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QCD predicts a phase transition in nuclear matter at high engy densities. This
matter, called a Quark Gluon Plasma (QGP), should have veryigrent properties

from normal nuclear matter due to its high temperature and desity. The Relativistic

Heavy lon Collider (RHIC) was built to study the QGP. Jets canact as a calibrated
probe to examine the QGP, however, reconstruction of jets emheavy ion environment
is di cult. Therefore jets have been studied in heavy ion cdisions by investigating
the spatial correlations between two intermediate to higlpr hadrons in an event.

Previous studies have shown that the near-side di-hadronreelation peak can be
decomposed into two components, a jet-like correlation artie Ridge. The jet-like
correlation is narrow in both azimuth and pseudorapidity, wile the Ridge is narrow
in azimuth but independent of pseudorapidity within STAR's acceptance. STAR's
data from Cu+Cu and Au+Au collisions at P Syn = 62 GeV and P SN = 200 GeV
allow comparative studies of these components in di erentystems and at di erent
energies.

Data on correlations with both identi ed trigger particles and identi ed associated
particles are presented, including the rst studies of idaned particle correlations
in Cu+Cu and the energy dependence of these correlations. @lyields are studied
as a function of collision centrality, transverse momentunof the trigger particle,
transverse momentum of the associated particle, and triggand associated particle
type. The data in this thesis indicate that the jet-like corelation component in heavy
ion collisions is dominantly produced by vacuum fragmentan of hard scattered
partons.



The Ridge component is not present in p+p or d+Au collisions. TheRidge yield
is consistent between systems for the sani,,« and has properties similar to the
bulk. Theoretical mechanisms for the production of theRidge include parton re-
combination, collisional energy loss in the medium (momemtn kicks), and gluon
brehmsstrahlung. Comparisons between the expectations tfese models and the
data are discussed. The data in this thesis provide key measments to distinguish

production mechanisms.
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Chapter 1

Introduction

1.1 A new phase of matter

The most successful theory for explaining the behavior of olear matter so far is
Quantum ChromoDynamics (QCD), and fundamental attributesof QCD indicate
that there is a new phase of nuclear matter at high energy ddties. Figure 1.1
shows the QCD coupling constant s as a function of the momentum transfer, Q.
Unlike Quantum ElectroDynamics (QED), the coupling constat in QCD is large
at low momentum transfer and perturbative calculations do at converge. A direct
consequence of the energy dependence of the coupling camstaasymptotic freedom,
which a Nobel prize was awarded for in 2004. Unlike the macuomgpic forces we are
familiar with, the strong force is weaker at very short distaces (largeQ?) than at large
distances (smallQ?). As a consequence, if bound quarks are separated, it eveaity
becomes energetically favorable to create a new quark-antark pair rather than to
continue moving the quarks farther apart. Hence free quarkare not observed in
nature. The QCD analog to electric charge in QED is color chge, which carries the
strong force. Only color neutral states, the color singlet€an exist as stable nuclear
matter at normal densities.

However, when quarks are close together, the attraction lve¢en individual quarks
isweak. T. D. Lee proposed in 1974 that quarks and gluons cduherefore be created
in a state where they would behave as if they were free withirhé bounds of the

1
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Figure 1.1: The QCD coupling constant as a function of enerdy].

volume [2], and that this phase of matter would be similar to Wat existed at early
stages of the universe. In 1974 the Bear Mountain Workshop wdeld in New York
to discuss how one could create and study this state and meassits properties [2]. In
the late 70's this new phase of matter was named the Quark Glad®lasma (QGP) [2].
These early theoretical ideas which justi ed the study of a Qark Gluon Plasma were
further developed in the early 1980's.

It was proposed that a QGP could be created in high energy caslibns of nuclei
[2{4]. The rst dedicated program to create a QGP through heay ion collisions was
at the Super Proton Synchrotron (SPS) at the European Orgasation for Nuclear
Research (CERN). The SPS is a xed target heavy ion collider lich took data from
1984 to 2003. The program to search for a QGP used primarigb+ P b collisions
at a center of mass energy per nucIeor? 6un ) ranging from 9 to 17.3 GeV. The
Alternating Gradient Synchrotron (AGS) was a xed target cdlider at Brookhaven
National Laborarory which began operation in 1986 and couldollide ions ranging
in mass from protons to*S at energies up to 28 GeV/u. In 1991 it was modi ed to
allow ions up to'®’Au for use in the Relativistic Heavy lon Collider (RHIC) [5]. The
proposal for RHIC was developed in 1983 when plans for the lsdle, a proton-proton

2
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Figure 1.2: Schematic phase diagram of nuclear matter fror@][showing the current
consensus about the key features.

accelerator, were abandoned, clearing the way for the tunn® be used for RHIC.
RHIC is capable of colliding many ion species, ranging frop# pto Au + Au. It can
collide Au + Au with P Snn ranging from 5 GeV to 200 GeV.

