criteria listed

in table 3.5), it is calculated that the vertex finding efficiency is 98.8% and the

fraction of fake events is 2.59%. The conclusion is that the lost of φ due to vertex

finding inefficiencies is very small and thus negligible. Only the total number of

events due to lost events (14.35%) needs to be corrected, that is, the number of

events used to calculate the spectra needs to be scaled by 1/(1 − 0.1435).

Hijing events with φ

At least one φ in |y| <0.5

Daughter track K+K− flag > 0

Daughter track K+K− |η| < 1.0

Daughter track K+K− nFit ≥ 15

Daughter track K+K− nFit / nMax > 0.55

Table 3.5: Definition of Hijing events with φ.

3.2.5 Nuclear modification factors

Nuclear modification factors are defined by

RAA(pt) =
[(d2N/dpt)/Nbin]AA

[(σNSD/σinel)d2N/dpt]NN
(3.3)

and

RCP (pt) =
[(d2N/dpt)/Nbin]Central

[(d2N/dpt)/Nbin]Peripheral
, (3.4)

where RAA is the yield ratio of A + A collisions to inelastic N + N collisions and

RCP is the yield ratio of central A + A collisions to peripheral A + A collisions,
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both normalized by number of equivalent nucleon-nucleon collisions (Nbin). Nbin

in the formula is derived from a Monte-Carlo Glauber model calculation [Adl02a].

The total inelastic cross section for p + p collisions at 200 GeV used here is

σNN
inel = 42 mb. However, the STAR only measures p + p Non-Singly Diffractive

(NSD) cross section which is σNN
NSD = 30.0 ± 3.5 mb. So the ratio σNN

NSD/σNN
inel is

used to scale our measured yield in NSD p+p collisions to inelastic p+p collisions.

This is reasonable since singly diffractive interactions contribute predominantly

to low pt part, thus its impact on our measured φ yield is negligible and the only

correction needed is the overall normalization of the total cross section.

3.2.6 Elliptic flow v2 measurement

In this section we present the method used to measure the anisotropic flow pa-

rameter v2 of the φ meson. We employ the standard reaction plane method as

described by Poskanzer and Voloshin [PV98] using a Fourier expansion to describe

particle emission with respect to the reaction plane angle

E
d3N

d3p
=

1

2π

d2N

ptdptdy

(

1 +
∞

∑

n=1

2vn cos[n(ϕ − Ψr)]

)

, (3.5)

where Ψr is the real reaction plane angle and ϕ is the φ meson azimuthal angle.

The coefficient in the second order term of the expansion is the dominant part

called the anisotropic flow parameter v2.

The real reaction plane angle Ψr is not known, but it can be estimated exper-

imentally. The estimated event plane angle from the second order harmonic (Ψ2)

is used, which has a finite resolution due to limited number of particles available

for the estimation. The reaction plane resolution is estimated by dividing the

whole event into two sub-events and it is used to correct the observed vobs
2 to get

the final determination of v2 for the φ meson.
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Applied Cuts

Primary Track Yes

Track Fitting Flag flag > 0

Track Number of Fit Points nFit ≥ 15

Track Fit Points to Maximum Points Ratio nFit / nMax > 0.55

Track Pseudo-Rapidity |η| < 1.0

Track Momentum p >0.1 GeV/c

Track Transverse Momentum pt >0.1 GeV/c

Table 3.6: List of cuts for reaction plane angle calculation.

Selected tracks (cuts are shown in table 3.6) are used to calculated the two

components (Xn and Yn) of the flow vector Q2 and the reaction plane angle Ψ2

by the following equations

X2 = Q2 cos(2Ψ2) =
∑

i

[wi cos(2ϕi)]

Y2 = Q2 sin(2Ψ2) =
∑

i

[wi sin(2ϕi)]

Ψ2 =

(

arctan
Y2

X2

)

/2. (3.6)

The weight used here includes both pt-weight and ϕ-weight. The pt-weight is

taken to be pt up to 2.0 GeV/c and constant above that. ϕ-weight is taken to

be the reciprocal of all selected tracks’ ϕ distribution. In order to make ϕ-weight

represents different run conditions and gets enough statistics at the same time,

some runs are combined together to calculate the ϕ-weight. The whole event is

randomly divided into two sub-events a and b with equal multiplicity to calculate

the reaction plane resolution. The event plane resolution is calculated by

〈cos[2(Ψ2 − Ψr)]〉 =
√

2
√

〈cos[2(Ψa
2 − Ψb

2)]〉, (3.7)
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where Ψa
2 and Ψb

2 are the event plane angles of the two sub-events respectively.

For the MinBias 0-80% Au + Au data, the calculated reaction plane resolution is

0.69.

It has been found that strong auto-correlations exist when tracks used to

calculate φ invariant mass are also used to calculate the reaction plane angle.

These auto-correlations are eliminated by excluding those tracks that are used

for the φ invariant mass calculation from the reaction plane angle estimation.
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Figure 3.9: Normalized φ meson yield distribution as a function of ϕ−Ψ2. ϕ−Ψ2

represents the azimuthal angle of φ meson with respect to the azimuthal angle

of the estimated reaction plane. A function is used to fit the data points and

extract the vobs
2 parameter.

In order to calculate the observed vobs
2 , the φ meson yield is extracted in each

(pt, ϕ−Ψ2) bin. The extracted yield distribution as a function of ϕ−Ψ2 is then

fitted by function

A[1 + 2vobs
2 cos 2(ϕ − Ψ2)], (3.8)
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where A is a constant, to extract the vobs
2 value as shown in figure 3.9.

The yield in the figure is normalized by the mean yield in each ϕ − Ψ2 bin

to make the data points reside around 1. The extracted vobs
2 is divided by the

reaction plane resolution to get the final v2 of the φ meson.

From simulation studies, it has been found that due to limited number of

ϕ − Ψ2 bins (only 5 bins for the φ meson) and limited statistics in each bin,

the measured v2 is usually about 7% lower than real v2. The limited statistics

in each bin also introduces extra systematical uncertainty for the measured v2,

especially in the low pt region where it can be the dominant component of the

total uncertainties.

3.3 Results and discussions

3.3.1 Mass and width

It has been proposed to search for a signature of (partial) chiral symmetry restora-

tion and/or in-medium effects by looking for possible modification of the φ meson

mass and width in heavy ion collision.

A comparison of the measured width after de-convolution of detector resolu-

tion with the PDG value in 130 GeV Au + Au collisions has been discussed in

detail in Section 6.1 of Yamamoto’s PhD thesis [Yam01]. No obvious broadening

of the φ meson width was observed. The situation is similar in 200 GeV Au+Au

and p + p collisions and thus will not be discussed here.

Figure 3.10 shows the φ meson mass measured from real data (filled circles)

and from embedding (filled triangles) as a function of pt. The lines in the plots

indicate the φ mass value from the PDG. The left plot is from p+p data while the

right plot is from top 5% central Au+Au data. It is seen that the measured φ mass
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Figure 3.10: φ meson mass measured from real data (filled circles) and embedding

(filled triangles) as a function of transverse momentum pt. The left plot is from

p + p data and the right plot is from top 5% central Au + Au data. Error bars

are statistical errors only.

is lower than the PDG value for the low pt region (0.4 GeV/c < pt <0.6 GeV/c)

and consistent with the PDG value in the higher pt region (pt >0.6 GeV/c) for

both data sets. The same trend is also seen from the simulations as shown by

filled triangles in the figure. Within the uncertainties the measured mass from real

data is consistent with that from simulations. Therefore the low pt deviation of

the measured φ mass from the PDG value is understood as due to the energy loss

of decayed daughter kaons in the detector materials as shown by the simulation

results.