1.2 The phase diagram of nuclear matter

From the beginning, the eld of heavy ion physics was drivenyba desire for a better
understanding of nuclear matter and its phase diagram. Theexibility of RHIC means
that a large part of the phase diagram of nuclear matter can bstudied there. Our
understanding of what the phase diagram looks like has impred signi cantly since
the 1980's, however, few quantitative features of the phaskagram are universally
agreed upon in the eld.

Figure 1.2 shows a simple phase diagram of nuclear matter asuaction of tem-
perature and baryo-chemical potential (g) showing the key features. The detailed
structure of the phase diagram and the exact locations of traitions are still de-
bated. We understand the region occupied by cold nuclear ntat, such as nuclei,
better than any other part of the phase diagram, however, itsiworth noting that we
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still have an incomplete understanding of even the proton. e proton's spin cannot
be explained by the spin of its valence quarks alone, and thentributions of gluons
and the orbital momentum are still being measured [7]. We kmothat cool nuclear
matter at moderate densities exists at ag of about 1 GeV, meaning that it takes a
little more than 1 GeV to add a baryon to the system [6].

At moderate densities and low temperatures, there are ordst phases of cold
guark matter, similar to the various phases of ice [6]. At soewhat higher densities
nuclear matter is expected to be color- avor locked, meangthat the quarks are ex-
pected to form Cooper pairs, coupling is expected to be weaqd strong correlations
between avor and color are expected. This matter is expealeto behave as a color
superconductor [8]. Nuclear matter at these densities is hdirectly experimentally
accessible, however, the matter in the center of neutron stamay occupy this region
of the phase diagram.

We know that if we heat nuclear matter at densities comparabl to those found
in nuclei to moderate temperatures, it forms a hadron gas, swrising low mass
baryons and mesons made of mostly u and d quarks. At higher tperatures we
expect a quark-gluon plasma, characterized by both chiraysimetry restoration and
free quarks and gluons. At baryo-chemical potentials at anbelow those of normal
nuclear matter we therefore expect a phase transition fromf@adron gas to a quark-
gluon plasma.

The question of the order of the phase transition has been tleibject of much
debate. Predictions have been made by lattice QCD. An approwration is made that
space can be discretized, making calculations in the nonfpgbative regime of QCD
possible. Lattice simulations indicate that for g = 0, the transition is a crossover
rather than a phase transition [9]. This means that the hadno gas and the QGP
coexist. A similar crossover transition exists for water. Ahigh temperature and
pressure, the density of water decreases and the density cditer vapor increases,
making the two phases indistinguishable. Similarly, the dwsity of the hadron gas is
high and the density of the QGP is low in the crossover regiomaking the phases
indistinguishable.

Lattice calculations for g = 0 converge, however, at g 6 0 lattice calculations
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Figure 1.3: Model predictions for the location of the critial point from [6]. Black
points are predictions from extrapolations from lattice clgulations at g = 0, green
points are lattice predictions, and red circles are the chaoal freezeout points for
heavy ion collisions at the™ SyN indicated by the point. Dashed lines correspond
to extrapolations of the transition point at g = 0 using di erent estimations of the

dT B
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B

do not reliably converge so it is more di cult to make de niti ve statements [6]. For
larger g, evidence points towards a rst order phase transition [10] This would

mean there must be a critical point. This would be a tricriti@l point where con ned

nuclear matter and the QGP meet if chiral symmetry has been séored and the u
and d quarks can be considered massless [11].

The location of the tricritical point has been calculated bymaking assumptions
about how to extrapolate to nite g from g = 0, and these calculations are based
on models rather than being solidly rooted in QCD [6]. Figurd.3 shows model pre-
dictions for the location of the tricritical point, demonstrating that there is still no
consensus. There is therefore no consensus on the locatibte line corresponding to
the rst order phase transition, although more recent calclations are in better agree-
ment than earlier calculations. The matter produced at RHICis generally believed
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Figure 1.4: Cartoon of the stages of a heavy ion collision 12

to be in the crossover region and has been termed a stronglyupted quark-gluon
plasma (sQGP).

1.3 Phases of the collision

Figure 1.4 is a cartoon showing the di erent stages of a heawyn collision. This gure
is not drawn to scale. Incoming nuclei are relativisticallontracted due to their high
momenta. When the collision occurs, the quarks and gluons @ach nucleus interact.
The centers of mass of collisions between quarks and gluons ot generally the same
as the center of mass of the collision. The highest densitiasd hottest temperatures
are shortly after the collision. A QGP is formed, likely at a Emperature higher than
the rst order phase transition line but at lower g than the critical point. The
medium enters a mixed phase of a hadron gas and a QGP as it exgarand cools.
Hadronization of quarks and gluons occurs at this time. As thmedium cools further
it enters a pure hadron gas phase.