The conclusion from the mass and width measurement is that no obvious

modification of the φ mass and width is seen in both p+p and Au+Au collisions at

200 GeV in the measured transverse momentum region pt > 0.4 GeV/c. Further

tests would need to extend the φ measurement to a much lower pt region and

have a precise measurement of charged track energy loss in the detector material.
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3.3.2 Transverse mass spectra

After taking into account the acceptance and tracking efficiency correction for

both Au + Au and p + p data and the additional vertex finding efficiency for

p + p data, the φ invariant yield 1
Nevents

1
2πmt

d2N
dmtdy

is calculated as a function of

transverse mass mt − mφ. The results are shown in figure 3.11, which presents

the transverse mass spectra in 5 centrality bins for Au + Au collisions and in 3

multiplicity bins for p + p collisions. Some distributions in the figure are scaled

by different factors to guide eyes. The top 5 % Au + Au data are from the

central triggered data set while the other centrality bins of Au + Au data are

from MinBias triggered data set. The p + p MinBias data set is divided into two

extra multiplicity bins (Nch < 5 and Nch ≥ 5).

The lines in the figure are fit results using a single exponential function

1

Nevents

1

2πmt

d2N

dmtdy
=

1

2π

dN/dy

T (mφ + T )
e−(mt−mφ)/T , (3.9)

where dN/dy and T are fit parameters, for Au+Au data and a double exponential

function

1

Nevents

1

2πmt

d2N

dmtdy
= A1e

−(mt−mφ)/T1 + A2e
−(mt−mφ)/T2 , (3.10)

where A1, T1, A2 and T2 are fit parameters, for p + p data.

It can be seen that the spectra in Au+Au collisions can be well fit by a single

exponential function. However, the spectra in p + p collisions exhibit a power

law shape at high pt and thus can not be described well by a single exponential

function. A double exponential function is used to fit the p+ p results and it can

represent the data well. The inverse slope T , 〈pt〉 and yield dN/dy values are

extracted from the fits to the spectra and are listed in table 3.7.

Only statistical uncertainties are shown in the figure. The main contributions

to the systematic uncertainty come from fitting to the K+K− invariant-mass
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Figure 3.11: The φ meson transverse mass distributions from 5 centrality bins in

Au+Au collisions and 3 multiplicity bins in p+p collisions at 200 GeV. For clarity,

some distributions are scaled by factors as indicated in the figure. The top 5%

data are obtained from the central triggered data set. All other distributions are

obtained from the minimum-bias triggered data set. Lines in the figure represent

fit to the distributions. The fit is a single exponential function for Au + Au

collisions and a double exponential function for p + p collisions. Error bars are

statistical errors only.
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distribution, tracking and the PID efficiency calculation. Different background

functions and normalization factors for the mixed-event background were used to

determine the uncertainty in the fitting to the invariant-mass distribution and is

estimated to be about 5%. The uncertainty from tracking and PID efficiency is

estimated, by varying the tracking and PID cuts on the daughter tracks, to be

8%. The overall systematic uncertainty for the yield, dN/dy and 〈pt〉 in Au+Au

collisions is estimated to be 11%, and includes an additional contribution from

fitting the transverse momentum distributions. The systematic uncertainty is

∼ 15% in the overall normalization and ≤ 5% in mean pt for the p + p data,

including uncertainties in the vertex efficiency for very low multiplicity events.

Centrality Slope (MeV) 〈pt〉 (GeV/c) dN/dy

Au + Au 0–5% 363 ± 8 0.97 ± 0.02 7.70 ± 0.30

Au + Au 0–10% 357 ± 14 0.95 ± 0.03 6.65 ± 0.35

Au + Au 10–30% 353 ± 8 0.97 ± 0.02 3.82 ± 0.19

Au + Au 30–50% 383 ± 10 1.02 ± 0.03 1.72 ± 0.06

Au + Au 50–80% 344 ± 9 0.94 ± 0.02 0.48 ± 0.02

p + p minbias −− 0.82 ± 0.03 0.018 ± 0.001

p + p Nch < 5 −− 0.75 ± 0.04 0.011 ± 0.001

p + p Nch ≥ 5 −− 0.91 ± 0.05 0.040 ± 0.003

Table 3.7: Determinations of the φ meson inverse slope parameter T , 〈pt〉, and

yield dN/dy from 5 centrality bins of Au + Au collisions and three multiplicity

bins of NSD p + p collisions at RHIC. A single exponential function is used to

fit the Au + Au data while a double-exponential function is used to fit the p + p

data. All values are for |y| < 0.5 and only statistical errors are quoted.

It’s interesting to see that the p + p spectra have a power law tail at high pt

while the Au+Au data are represented well by a single exponential function. This
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difference of the spectrum shape is likely due to the suppression of φ production

at high pt in Au + Au collisions. Future higher statistics data will allow the

φ spectra to be measured in finer centrality bins and up to higher pt, and will

explore in more detail the changing of the spectrum shape with system-size, from

p + p to peripheral and central Au + Au collisions.

The integrated yields for hadrons measured at RHIC, including the φ yield,

are found to agree surprisingly well with statistical models under the assumption

that the system has reached thermal and chemical equilibrium (see figure 12

in reference [Ada05b]). This observation suggests that thermal and chemical

equilibration is at least approximately achieved in heavy ion collisions at RHIC.

Hydrodynamics motivated blast wave fits to the measured spectra have been

done and the freeze out temperature and flow velocity are extracted as a function

of centrality (see figure 14 in reference [Ada05b]). For the copiously produced π,

K and p, the fitted freeze out temperature decreases from p + p and peripheral

Au + Au collisions toward central Au + Au collisions, while the flow velocity in-

creases at the same time. This is understood as the result of smaller interaction

volume in p+p and peripheral Au+Au collisions and an extended system volume

in central Au + Au collisions. For the multi-strange hadrons φ and Ω, the fitted

results indicate that they freeze out earlier (at higher temperature, consistent

with the chemical freeze out temperature) and that the flow velocity is lower

than for the π, K and p. This suggests diminished hadronic interactions with the

expanding bulk matter after chemical freeze out for the φ and Ω. The substantial

radial flow velocity for φ and Ω would have to be accumulated prior to chemical

freeze out, giving the multi-strange hadrons greater sensitivity to collective be-

havior during earlier partonic stages of the system evolution. However, the fits

for φ and Ω have quite large uncertainties, and firm conclusions will be drawn
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only after the analyses of the coming high statistics data.

3.3.3 〈pt〉 and particle ratios

The system-size and beam-energy dependence of 〈pt〉, the yield ratio φ/K− and

the yield ratio φ/h− are shown in figure 3.12. Plot (a) shows the φ 〈pt〉 distribution

as a function of number of charged hadrons. For comparison, the 〈pt〉 of the p̄,

K− and π− [Ada04b] are also shown.