This process is depicted on a space-time diagram in Figures1.The incoming
nuclei move very close to the speed of light; collisions with center of mass energy
per nucleon P Syn Of 200 GeV correspond to a Lorentz factor of about 200, and
collisions at aIO Syn of 62 GeV correspond to a Lorentz factor of about 62. The left-
hand side depicts what occurs for a collision where no QGP @rined. In this case,
immediately after the collision there is a period of non-edgjibrium when quarks and
gluons which participated in the collision form into hadros, followed by a hadronic
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Figure 1.5: Spacetime diagram of a heavy ion collision [13The left depicts events
for a collision where no QGP is formed and the right depicts aotlision where a QGP
is formed.

gas phase. The right-hand side depicts what occurs for a ¢silbn where a QGP is
formed. Again there is a period before equilibrium, follovaeby a QGP phase, a mixed
phase in the case of a crossover region, and a hadronic gassghalhe temperature
where the transition from a QGP occurs is called the criticalemperature, T.. In the
case of a crossover transition, the hadronic gas phase maydmedense that there is
little distinction between the hadronic gas and the QGP. Thdifetime of the QGP
phase depends on the highest temperature reached in the sndin and on the rate of
expansion of the medium.

In the hadronic gas phase, inelastic collisions continue tinthe chemical freeze
out, Tep, is reached. At this point the relative distributions of di erent hadrons are
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xed. The hadrons are not necessarily in complete chemicadj@librium at this point.
Elastic collisions continue until the thermal freeze out], . At this point the momenta
of the hadrons are xed.

1.4 Theoretical frameworks to describe heavy ion
ccollisions

Many di erent theoretical frameworks have been used to degbe heavy ion collisions.
This is not a comprehensive review and emphasis is delibezt on theories and
models which have been connected to the results presentedhis thesis. Only broad
descriptions of a QGP are discussed here; theories directglated to the results will
be discussed in Chapter 7.

There are two di erent classes of theoretical frameworks,hbse which attempt
to describe the QGP describing the interactions between que and gluons from
rst principles and those which make assumptions about the QP and are a more
phenomenological description of the data. Theories whichtempt to describe the
interactions of quarks and gluons from rst principles, sut as energy loss models and
the Color Glass Condensate, are more solidly founded in QCBowever, assumptions
about the initial state and hadronization are made to relateghese theories to data.
Statistical models and hydrodynamical models are dependemn assumptions about
the medium created. These classes of models both depend oe thedium reaching
equilibrium, at least locally.

1.4.1 Jet quenching models

The ratio of hadron spectra inA + A collisions to that in p+ p collisions is a measure
of the degree to which hadron spectra and yields are modi ed heavy ion collisions.
This ratio is divided by the number of binary collisions in anA + A collision to give

dZNAA :dprd

= : 11
Taa d?2 pp:dprd ( )

RAA
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Figure 1.6: Schematic diagram showindgRaa for an A + A collision that can be
described as a superposition of nucleon-nucleon collissoi4].

The overlap integral, Taa = % where< N i, > is the average number of binary

inel

collisions and NN is the inelastic nucleon-nucleon cross section, accounts the

collision geometry.

Raa is 1 at highpr if the A+ A collision only comprises multiple nucleon-nucleon
collisions since highpy processes should scale with the number of nucleon-nucleon
collisions. At low pr Raa Would be less than 1 because soft processes are expected
to scale with the number of nuclei which participate in the clision. Raa is depicted
schematically in Figure 1.6.

It was predicted that a QGP would be dense and therefore thatrpduction of
high-pr hadrons would be suppressed because energy would be lostdst moving
partons traversing the medium [16]. When there is a hard sdating of two partons
in a QGP, the dense medium should slow or stop the parton, a press called jet
guenching. The partons that escape the medium are assumedite biased towards
the surface of the medium. A theoretical calculation of theidtribution of the origins
hadrons produced relative to an 8 GeV/c hadron in a dense mexan are shown in
Figure 1.7, demonstrating that the measured higlpr hadrons are expected to be
biased towards those produced near the surface. This woulht toRan < 1 because
there would be fewer highgr partons in an A + A collision than in ap+ p collision.
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Figure 1.7: Distribution of the origin of hadrons in a dense edium [15]. An 8 GeV/c
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Figure 1.8: Raa for unidentied hadrons in Au + Au collisions atpsNN = 130
GeV [17].

Data from Raa in heavy ion collisions are shown are Figure 1.8. The data sho
roughly a factor of ve suppression of hadron spectra at higpr in central Au + Au
collisions relative top + p, rather than the suppression by roughly a factor of two
predicted before RHIC data were available [16]. The enhamoent aroundpr 2 is
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from the Cronin e ect, rst observed in d+ Au collisions by J. Cronin in 1975 [18]
and has also been observed oh+ Au collisions at RHIC [19]. It is believed to result
from multiple scattering of initial state partons.

Other models are capable of producing higher suppressiont Ibiiey require larger
partonic energy loss. Energy loss in these models is oftenrgaeterized by the
average transverse momentum lost by the parton squared petitlength, €. Attempts
have been made to determine the size gfffom experimental data [20]. However,
the theoretical uncertainties are still large and estimate for ¢ range from 0.5 - 20
GeV?/fm [21{23]. While most models can describe the suppressiaf light hadrons
( , K, p) and even hadrons containing strange quarks (,, K2) with a su ciently
high ¢, most have trouble describing theRaa of light (u,d,s) and heavy (c,b) quarks
simultaneously [24].