The φ/h− yield ratio at 200 GeV shows no significant dependence on centrality

for Au + Au collisions, but decreases by about 30% for p + p collisions, see open

symbols in plot (b). As a function of beam energy, see plots (c) and open circles

in plot (d), both the values of φ 〈pt〉 and the φ/h− yield ratio increase. This

indicates that the production of φ mesons is sensitive to the initial conditions

of the collision. In p + p collisions, φ 〈pt〉 is found to increase with increasing

multiplicity as seen in table 3.7, possibly due to increasing contribution from

mini-jet production in high multiplicity p + p events.

From plot (a) it can be seen that the general trend for p̄, K− and π− is an

increase in 〈pt〉 as a function of centrality, which is indicative of an increased

transverse radial flow velocity component to these particles’ momentum distribu-

tions toward central Au+Au collisions. The φ 〈pt〉, however, shows no significant

centrality dependence. This indicates that the φ does not participate in the trans-

verse radial flow as does the p̄, K− and π−. This is expected if the φ decouples

early on in the collision before transverse radial flow is completely built up. If the

φ hadronic scattering cross section is much smaller than that of other particles,

one would not expect the φ 〈pt〉 distribution to be appreciably affected by any

final state hadronic rescatterings. In contrast to these observations, the RQMD

predictions of 〈pt〉 for the kaon, proton and φ all increase as functions of centrality
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Figure 3.12: (a) φ meson 〈pt〉 vs. measured number of charged hadrons (Nch)

within |η| ≤ 0.5 at 200 GeV. For comparison, the values of 〈pt〉 for negative

pions, kaons, and anti-protons are also shown (dashed lines are used to con-

nect data points and guide eyes); (b) Ratios of N(φ)/N(K−), filled symbols, and

N(φ)/N(h−), open symbols, vs. Nch; (c) 〈pt〉 vs. center-of-mass beam energy

from central nucleus-nucleus (filled circles) and p + p collisions (filled triangles);

(d) Ratios of N(φ)/N(K−) from central nucleus-nucleus collisions, filled circles,

and N(φ)/N(h−), open circles, vs. center-of-mass beam energy. N(φ)/N(K−)

ratio from e+e− collisions (open squares) are also shown. Note: All plots are

from mid-rapidity. Both the statistical and systematic errors are shown for the

200 GeV STAR data, while only statistical errors are shown for the energy de-

pendence of the particle ratios.
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[Sor95, CLL03].

The yield ratio φ/K− from this analysis is constant as a function of centrality

and collision system species (p + p or Au + Au). In fact, for collisions above the

threshold for φ production, the φ/K− ratio is essentially independent of system

size, e+ + e− to nucleus-nucleus, and energy from a few GeV up to 200 GeV

(figure 3.12 (d)) [Bac04a, Ahl98, Afa00, Afa02, Adl02b, Adl04, Ada05c, Eid04].

This is remarkable, considering that the initial conditions of an e+ + e− collision

are so drastically different from Au+Au collisions. This observation may indicate

that the ratio is dominated by the hadronization process.
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Figure 3.13: φ/K− yield ratio calculated by UrQMD model as a function of

number of charged hadrons within |η| < 0.5 (triangles) as well as the measured

ratio (circles). The ratio from UrQMD is scaled to the measurement in the most

peripheral bin.

Rescattering models (RQMD [Sor95], UrQMD [Ble99, Bas99]) predict that

about 2/3 of φ mesons come from kaon coalescence in the final state. The cen-
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trality dependence of the φ/K− ratio alone provides a serious test of the current

rescattering models. In these models, such as UrQMD, rescattering channels for

φ production includes KK̄ and K-Hyperon modes and predicts an increasing

φ/K− ratio vs. centrality as can be seen in figure 3.13. These models also pre-

dict an increase in 〈pt〉 for the proton, kaon, and φ of 40 to 50% from peripheral

to central collisions. A comparison of the data to these models does not support

the kaon coalescence production mechanism for φ mesons.

3.3.4 Nuclear modification factors RCP and RAA

A comparison of the RCP for the φ, K0
S and Λ is shown in figure 3.14 (a). Both

statistical and systematic errors are included in the figure. The ratio RAA for

central (top 5%) and peripheral (60-80%) Au + Au data are shown in figure 3.14

(b) and (c), respectively. RAA for charged hadrons [Ada03] is also shown as a

reference. The charged hadron and φ peripheral RAA both go above the binary

scaling limit, but are consistent with unity within the systematic uncertainties.

The φ central RAA approaches unity and point to point is higher than RCP .

With the systematic uncertainty on the normalization of the ratio, however, both

RAA and RCP are consistent. Note that a RAA ratio that is higher than the

RCP ratio would be consistent with OZI suppression of φ production in p + p

[Oku63, Zwe64, IOS66] and/or strangeness enhancement in Au + Au collisions.

A measurement of RAA vs. system size may be sensitive to the system size at

which OZI becomes irrelevant to φ production.

The φ RCP result is consistent with partonic recombination models [DH77,

HY03, FMN03b, FMN03a]. In these models, hadronization proceeds by recom-

bining 2 (3) quarks to form mesons (baryons) up to intermediate pt region. Thus

the centrality dependence of the yield at intermediate pt depends on the number
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(RCP ) normalized by 〈Nbin〉. The ratios for the Λ and K0
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ted-dashed and dashed lines, are taken from [Ada04d]; RAA (b) and (c) are the

ratios of central Au + Au (top 5%) to p + p and peripheral Au + Au (60-80%)

to p + p, respectively. The values of RAA for charged hadrons are shown as open

circles [Adl02a]. The width of the gray bands represent the uncertainties in the

estimation of 〈Nbin〉 summed in quadrature with the normalization uncertainties

of the spectra. Errors on the φ meson data points are the statistical plus 15%

systematic errors.
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of constituent quarks rather than on the particle mass. The STAR measurement

of RCP for various hadrons supports the prediction from recombination models

(see figure 15 in [Ada05b]). Further high statistics data for the φ are needed to

draw a solid conclusion on whether φ follows number of constituent quark scaling

or particle mass scaling and provide in detail the scaling behavior.

3.3.5 Elliptic flow v2

The measured φ meson elliptic flow v2 as a function of pt is shown by filled

squares in figure 3.15. For comparison, v2 values for the K0
S (filled triangles), Λ+Λ̄

(filled circles) and charged hadrons (open diamonds) measured by STAR [Ada04d,

Ada05a] are also shown. Lines represent π, K, p and Λ v2 calculated by hydrody-

namical model [HKH01]. The observed non zero v2 value indicates that the φ has

developed a significant amount of elliptic flow in Au + Au collisions. Since the

φ does not participate in the hadronic stage interactions, the non zero v2 must

have been built up in a pre-hadronic stage. This is consistent with the scenarios

of recombination/coaslescence models where v2 is assumed to have developed in

partonic stage [NFB04, MV03, GKL03, LK02]. The v2 scaled by number of con-

stituent quarks as a function of pt scaled by number of constituent is found to be

consistent with one universal curve for several identified hadrons [Ada04d]. These

results point directly to quark flow in the early partonic stages if this observation

is further confirmed by more precise measurements.

The current measurements haven’t been able to nail down whether the φ v2

follows the mass hierarchy in the low pt region (pt < 1.5 GeV/c) as suggested

by hydro models, and whether the φ follows the number of constituent quark

scaling in the intermediate pt region (2.0 GeV/c < pt < 5.0 GeV/c) as indicated

by recombination/coalescence models. Precise measurement of the φ v2 as a
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function of pt and collision centrality will shed more insight into the hadronization

processes in heavy ion collisions and help disentangle different models.
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Figure 3.15: Measured φ meson v2 as a function of transverse momentum (filled

squares). The v2 measured for K0
S (filled triangles), Λ + Λ̄ (filled circles) and

charged hadron (open diamonds) are also shown in the figure. Lines represent

results of the calculation by hydrodynamic model for various particles as indicated

in the figure. The error bars for the φ meson data points include statistical errors

only.
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CHAPTER 4

Searches for Pentaquark Particles at RHIC

In this chapter we describe the analysis procedures for the searches of the pen-

taquark particles Θ++, Ξ−− and their anti-particles from the STAR experiment.

The data samples that are used will be discussed first. Then we will present

the analysis procedures and the results for the search of Θ++. After that the

search for the Ξ−− is presented in a separate section since the procedures are

quite different from that of the Θ++.

4.1 Data sets

During the first few years of RHIC running, STAR has accumulated several data

samples which are of interest for searches of pentaquark particles. These data

sets include minimum bias triggered p + p events at
√

s
NN

= 200 GeV which

were collected in the year 2001 running, minimum bias triggered d+Au events at

√
s

NN
= 200 GeV which were collected in the year 2003 running, minimum bias

triggered Au + Au events at
√

s
NN

= 62.4 GeV which were collected in the year

2004 running, minimum bias triggered Cu+Cu events at
√

s
NN

= 62.4 GeV which

were collected in the year 2005 running and minimum bias triggered Au + Au

events at
√

s
NN

= 200 GeV which were collected in the year 2004 running.

In relativistic heavy ion collisions at RHIC, the charged particle yield scales

with the number of nucleon participant (Npart) in the collision. The combinatorial
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background is thus proportional to N2
part. As a result, the resonance signal to

background ratio (S/N) is much lower in central collisions than in peripheral

collisions for Au + Au collisions. The most central (top 20 %) collisions for the

Au + Au data sets are excluded for this reason.

The above data samples are taken by a minimum bias trigger setup. For the

p+p data, the BBC was used as the trigger detector while for the d+Au, Au+Au

and Cu + Cu data the ZDC and CTB were used as the trigger detectors. Events

are also selected so that they center around the TPC along the beam direction

(Z direction). The actual cuts on the vertex Z are listed below: |Z| < 50 cm

for p + p at 200 GeV, |Z| < 75 cm for d + Au at 200 GeV, |Z| < 30 cm for

Au+Au at 62.4 GeV, |Z| < 30 cm for Cu+Cu at 62.4 GeV and |Z| < 35 cm for

Au + Au at 200 GeV. In table 4.1, the collision system, the year of data taking,

the collision energy, the selected collision centrality, vertex Z and the total event

number available for the pentaquark particle search are listed.

Collision Year
√

s
NN

(GeV) Centrality |VertexZ| (cm) nEvent (M)

p + p 2001 200 MinBias < 50 6.5

d + Au 2003 200 MinBias < 75 18.6

Au + Au 2004 62.4 20 − 80% < 30 5.6

Au + Au 2004 200 20 − 80% < 35 10.7

Cu + Cu 2005 62.4 0 − 70% < 30 16.5

Table 4.1: List of data sets used in the search of pentaquark particle. All the

listed data are used in the search for Θ++(Θ̄−−), while only the d + Au data are

used for the search of Ξ−−(Ξ̄++).

After the minimum bias trigger selection, the collision vertex Z cut and the

centrality cut, 6.5 million p + p events at 200 GeV, 18.6 million d + Au events at
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200 GeV, 5.6 million Au + Au events in the 20-80% centrality bin at 62.4 GeV,

16.5 million Cu+Cu events in the 0-70% centrality bin at 62.4 GeV and 10.7 mil-

lion Au + Au events in the 20-80% centrality bin at 200 GeV have been used for

the results presented here. All these data sets are used for the search of the

Θ++ pentaquark, while only the d + Au data are used for the search of the Ξ−−

pentaquark.

4.2 Analysis and results for the Θ++

4.2.1 Analysis procedures

Some track quality cuts are applied to select the appropriate decay daughters,

similar to that for φ meson measurement. Since the particle we are looking for is

supposed to have a very short life time, the tracks from its decay should originate

from the collision vertex. Thus each track is required to be a primary track, that

is, it has a dca to the event vertex less than 3 cm. Tracks are required to have

at least 15 hit points (nHit≥15) in the TPC, and the ratio of the actual number

of hit points to the maximum possible number of hit points is required to be

great than 0.55 (nHit/nMax>0.55) to ensure a good track and reject possible

splitting tracks. A loose pseudo-rapidity cut (|η| < 1.5) is imposed to accept as

many usable tracks as possible while avoiding the acceptance of tracks outside

the TPC. A dE/dx cut on nσ is used to select the corresponding track species

(kaons and protons). Cuts on the momentum of the daughters are also used to

limit the amount of contaminations from unwanted particles. These cuts used in

the analysis are listed in table 4.2.

For the Θ++ search, the invariant mass of every pK+ (or p̄K−) pair is calcu-

lated and accumulated in each transverse momentum (pt), rapidity (y) and mass
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Applied Cuts for Θ++

Primary Track Yes

Track Fitting Flag flag > 0

Track Number of Hit Points nHit ≥ 15

Track Hit Points to Maximum Points Ratio nHit / nMax > 0.55

Track Pseudo-Rapidity |η| < 1.5

Kaon PID −2.0 < nσkaon < 2.0

Kaon Momentum 0.2 GeV/c ≤ p&pt ≤ 0.6 GeV/c

Proton PID −2.0 < nσproton < 2.0

Proton Momentum 0.3 GeV/c ≤ p&pt ≤ 1.0 GeV/c

Track Pair y |y| < 0.5

Table 4.2: List of cuts used for the search of Θ++.

(M) bin (the same event). Background is calculated using event mixing method

(the mixed event). To minimize possible bias of the mixed background caused

by different event geometrical shape, the two events chosen for the event mixing

method are required to have a similar vertex Z position (in the same vertex Z

bin of 10 cm interval). The two events are also required to have similar charged

track multiplicities. To achieve this, the two events are required to be in the

same centrality bin (in a 10 % interval) in Cu + Cu and Au + Au collisions. In

these collisions the centrality is defined by the number of charged tracks in the

pseudo-rapidity region |η| < 0.5.

For d + Au collisions, the multiplicity is relatively small, so the two events

to be mixed are grouped in only two bins according to the number of daughter

candidates that have passed all cuts. Events with number of candidate daughters

less than 3 are put in one group and the rest in another. Grouping in this way
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instead of collision centralities of d+Au events has been found to be very useful,

since this choice for grouping gives a much smaller residual background after

background subtraction.

Further-more, to reduce the statistical uncertainty in the mixed background,

each event is mixed with 15 other events for the d + Au data and 6 for the

Cu + Cu and Au + Au data. Memory demands and running time considerations

of the analysis code make the number of mixed events smaller in Cu + Cu and

Au + Au.