1.4.2 The Glasma and the Color Glass Condensate

Q’= 20 GeV
T Q’= 200 Ge¥

xG(x,Q?)

104 10° 10% 10t «x

Figure 1.9: Distribution of gluons as a function of X =Egjyon =Enadgron @S measured by
the HERA experiment [25, 26].

The Glasma and the Color Glass Condensate (CGC) are closelpked. The
Glasma is a description of nuclei moving at relativistic spls. Figure 1.9 shows
the distribution of gluons as a function of X =Egyon=Enadgron @S measured at HERA
for di erent values of Q?, the momentum transfered in a collision. At low energies,
states of nuclei with few gluons are dominant, while at highrergies, the states with
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multiple gluons are dominant. This motivated the picture ofa fast-moving nucleus
as a wall of gluons, as depicted in Figure 1.10. The Glasma Isetstate comprising
a dense, coherent condensate of gluons expected to exist ifast nucleus [25]. The
high density of gluons means that they can be described as asdical gluon eld.
The Glasma picture can describe many measurements frax A collisions.

Low Energy

Gluon
Density

High Energy

Figure 1.10: A schematic diagram of the Glasma in a nucleus5]2 The gluons are
coherent and dense for a fast moving nucleon.

The Color Glass Condensate (CGC) describes aa+ A collision as two sheets
of Glasma colliding to form a uid [25]. \Color" comes the fat that quarks and
gluons have color charge and \Glass" from the fact that the naral time scale of
evolution of the gluons is much longer than the time scale ohé evolution of the
state, similar to glass. \Condensate" comes from the high dsity of gluons in the
initial state. Because the gluons in the incoming nuclei areoherent and can be
described as classical gluon elds, the interactions of theuclei are similar to the
interactions between classical electromagnetic elds. Eninitial color magnetic elds
are transverse to the direction of motion of the nuclei. As th two nuclei approach,
color charges on one nucleus generate image charges on terohucleius, and in a

12



short period of time the direction of the elds changes fromransverse to parallel to
the direction of the movement nuclei. The medium produced dm the interaction of
quarks and gluons in these elds is the CGC [25].

1.4.3 Statistical models

Hadronization of quarks and gluons is not calculable from QX rst principles. Statis-
tical models are one of the models describing the hadronizat of quarks and gluons.
The rst statistical models for hadronization were propose before the development
of QCD and interest was renewed when it was proposed that anwgifprated hadron
gas might be a signature for a QGP [27]. These models calc@dtparticle ratios in
a hadron gas at chemical equilibrium and deal with the consexd quantities: baryon
number (B), strangeness (S), and charge (C). Calculationsrf elementary collisions
such ase* + e , p+ p, and p+ p must use a canonical ensemble to describe hadron
production. In heavy ion collisions the volume of the systens large enough that it
can be described by a grand canonical ensemble and the comsdrquantities have
corresponding chemical potentials [28]. The log of the patibn function in the grand

canonical ensemble is given by
Z

BV hma e & 1y igp (1.2)

2)°

In(Z) =

speciesi

where g is the degeneracy of the state, V is the vlg)lume of the system,= kT, K is
the Boltzman constant, T is the temperature,E; = = p?2+ m? is the particle energy,
m; is the particle mass, p is the particle momentum, and; is the particle's chemical

potential. The ; are given by
i=Bi8+S s+ Qi g (1.3)

where 3 is the baryon chemical potential, s is the strangeness chemical potential,
and g is the chemical potential corresponding to charge. The nureb of particles of
each species is given by

InZ_gVv* m k. |

k=1

N
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indicating the degree of equilibration of strange quarks. s = 1 indicates complete
equilibration.

whereK, is the modi ed Bessel function.

Since the volume of the medium produced in a heavy ion colbsi cannot be
measured directly, statistical models cannot be used to calate the absolute yields,
however, they can be used to calculate the relative yields pfrticles. Statistical
models do not describe strangeness well so an ad hoc parametewas introduced to
account for the suppression of hadrons with strange valengearks relative to their
equilibrium value. ¢ = 1 if strangeness is in equilibrium. Measured patrticle ratis
are tto determine g, s, o, sand T. Further details of these calculations can
be found in [27] and the references therein.

Figure 1.11 shows a t of a statistical model described in [3Qo particle ratios
in Au + Au collisions atp Syn = 200 GeV, demonstrating that statistical models
describe the data well. The inset showss as a function of the number of participants
in the collisions, with collision centrality increasing wih the number of participants.

s 1 for central collisions.
If the medium does reach equilibrium, statistical models nai describe the data,
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however, this is not a su cient condition to prove that the medium has reached
equilibrium. Statistical models also describee® + e , p+ p, and p + p collisions
reasonably well with g in the range of 0.4-0.8 [27]. The interpretation of this fachas
been much debated. It is possible that the hadrons are prodeatin equilibrium, but it
means that statistical models alone cannot be interpretedsgroof of an equilibrated
medium.

Regardless of the collision system, the temperature attad from thermal ts is
remarkably constant at around 160 MeV, with the ts of STAR da&a in Figure 1.11
giving T =163 4 MeV [29]. This should not be interpreted as the temperaturef
the QGP, but rather as the chemical freeze out temperaturé.,. Statistical models
cannot describe the full spectra of hadrons produced in a hgaion collision but
rather are limited to describing the overall yield of partites.

1.4.4 Hydrodynamics

Hydrodynamical models describe the medium as a relativistiuid. Several of these
models describe a uid with a viscosity of zero [31{34]. Theanodels are not restricted
to describing a QGP but rather can describe any relativisticuid.

Hydrodynamical observables are related to two major featas in heavy ion col-
lisions. First, the region where the incoming nuclei ovenais asymmetric and this
spatial anisotropy in the initial state results in a momentun anisotropy in the nal
state. This phenomenon is called anisotropic ow. Secondhé¢ large pressure gradi-
ents lead the medium to expand and particles to move away frothe collision point.
This phenomenon is called radial ow.

Figure 1.12 shows the geometric relationship between theaaion plane and the
incoming nuclei. The overlap region between the two inconmgnnuclei is almond
shaped, and the reaction plane is the plane formed by the bearis and the centers
of both nuclei. For a large impact parameter, the distance Iheeen the centers of the
the two nuclei, the overlap region is more oblong while for arsller impact parameter
the overlap region is closer to circular.
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Figure 1.12: Diagram showing the location of the reaction @he relative to the in-
coming nuclei [13].
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Figure 1.13: Contours of constant density in a hydrodynama model [35]. The
projections of the incoming nuclei are shown as dashed linéhe impact parameter
is 7 fm.

It is assumed that the azimuthal momentum anisotropy origiates from the collec-
tive movement of a uid formed at early stages of the collisio. This is the most uni-
versally accepted mechanism for the production of an azinhal anisotropy, however,
other mechanisms have been proposed [36{39]. In a hydrodymaal model, the initial
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anisotropy in the distribution of particles leads to a presase gradient. Figure 1.13
shows theoretical calculations for the contours of constadensity. The pressure gra-
dient is perpendicular to these lines, meaning that it is amuthally anisotropic. As
the system evolves, the spatial azimuthal anisotropy in thdistribution of particles
will disappear. The anisotropy in the momentum distribution of particles due to the
pressure gradient will remain.

The initial azimuthal anisotropy is often described in terns of the Fourier expan-
sion of the distribution of particles in momentum:

N 1 N X
Fpr - 2 prprdy’ n=1 ancosnt e o

v, is called directed ow and describes the preference for pafies to move in the
direction along the beam axis.v, is called elliptic ow and describes the tendency
for particles to have a preferred direction of motion in the % plane as a result of
the spatial anisotropy in the initial condition [40]. Expeimentally, the v, are small
and decreasing with increasing n in heavy ion collisionss, has been studied most
extensively.

Figure 1.14 shows the magnitude of, in A + A collisions as a function of the
energy per nucleon in the collision. At very low energies, ¢hnucleons simply scatter
o each other (bounce-o ), leading to a positivev,. At intermediate collision energies,
particles created in the collision cannot move in the diregin of the short axis of the
overlap region because they would collide with the constiémt nucleons of the colliding
nuclei, bouncing them back in towards the overlap region. Téhonly direction where
particles could escape is in the direction of the long axis tfie overlap region since
there is no matter there to stop particles from escaping, leing to a negative v,
(squeeze-out).

At higher collision energies, the incoming nuclei are Loréencontracted so that
the nucleus is e ectively at and all nucleons interact at narly the same time. Any
nucleons which did not participate in the interaction have Beady moved past the
interaction region and can no longer collide with the parties created in the collision.
Vv, becomes positive again.

Figure 1.15 shows measurements @f at various collision energies compared to
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Figure 1.14:v, versus collision energy per nucleon [40].

hydrodynamical predictions for the upper limit ofv,. The x-axis is the number of
particles produced per unit rapidity* divided by the transverse area of overlap of the
nuclei, S. The y-axis isv, divided by the eccentricity, , of the overlap area. S and
are determined using a Glauber Monte Carlo model for nucleaollisions [41]. This
normalization leads to the cancellation of trivial geometc e ects. The predictions
are from ideal hydrodynamics, meaning that the viscosity isssumed to be zero.
A non-zero viscosity would only decrease the observeg so these are upper limits
for v, shown as green lines in Figure 1.15. If these limits are cect, then the
medium created in central collisions at RHIC is very close tbhydrodynamical limits
and therefore the viscosity must be very low.