1.48 1.5 1.52 1.54 1.56 1.58 1.61.48 1.5 1.52 1.54 1.56 1.58 1.60

20

40

60

80

100

120

140

160

180

Figure 4.1: Simulated Θ++ invariant mass distribution with input Θ++ mass

m = 1.53 GeV/c2 and width = 0. The peak gaussian width σ = 5.5 MeV/c2

represents the resolution of the detector.

To search for a pentaquark particle, the invariant mass distribution from the

mixed background is normalized to that of the same event distribution in a certain

region and subtracted from the same event distribution. The resulting invariant
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mass distribution is then searched for the signal of a resonance by looking for a

peak structure.

4.2.2 Simulations

To check for consistency and to aid the searches of a pentaquark particle signal,

simulations have been done for the Θ++ using embedding techniques. In GEANT

Θ++ with flat pt and rapidity distributions are generated with m = 1.53 GeV/c2,

width = 0 and then allowed to decay into a kaon and a proton. To produce

embedding data the detector responses are simulated by GEANT and the infor-

mation is embedded into real events for track and event reconstruction (the same

process as used for real data production). The embedding data that includes the

detector responses are then used to reconstruct the simulated Θ++.

Figure 4.1 shows the reconstructed invariant mass of the simulated Θ++ from

the STAR detector. The Gaussian width of the peak is σ = 5.5 MeV/c2 from a

fit by a Gaussian function. This width represents the resolution of the detector

since the input width is 0. Similar to the φ meson, the reconstructed mass for

the Θ++ is found to decrease by a few MeV due to the energy loss of kaons

and protons. The embedding data is also used to calculate the acceptance and

tracking efficiency for the pentaquark. More details will be discussed later in this

chapter.

4.2.3 Results from d + Au at 200 GeV

4.2.3.1 Invariant mass distributions

Figure 4.2 shows the invariant mass distribution of pK++p̄K− in d+Au collisions

at 200 GeV. The transverse momentum region is 0.5 GeV < pt < 1.2 GeV and
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the rapidity region is |y| < 0.5.

The plot on the left shows the invariant mass distribution before background

subtraction, where the red data points are from the same event distribution

while the histogram is from the mixed event distribution. The mixed event back-

ground distribution is normalized to the same event distribution in the mass

region 1.6 GeV-1.65 GeV. The plot on the right is the mixed event background

subtracted invariant mass distribution.

From the plot on the left, it can be seen that the event mixing method can

represent well the invariant mass distribution of the same event except for some

regions where excesses are obviously above the background. After the background

subtraction, we can see clearly in the right plot that there appears to be a peak at

an invariant mass near 1.53 GeV. The peak is fit by a Gaussian plus a 3rd order

polynomial function. The peak mass position from the fit is 1528±2 MeV/c2

and the σ of the gaussian is 6.5±0.5 MeV/c2. The signal count from the fit is

1649±390, which indicates the significance of the peak to be 4.2 σ.

Is the peak a real particle? Is it an artifact of our data or data analysis? Is

it a statistical fluctuation? These are some urgent and critical questions we need

to address to identify the origin of this peak.

If this is confirmed as a real particle, it has to be manifestly a multi-quark state

(at least and most likely five quarks), since the two decay daughters are K+(us̄)

and p(uud). It naturally fits in as the isospin partner of the previously reported

Θ+. Since almost all theories claim the Θ+ to be an isosinglet, this confirmation

will place a serious challenge to these theoretical/model calculations.

It is very important that the excesses can already been seen without mixed

event background subtraction, see the left plot of figure 4.2. This observation

demonstrates that the peak structure is really in our data, not an artifact of the
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Figure 4.2: pK+ + p̄K− invariant mass distribution in 200 GeV d+Au collisions.

Left plot: Red data points are the pK+ + p̄K− invariant mass distribution from

the same event. Black histogram is the pK+ + p̄K− invariant mass distribution

from the mixed event. Right plot: pK+ + p̄K− invariant mass distribution after

mixed event background subtraction. The fit in the plot is a gaussian plus a 3rd

order polynomial function.

background subtraction in our data analysis. This peak structure is tested further

by varying the cuts applied to look for any abnormal changes. For example, the

daughter momentum cut, dE/dx cut, η cut, the event vertex Z cut etc. are varied

and the results are found to be consistent with each other. The peak has also

been examined in different rapidity regions and no anomaly has been found.

The Λ(1520) particle has a very similar mass to the peak we see. The

Λ(1520) → p+K− decay channel is also very similar to Θ++ → p+K+, thus they

have similar decay kinematics, detection acceptance and efficiency. It’s therefore

natural to compare the Λ(1520) production with that of the Θ++ to gain more

information.

Figure 4.3 shows the Λ(1520)+Λ̄(1520) invariant mass distribution measured

from the same d + Au data sample using exactly the same cuts. The transverse
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Figure 4.3: Λ(1520) + Λ̄(1520) invariant mass distribution in 200 GeV d + Au

collisions. Left plot: Red data points are the Λ(1520) + Λ̄(1520) invariant mass

distribution from same event. Black histogram is the Λ(1520)+Λ̄(1520) invariant

mass distribution from mixed event. Right plot: Λ(1520)+Λ̄(1520) invariant mass

distribution after mixed event background subtraction. The fit in the plot is a

Breit-Wigner plus a linear function.

momentum region is also 0.5 GeV < pt < 1.2 GeV and the rapidity region is

also |y| <0.5 for the measured Λ(1520). In the plot on the left, the red data

points are from the same event while the histogram is from event mixing. It

can be seen clearly that there are excesses near the Λ(1520) mass region from

the same event invariant mass distribution. The plot on the right is the invariant

mass distribution after mixed event background subtraction. The Λ(1520) peak is

fitted by a Breit-Wigner plus a linear function. The fitted mass is 1514±3 MeV/c2

and the FWHM is 20±5 MeV/c2.

4.2.3.2 Residual background from ∆

From both the Θ++ and the Λ(1520) invariant mass plots in figure 4.2 and fig-

ure 4.3, we can see a peak at mass of 1.46-1.47 GeV/c2. The offset of this peak
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in the Λ(1520) invariant mass plot is suppressed because of a larger scale on the

y axis, although its magnitude is actually similar to that in the Θ++ invariant

mass plot.

The origin of this peak has been traced back to the ∆++ → p + π+ and

∆0 → p + π− decays, where the pions are misidentified as kaons. The reason is

that there is inevitably some π± contamination in the K± sample when particles

are identified by the measurement of < dE/dx > alone. Thus there should be

some ∆++ contaminations in the Θ++ invariant mass distribution and some ∆0

in the Λ(1520) invariant mass distribution. The ∆++ and ∆0 production rate is

much higher, so a very small amount of contamination would result in a prominent

peak in the Θ++ and Λ(1520) invariant mass distribution.
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Figure 4.4: The simulated ∆++ invariant mass distribution when the decay

daughter π+ is identified as K+.

Figure 4.4 shows the ∆++ invariant mass distribution when the decay daugh-
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ter π+ is misidentified as K+. Embedding data for the ∆++ is used here. The

misidentified ∆++ mass peaks below 1.5 GeV. The peak position is consistent

with the peak seen at 1.46-1.47 GeV/c2 in the Θ++ and Λ(1520) invariant mass

distribution when the difference between the measured ∆++ mass and the simu-

lated ∆++ mass is taken into account.

Other sources could also be responsible for the excesses in this region. Dou-

ble photon conversion happens when the two photons from π0 decay are both

converted into a pair of e± in the detector materials. When two electrons (or

two positrons) are misidentified as kaons and protons respectively (As we can see

from dE/dx plot in chapter 3, the electron bands cross with the hadron bands.),

the two electrons will end up in the Θ++ invariant mass plot. From simulation,

we find that the two electrons’ invariant mass is located at 1.46-1.47 GeV/c2

when one electron is identified as a K+ and the other is identified as a proton.

This result confirms that there may be some contribution to the excesses at 1.46-

1.47 GeV/c2 in the Θ++ invariant mass from double photon conversion. However,

the double photon conversion rate is low, so this contribution should be much

smaller than that from misidentified ∆++.

4.2.3.3 Anti-particle to particle ratio and other checks

In relativistic heavy ion collisions at RHIC energies, the anti-baryon to baryon

ratio is pretty high. For example, the p̄/p yield ratio is found to be 0.81± 0.08 in

d+Au collisions at 200 GeV [STA]. To check whether the peak we are observing

is a real resonance baryon state or not, it’s necessary to separate the antiparticle

from the particle.

Figure 4.5 shows the separated Θ++ and Θ̄−− invariant mass distribution from

the same d + Au data sample with the same cuts as for figure 4.2. The plot on
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Figure 4.5: pK+ (left plot) and p̄K− (right plot) invariant mass distribution after

mixed event background subtraction in 200 GeV d + Au collisions. The fits in

the plot are a gaussian plus a 3rd order polynomial function.

the left is for Θ++ and the plot on the right is for Θ̄−−. Both plots are event

mixing background subtracted.

From these two plots we can see that there are excesses at about the same

mass position. The significance is only 3-3.5 σ due to reduced statistics. The fit

to the peak is a Gaussian plus a 3rd order polynomial function. The yield ratio is

found to be Θ̄−−/Θ++ = 0.78± 0.32 (stat), which is in good agreement with the

anti-baryon to baryon ratio in this collision system. This observation strengthens

the significance of the signal we see in figure 4.2 and it’s a very important check

for the signal.

Energy loss of charged tracks in the TPC is corrected for that of pions. So for

kaons and protons there could be potential problems caused by this approximate

correction. For example, it is possible that a peak structure shows up in pK

invariant mass distribution due to the energy loss correction. However, KK and

pp invariant mass should also show a peak structure due to the same reason.

To check for this possibility, both KK and pp invariant mass distribution are
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examined and no peak structures are found. This indicates that the Θ++ peak

seen in d + Au data is not due to energy loss corrections.
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Figure 4.6: The measured significance σ of the peak as a function of the square

root of number of events.

To check for possible anomaly of signal in certain set of data files, the d + Au

data is divided into several smaller data sets and the signal is looked for in these

data sets. Figure 4.6 shows the significance of the Θ++ peak seen in each data

set vs. the square root of number of events. The error bars on the data points

are estimated by varying the fit to the peak. It can be seen that the significance

increases with the number of events and that it is approximately proportional to

the square root of number of events. This indicates the peak is not from some

parts of the d + Au data alone but from the whole data set.
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4.2.4 Results from other collision systems

The same analysis procedures are applied to the 62.4 GeV Au + Au, 200 GeV

Au + Au, 62.4 GeV Cu + Cu and 200 GeV p + p data samples by using the same

cuts.
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Figure 4.7: pK++p̄K− invariant mass distributions after mixed event background

subtraction in 62.4 GeV Au+Au collisions (left plot), 200 GeV Au+Au collisions

(middle plot), and 62.4 GeV Cu+Cu collisions (right plot). The fits in the plots

are Gaussian plus a 3rd order polynomial functions.

Figure 4.7 shows the pK+ + p̄K− invariant msss distribution from 62.4 GeV

(left plot) and 200 GeV (middle plot) Au + Au collisions and 62.4 GeV Cu + Cu

(right plot) collisions, where combinatorial background has been subtracted by

event mixing as described before. The transverse momentum region is 0.7 GeV/c<

pt <1.5 GeV/c and the rapidity region is |y| < 0.5 for these plots. Curves are

results of a Gaussian plus a 3rd order polynomial function fits to the invariant

mass distributions. Data shown here are described in table 4.1 and all cuts used

are described in table 4.2.

In figure 4.8 the invariant mass distribution of pK+ + p̄K− from p + p colli-

sions at 200 GeV is shown. The red histogram is from same event and the black

histogram is from mixed event. It’s found that mixed event describes the back-

ground shape pretty well. However, no signal for the Θ++ is seen in this data
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set.

Figure 4.8: pK+ + p̄K− invariant mass distribution from same event (red his-

togram) and mixed event (black histogram) in 200 GeV p+p collisions. No signal

is seen for the Θ++ in this data set.

It is interesting to see that in 62.4 GeV and 200 GeV Au+Au collisions there

are some excesses at the same mass region of the peak seen in the d + Au data.

Extracted mass position and peak width are consistent with that in the d + Au

data. However, the significance is too low to really support the signal in d + Au.

The estimated significance is only 2.7-3.7σ for the 62.4 GeV Au + Au data and

2.5-3.3σ for the 200 GeV Au + Au. In 62.4 GeV Cu + Cu data, no excesses are

seen at the same mass region.

It has been found that in Au + Au and Cu + Cu collisions the signals are

stronger when a different momentum cut on the decay daughters are applied.

For example, the 62.4 GeV Au + Au signal has a significance of 3.3-4.5σ when

the momentum cuts are 0.2 GeV/c < p(pt) < 0.8 GeV/c for kaons and 0.3 GeV/c

< p(pt) < 1.5 GeV/c for protons. The difference is reasonable if the Θ++ has a

flatter transverse mass distribution in Au + Au collisions.
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The weak signal in these data sets could be due to several reasons. One

explanation may be that the production rate per number of binary collisions

or per number of participants in these collisions is lower than that in d + Au

collisions. It is a challenge to explain why the d + Au collisions are favored for

pentaquark production.
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Figure 4.9: Θ++ production rate and Θ++/Λ(1520) ratio in different systems. No

efficiency corrections are applied since these corrections are consistent at ∼15%

level in different systems and the Θ++ and Λ(1520) efficiency should be similar

due to similar mass, width and decay channel.

Another reason may be that the statistics of these data sets are not high

enough. The yield per nucleon-nucleon collision per event is a useful way to

look at the Θ++ production rate in different systems. Also since some of the

Λ(1520)’s properties are very similar to that of Θ++, the yield ratio Θ++/Λ(1520)

will provide more information on the production dynamics.

Figure 4.9 shows the number of observed signal for Θ++ divided by number of

million events and number of binary collisions or number of participant nucleons

in different systems (left plot) and the yield ratio Θ++/Λ(1520) in these systems.
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The data points for the 62.4 GeV Cu + Cu data represent upper limits at 90%

confidence level. From the left plot it’s seen that the yield rate is consistent for

different systems when scaled by number of participant nucleons and the 200 GeV

Au + Au yield rate is lower than the others when scaled by number of binary

collisions. The yield ratio Θ++/Λ(1520) is seen to be a constant at about 5%

within different collision systems. Our conclusion is that due to unknown scaling

behavior of Θ++ yield with system size (Nbin or Npart scaling) and the currently

sizable error bars, the data are consistent with each other. Data sets with much

more statistics are needed to check consistency between different systems.