Other interesting results fromv, measurements at RHIC include the dependence
of v, on the particle type. In a hydrodynamical model, at a xedpr particles with

'De ned in Appendix A
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19



1 LIS L L N L L L Y I B |
0.3 @ '+ (PHENIX) K (STAR) O A+R (STAR £l
| B K*+K (PHENIX) con p+p (PHENIX) O=+= (STAR) _loa
gl of dlbaons g 0 I e ]
>N | #)(i-’ 1 & k 1l _1-.. ¥ | Ecr
a ] P O 1 & quarks s
_ i s T i?”meson.s i+ &8 —{o.05
0.1 s | -1 = '.l_'. i
D_ln||:||||||||||||||||__:||||||||||||||||||||_|||||||||||||||||||0
0 1 2 3 40 1 2 3 4 0 0.5 1 1.5 2
Py (GeVic) m, - m (GeV) [mT-m}an (GeV)

Figure 1.17: Particle species dependencewfversuspr (left), v, versusmy-m (mid-
dle) and v,/ nq versus mr-m)/ ng (right). [40,42].

lower mass should have a higher, [40]. At low-pr this is the dominant e ect, as
seen in Figure 1.16. The dominant trend in the dependence wf on patrticle type at
high-pr, shown in Figure 1.17(a), is instead a splitting between bgons and mesons.

Figure 1.17(b) shows that all baryons follow a single trendral all mesons follow
a separate trend ifv, is plotted as a function of the transverse madsmry, instead
of pr. This scaling ofv, with transverse mass is expected at low; from the basic
equations of hydrodynamics [42], supporting the descriin of the medium produced
at RHIC as a uid.

If the QGP is a uid of quarks and gluons, then the appropriatedegrees of freedom
to describe the medium are quarks rather than hadrons. Theexe some indications of
this in the scaling ofv,, since there is a clear separation between baryons and meson
and baryons have a largev, than mesons. Figure 1.17(c) shows that the baryons and
mesons follow the same trend for, divided by the number of constituent quarksng,
as a function of (nr-m)/ nq implying that the uid which ows in order to create v,
comprises quarks rather than hadrons.

It is worth noting that this scaling is found for one method ofmeasuringv,, the

2De ned in Appendix A
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and (b) the ratio of v, as determined from the event plane method tg, determined
from other methods [43]. Data are fromAu + Au collisions at™ syy = 200 GeV.

event plane method, and that thev, in Figure 1.17 is integrated over all centralities.
Figure 1.18 shows comparisons of as determined by the event plane method to
other methods. The event plane method uses the azimuthal aoiropy in particles
observed at midrapidity to determine the direction of the eent plane 3, and v, as
measured by this method is systematically higher tham, measured by other meth-
ods. The 4 particle cumulant (4 Cumu.) method looks at azimdial correlations
between four particles and the Lee-Yang Zero (LYZ) method iagn all-particle corre-
lation designed to subtract non ow e ects to all orders [4Q] The event plane method
should be more susceptible to non- ow correlations, such gts and resonances, and
the ratio of v, determined by the event plane method to other methods showscan-
trality dependence. The scaling of, with the number of quarks as a function opr,
rather than m+, scaled by the number of quarks has been demonstrated at dient
centralities [43, 44].

3The experimentally determined location of the reaction plane is called the event plane.
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Since hydrodynamics assumes thermalization, the succe$sdeal hydrodynamics
at describing many aspects of RHIC data implies that the medm is thermalized when
Vv, is formed. Figure 1.17 demonstrates that hadrons contairgrstrange quarks follow
the same trends forv,, implying that strangeness is also thermalized. Furtherme,
not only is strangeness thermalized, but measurements okerons from decays of
hadrons including charm quarks indicate that thev, of charm quarks is probably
comparable to that of light quarks [24].

Radial ow is also predicted by hydrodynamics. The medium isxpanding because
of pressure gradients, as depicted in Figure 1.13. This mesattat on average particles
are moving away from the center of the interaction region. Bb radial ow and
anisotropic ow alter the spectra of particles, since both &ct the momentum of
particles. Radial ow is expected to have a mass dependena@nilar to anisotropic
ow. Fits of data to a hydrodynamical model inspired paramegrization of spectra
called a Blast Wave Model give values for radial ow consisi® with those expected
from hydrodynamics. These models yield anisotropic ow coparable to independent
measurements [40].

1.4.5 Recombination

Rcp is similar to Raa except that the spectrum in centralA+ A collisions is compared
to that in peripheral collisions:
N l[DJ_eripheraI dZNX%ntral :dpl' d
n .

Rcp = ngi%ntral dzNgiﬂpheral —dpr d . (1.6)

Figure 1.19 showsRcp for identi ed hadrons as a function ofpr and as a function
of pr/ng. The Raa for baryons and mesons clearly follow di erent trends. IRcp is
plotted as a function ofpr/ ng instead of pr, the trends for baryons and mesons are
the same. The scaling of, and Rcp with the quark content of hadrons motivated
Coalescence and Recombination models to explain these pbena at intermediate
pr (2-6 GeV/c). These models posit that, rather than hadrons beg produced by
vacuum fragmentation, hadrons in a heavy ion collision canebformed by quarks
combining with other quarks from the medium.
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Figure 1.19: Identi ed particle Rcp (left) as a function of pr and (right) as a function
of pr scaled by the number of quarks i\u + Au collisions at™ Ssyy = 200 GeV. [45]

These models also explain the large baryon/meson ratio fodinn heavy ion col-
lisions [46]. For example, in order to form a 3 GeV/c baryon,tiwould take three
1 GeV/c quarks, whereas to form a 3 GeV/c meson, it would takewo 1.5 GeV/c
quarks. Most parton spectra fall of steeply with increasingr, so there are many more
1 GeV/c quarks than 1.5 GeV/c quarks. This is illustrated in kgure 1.20. This leads
to a larger baryon/meson ratio at intermediatepr than in vacuum fragmentation.
These models have successfully described many features BI® data qualitatively,
although the models could be re ned quantitatively [46].

Recombination models do not con ict with hydrodynamical malels of the QGP,
since they only propose that hadronization may occur by a derent mechanism in
heavy ion collisions. Indeed, models which combine hydraaymics with recombina-
tion are able to describe the data at RHIC well [46]. Recombation does not require
complete thermalization of the medium [46].
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Figure 1.20: Cartoon demonstrating recombination.

1.5 Conclusions and overview

QCD predicts the presence of a new phase of matter for su ciélg hot and dense
nuclear matter. RHIC was built to study this phase of matter s that we can better
understand the phase diagram of nuclear matter. Our curreninderstanding indicates
that collisions at RHIC most likely produce a medium in a cras-over region between
a hadronic gas and QGP. The most energetic of these collisooare believed to be
above the crossover region.

The medium expands and cools rapidly, however, and experintal observations
are in uenced by phases other than the QGP. Initial state e ets may also in uence
the results. The presence of a QGP may in uence the hadronizen of partons.
Additionally, as the medium cools it is expected to go throug a hadronic gas phase
and during this time hadrons can have additional interactios.

Our understanding of the QGP and the phase diagram of matterds improved
signi cantly since the beginning of the RHIC program. Many nethods that have
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been used to describe a QGP qualitatively describe the feaés of the data, however,
we do not yet have a complete quantitative description of thelata. Some meth-
ods attempt to make predictions by calculating results diretly from QCD. Provided
that the approximations are valid, these theories should deribe the partonic phases
well, however, they are dependent on models of hadronizati@nd interactions in a
hadronic gas phase. Our knowledge of hadronization is hdgvilependent upon ex-
perimental data because hadronization is a non-perturbag process. If the medium
goes through a hadronic gas phase for any signi cant amount time and hadrons re-
interact, this would also change the properties of measurdthdrons. Either of these
e ects or invalid assumptions made in calculations could beesponsible for deviations
between QCD-based theories and experimental data.

Many phenomenological models have been successfully usediéscribe the ex-
perimental data. Hydrodynamics in particular has been usef to describe not only
azimuthal anisotropies but also hadron spectra. The suceesf hydro at describing
many features of the data implies that the medium produced ia uid made up
of partons instead of hadrons. Hydrodynamics, however, iévily dependent on
thermalization of the medium and there is no conclusive préohat the medium has
reached thermal equilibrium. Statistical models are corsent with the data but the
agreement with these models is not su cient to prove that themedium has reached
thermal equilibrium. Recombination models have succes#fudescribed many aspects
of the data and also point towards a picture of a medium chargerized by partonic
rather than hadronic degrees of freedom. Recombination meld, which posit a mod-
i ed hadronization mechanism in heavy ion collisions, areat dependent on complete
thermalization and are consistent with hydrodynamical moells.

These models and theories are not all mutually exclusive anday be valid in
di erent regimes. The best way to test these models is compathem to as many
measurements as possible. The studies presented in thisdisewill focus on studies
of jets formed by partons which have traversed the medium, king advantage of
the wealth of data available at RHIC. Jet-like di-hadron corelations are studied as
a function of the collision system Cu + Cu versusAu + Au), the collision energy
(p Syn =62 GeV versusp Syn =200 GeV), and patrticle type and strangeness content
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(unidenti ed hadrons, , K2, and ).

Chapter 2 will introduce high{r triggered di-hadron correlations and discuss other
relevant studies, performed either previously or concumédy. Here the two promi-
nent features in di-hadron correlations, the jet-like coglation and the Ridge, will be
introduced. These features are from particles close in azith to the trigger particle,
called the near-side of the correlation. The properties le@ed from studies of the
near-side inAu + Au collisions atpm = 200 GeV will be discussed. This will
be followed by an overview of the experiment in Chapter 3. Thanalysis methods
will be presented in Chapter 4 and Chapter 5, rst discussindgpow particles used in
the analysis are selected and then discussing the method foeasuring di-hadron
correlations. The results for the system, energy, and pacte type dependence will be
discussed in Chapter 6 and their interpretation in light of ther data and of models
will be discussed in Chapter 7. Chapter 8 will conclude and stiuss the outlook for
future studies of jets in heavy ion collisions. Di-hadron c¢eelations after background
subtraction
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Chapter 2

Jets as a probe of a Quark-Gluon
Plasma

Due to con nement, particles which carry a color charge, stcas quarks and gluons,
cannot be directly observed. Instead, they fragment into ldrons, which are color-
neutral, and these hadrons are detected. In hard scatterinyocesses the majority of
the hadrons are produced roughly colinear to the fragmentinpartons, resulting in
a narrow cone of hadrons called a jet. At RHIC energies mostigeare produced in
2! 2 scattering of hard partons from the incoming nuclei. Sinade incoming partons
have momenta nearly parallel with the nuclei, momentum coesvation causes the
scattered partons to be separated by roughly 180n azimuth. Events with jets at
RHIC energies are dominantly back-to-back di-jets. Figur@.1 shows an example of
a di-jet event in STAR. The beam goes through the center and #lines show the
di erent sectors of the Time Projection Chamber.