4.2.5 Θ++ spectra and yield

The signals in 200 GeV d + Au and 62.4 GeV Au + Au data sets are divided

into several pt bins. Efficiency corrections are done in each pt bin by using Θ++

embedding data and by assuming the branching ratio for the decay Θ++ → p+K+

to be 100%. The calculated Θ++ invariant yield vs. transverse mass is plotted in

figure 4.10. Filled circles represent results from 200 GeV d + Au collisions while

filled squares are from 62.4 GeV Au + Au collisions. Dashed lines in the figure

are fit results of a single exponential function.

The extracted dN/dy and inverse slopes from the fits to the spectra are listed

in table 4.3. There is a huge systematic uncertainty on the extracted inverse

slopes since there are only three data points for d+Au data and two data points

for Au+Au data. The systematic uncertainties on the extracted yields are smaller

and it is estimated that the yield ratio of Θ++/φ is about 2% and Θ++/Λ(1520)

is about 5% in both 200 GeV d + Au and 62.4 GeV Au + Au collisions. The

extracted yield for the Θ++ is so small from STAR that it’s hard to imagine some

of the low energy experiments can actually see the Θ+, if Θ+ has the same yield
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Figure 4.10: Θ++ spectra in 200 GeV d+Au (filled circles) and 62.4 GeV Au+Au

(filled squares) collisions. The dashed lines are the result of a single exponential

function fit to the spectra.
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as Θ++.

Data Slope (MeV) dN/dy

200 GeV d + Au MinBias 315 ± 30 0.0012 ± 0.0006

62.4 GeV Au + Au 20–80% 512 ± 49 0.022 ± 0.011

Table 4.3: Fit results of Θ++ spectra by a single exponential function. The error

bars are statistical errors only.

4.2.6 The search for Ξ−− pentaquark

The Ξ−−(Ξ̄++) pentaquark is searched for from decay channel Ξ−− → Ξ− + π−

and the subsequent decay of Ξ− → Λ + π− and Λ → p + π−. The decay of an

excited Cascade state, the Ξ(1530) → Ξ− + π+, is also analyzed for comparison

with the Ξ−−.

-
1π

-
2π

-
3π

Λ

-Ξ
--Ξ

p

Figure 4.11: Schematic plot for the decay topology of Ξ−−. The decayed pions

are numbered for convenience.

Figure 4.11 shows the topology for the Ξ−− decay. The Ξ−− is produced
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primordially from the collision and decays at the collision vertex to a Ξ− and a

π−. The Ξ− flies a certain distance before decaying into a Λ and a π−. The Λ flies

some further distance and decays into a p and a π−. The Λ and Ξ− are identified

by reconstructing their displaced decay vertex from global tracks [Lon02, Ada04c].

The combinatorial background is greatly reduced by applying topological cuts to

allow a relatively clean identification of these particles. Primary track pions are

used to combine with identified Ξ− to reconstruct the Ξ−− invariant mass. The

combinatorial background is calculated by event mixing. Measurement of the

Ξ(1530) particle is done in a similar way.

There are three π−s (as numbered in figure 4.11) in the final state of this decay

chain. It is therefore crucial to make sure that one track is not used multiple times

in the analysis. This is achieved by requiring the three π−s have different track

ID, which is unique for each track. A list of cuts used to select appropriate tracks

and to reconstruct Ξ− and Λ in the analysis are shown in table 4.4. Different sets

of cuts are also used in the analysis to check the results.

Figure 4.12 shows the reconstructed Λ (left plot) and Ξ− (right plot) invariant

mass distributions in 200 GeV d+Au collisions. It shows that the STAR detector

has a very good capability of identifying these particles, with a signal to back-

ground ratio S : N ∼ 5 : 1 for the Λ and S : N ∼ 9 : 1 for the Ξ− in the figure.

The reconstructed mass for these particles are consistent with the values in PDG

book. With the cuts listed in table 4.4, there are a total of 2.89×105±750 (stat)

Λ, 2.27 × 105 ± 640 (stat) Λ̄, 14000 ± 140 (stat) Ξ− and 11600 ± 126 (stat) Ξ̄+

reconstructed from the d + Au data.

By combining every identified Ξ− with every selected primary π− to calculate

the invariant mass, searches for the Ξ−− were performed in the d + Au data.

Invariant mass of Ξ(1530) is calculated in a similar way. The resulting invariant
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Applied cuts for Ξ−− search

Track flag > 0

Track nHits ≥ 15

Track nHits / nMax ≥ 0.55

π−

1 dE/dx −2.0 < nσπ < 2.0

π−

2 , π−

3 and proton dE/dx −4.0 < nσ < 4.0

π−

1 global dca ≤ 1.5 cm

π−

2 global dca ≥ 1.0 cm

π−

3 global dca ≥ 2.5 cm

π−

1 momentum 0.1 GeV/c ≤ p&pt ≤ 1.0 GeV/c

π−

2 momentum 0.1 GeV/c ≤ p&pt ≤ 2.0 GeV/c

proton global dca ≥ 1.0 cm

Λ decay distance ≥ 5.0 cm

Λ dca to primary vertex ≥ 0.3 cm

Λ invariant mass 1.108 GeV/c2 ≤ mΛ ≤ 1.122 GeV/c2

Ξ− invariant mass 1.31 GeV/c2 ≤ mΞ− ≤ 1.33 GeV/c2

Table 4.4: List of cuts used for the search of Ξ−−.
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mass distributions are plotted in figure 4.13. Red histograms in the figure are from

same event while black histograms are the background distributions calculated

from event mixing. It can be seen that event mixing can represent the shape of

the combinatorial background well.
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Figure 4.12: Λ (left plot) and Ξ− (right plot) invariant mass distribution in d+Au

collisions.

The two left plots are the invariant mass distribution of Ξ−π+ and Ξ̄+π−

respectively, where the Ξ(1530) and Ξ̄(1530) peaks are clearly visible. There are

432 ± 87 (stat) Ξ(1530) and 296 ± 83 (stat) Ξ̄(1530) identified from the d + Au

data. However, no signal is seen for the Ξ−− pentaquark at 1862 MeV/c2, as seen

in the Ξ−π− and Ξ̄+π+ invariant mass distributions in the two right plots.

We have not observed a siginificant Ξ−− pentaquark signal in our d + Au

collision data sample. However, the statistics are limited and a firm exclusion

of Ξ−− production in d + Au collisions at RHIC awaits a run with much higher

statistics.
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Figure 4.13: Ξπ invariant mass distribution from both same event (red his-

tograms) and mixed event (black histograms) in d + Au collisions. Top left plot:

Ξ(1530) invariant mass distribution measured from the Ξ−π+ channel. Bottom

left plot: Ξ̄(1530) invariant mass distribution measured from the Ξ̄+π− channel.

Top right plot: Ξ−− invariant mass distribution measured from the Ξ−π− chan-

nel. Bottom right plot: Ξ̄++ invariant mass distribution measured from the Ξ̄+π+

channel.
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CHAPTER 5

Conclusions and Outlooks

5.1 φ meson production at RHIC

We have successively measured φ meson production from its decay channel φ →
K+K− in

√
s

NN
= 200 GeV p + p and Au + Au collisions from the STAR experi-

ment at RHIC. Event mixing techniques have been used to calculate and subtract

combinatorial background.

The measured mass and width of φ meson in 200 GeV p + p and Au + Au

collisions are found to be consistent with the values listed by PDG. No obvious

modification of the φ mass, width and line shape has been observed.

φ meson spectra are measured in 0-5%, 0-10%, 10-30%, 30-50%, 50-80% cen-

trality bins of Au + Au collisions and three multiplicity bins (Nch < 5, Nch ≥ 5

and MinBias) of MinBias p+ p collisions. The spectra are found to be fitted well

by a single exponential in Au + Au collisions while in p + p collisions, it’s found

that a double exponential function represents the data better. The change of

spectra shape from p + p to Au + Au collisions may be due to the suppression of

the high pt tail in Au + Au collisions.

The extracted yield for the φ meson increases with increasing multiplicity in

p + p collisions and collision centralities in Au + Au collisions. The extracted φ

yield agrees well with a thermal model fit, supporting the idea that a thermal
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equilibrated partonic stage has been reached in central Au + Au collisions at

RHIC.

The measured 〈pt〉 of the φ meson is found to increase with increasing mul-

tiplicity in p + p collisions, indicating increasing contributions from mini-jet in

high multiplicity p + p collisions. The 〈pt〉 of φ is also found to increase with col-

lision energy. However, φ 〈pt〉 exhibits no significant variation with centralities

in Au + Au collisions.

Our measured yield ratio φ/K− is consistent with the world measurement of

this ratio at various energies and in very different systems. This ratio is also flat as

a function of centrality in Au+Au collisions, inconsistent with model calculations

that assume φ production via coalescence of kaons in the final hadronic stage.

The flat distribution of φ 〈pt〉 as a function of centrality is also inconsistent with

the predictions of kaon coalescence models. Both the φ/K− yield ratio and φ

〈pt〉 are predicted to increase as a function of centrality in the kaon coalescence

picture. Our measurement effectively rules out kaon coalescence as the dominant

production mechanism for the φ at RHIC.

A hydrodynamic model inspired blast wave fit to the spectra provides evidence

that φ and Ω freeze out earlier than other ordinary hadrons such as π, K and

p, consistent with speculation that multi-strange particles don’t participate in

hadronic rescatterings significantly. A comparison of the 〈pt〉 distributions as a

function of centrality for the φ and π, K and p also lends support for the earlier

freeze out of φ, since the φ 〈pt〉 is flat while the 〈pt〉 of π, K and p increases as a

function of centrality. If the φ does freeze out earlier than other hadrons, it will

retain more information about the early stages of heavy ion collisions, being a

clean probe for the hot matter produced at RHIC.

Nuclear modification factors RAA and RCP for φ meson are measured. The
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RAA for the φ is consistent with unity in the region of intermediate pt, which

indicates either that φ production is enhanced in Au + Au collisions or that

φ production is suppressed in p + p collisions (for example, by the OZI rule).

Comparison of the RCP for the φ with that for the K0
S and Λ support the particle

type (meson or baryon) dependence of hadron production in the intermediate pt

region as predicted by quark coalescence models. It provides direct evidence that

a partonic state of matter has been produced in central Au + Au collisions at

RHIC.

Measurement of v2 for the φ meson indicates that a significant amount of

elliptic flow has been built up for the φ. Combined with the previous observation

that the φ does not participate in final stage hadronic interaction, this indicated

that the elliptic flow has been built up in early partonic stages. v2 measurements

for the φ meson will provide direct insight into the hot matter produced at RHIC.

STAR has accumulated much more data now. Systematic measurements of

these data sets will provide energy and system size dependence of φ production

and further investigate the φ production mechanisms in heavy ion collisions.

Precise measurements of RAA, RCP and the elliptic flow parameter v2 for the

φ will ultimately pin down the scaling behavior of hadron production in the

intermediate pt region at RHIC, and provide more strict constraints for model

calculations.

5.2 The search for penta-quark particles

We’ve searched for the Θ++ and Ξ−− pentaqurks in the STAR data. A com-

prehensive search for the Θ++ → p + K+ pentaquark is done in available STAR

data sets. It is observed that a clear peak structure is seen in d + Au collisions
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at 200 GeV. The measured mass is 1528±2 MeV/c2 and the Gaussian width is

6.5±0.5 MeV/c2. Estimated significance of the peak is about 4.2 σ from a gaus-

sian function fit. The observed peak structure is consistent with the production

of pentaquark particle Θ++. It seems that this peak structure is robust, that

is, its existence persists when different cuts are applied. A signal for the anti-

particle channel is also seen. The measured Θ̄−−/Θ++ yield ratio is found to be

0.78± 0.32 (stat), consistent with the anti-baryon to baryon ratio in this system.

In other collision systems, however, only weak signals are observed. The

production rate of Θ++ across all collision systems is found to be consistent within

error bars. The yield ratio Θ++/Λ(1520) is approximately 5% in all systems.

No significant evidence for the Ξ−− pentaquark has been observed in d + Au

collisions at 200 GeV.

To either confirm or exclude the existence of such a Θ++ peak structure at

RHIC energy, a high statistics d + Au data sample is needed. A high statistics

data run should help to resolve the ambiguities in the current measurements and

help to resolve the puzzle of pentaquark particles.

In heavy ion collisions, overwhelming background is usually the biggest obsta-

cle for the search of exotic particles. A better particle identification capability is

desirable in STAR. The installation of a full coverage TOF detector will greatly

help the PID and thus the search for pentaquarks in the future.

At this stage, the situation for the existence of pentaquark particles is not

clear, from both experimental and theoretical stand points. It relies on the clari-

fications of different experimental results and awaits more precise measurements.
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APPENDIX A

Kinematic Variables

In relativistic energies, new variables are necessary for convenience. The trans-

verse momentum pt is defined as

pt ≡
√

p2
x + p2

y, (A.1)

where px and py are the transverse components of the momentum.

Transverse mass/energy is defined by

mt ≡
√

p2
t + m2

0, (A.2)

where m0 is the particle mass in its center of mass frame. So the transverse

kinetic energy is mt − m0.

The dimensionless quantity rapidity (y) of a particle is defined by

y ≡ 1

2
ln

(

E + pz

E − pz

)

, (A.3)

where E is the total energy of the particle. The rapidity of a particle is boost

invariant, that is, it’s additive by a constant under Lorentz transformations. In

the non-relativistic limit, the rapidity of a particle travelling in the longitudinal

direction is equal to the velocity of the particle in units of the speed of light.

The pseudo-rapidity (η) of a particle is used to characterize the emission of

particle with respect to the beam direction and defined as

η ≡ − ln[tan(θ/2)] =
1

2
ln

( |~p| + pz

|~p| − pz

)

, (A.4)
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where θ is the angle between the particle momentum ~p and the beam axis. Note

that to calculate η the particle type (mass) does not to be known. At high

momentum |~p| ≈ E thus η ≈ y.
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