The jet cross section can be calculated in perturbative QCDsathe average of
quark, anti-quark, and gluon processes. For two partons dtering the jet cross

section is given by
Z

X d
kT dxy dxdtf H(x1; Q3)F P(X2; Qz)#k (2.1)
i5j

wherex; and X, are the fraction of the nucleon's momentum carried by the pé&wn,
Q? is the momentum transfer in the scatteringf.! and fj2 are the parton distribution
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Figure 2.1: Sample jet observed in STAR in a regh + p collision at P Swn = 200
GeV

functions in the nucleons, and i  is the cross section for the reactior) ! k [47].
Parton distribution functions are the probability densities for nding a parton as a
function of Q2 and x.

After the hard scattering, the scattered partons hadronizeThe process of hadroniza-
tion is non-perturbative. It is described by fragmentationfunctions, which represent
the probability for a parton to fragment into a particular hadron. Fragmentation
functions have not been determined from rst principles, haever, it is possible to
parameterize them as functions of the parton energy and theattion of energy carried
by the parton and then determine the fragmentation functios from data. Vacuum
fragmentation functions have been well constrained by dataom elementary colli-
sions.

In heavy ion collisions, jets are formed from parton scatterg which likely occurs
early in the collision. The partons then travel through the nedium and therefore serve
as a probe of the medium. This scenario is depicted in Figure22 Since jets have been
studied extensively inp+ p collisions, modi cations of jets inA + A collisions relative
to p+ p can be attributed to interactions with the medium. These modcations may
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Figure 2.2: Schematic diagram of a di-jet in a heavy ion cdion. The red arrow
denotes the leading hadron, the one with the highesgt, and the black arrows denote
other hadrons produced during hadronization.

come in the form of parton energy loss before fragmentatiom modi cation of the
fragmentation functions for partons that fragment in the meium.

There have been many di erent approaches to studying jets aRHIC. In this
chapter the various methods and key results from RHIC are ramwed. Some of these
studies occurred concurrently with the analyses present@uthis thesis, and discussion
of these results is necessary to form a complete picture of attcan be learned from
the data on jets at RHIC.

2.1 Studies of jets through high- pr triggered di-
hadron correlations

In di-hadron correlations, a high momentum particle is setéed and the distribution
of particles relative to that particle is determined. The fomer patrticle is called the
trigger particle and the latter are called the associated pacles. The primary criterion
used to determine trigger and associated particles is theinomenta and the method
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neglects contributions from any sources of correlations taeen highpy particles other
than jets and anisotropic ow. Anisotropic ow is a backgrownd and its subtraction is
discussed further in Chapter 5. The momenta of the trigger ahassociated particles
are restricted to highpr to increase the probability that the particles come from
a jet and therefore decrease the combinatorial backgroundt has been argued that
contributions from other sources are non-negligible. In pacular it has been proposed
that a signi cant fraction of trigger particles may not comefrom jets [48]. The STAR
collaboration presented correlations normalized per trgger particle and with this
normalization, results from di erent systems p+ p, d+ Au, Cu+ Cu, and Au + Au)
would be identical if there were no modi cation of the jet [4@65]. The PHENIX
collaboration typically used a di erent normalization whee the amplitude of the
correlation is interpreted as the probability for an assoated particle to be correlated
with the jet [56{62].

2.1.1 Early studies of jets at RHIC

Figure 2.3 shows di-hadron correlations from STAR [53]. Thpeak near =0
comes from hadrons which fragmented from the same parton dsettrigger hadron
and is called the near-side jet. The peak near comes from a momentum
conserving jet opposite the near-side jet and is called thevay-side jet. Figure 2.3(a)
compares correlations fromp + p, minimum bias d + Au, and the 0-20% highest
multiplicity d+ Au collisions and demonstrates that while the background is dner
in d+ Au, there are no dramatic di erences betweep+ p andd+ Au. This implies
that initial state e ects do not signi cantly modify the sha pe of jets, which would be
evident in the d + Au data. Even though there is no jet quenching ird + Au, the
away-side is broadened in pseudorapidity. This e ect is psent in simple models of
p+ p collisions and is due to (1) the di erence between the centef mass frame of the
scattered partons and the lab frame and (2) the di erence beten the jet axis and
the direction of the momentum of the leading parton. Figure B(b) comparesp + p,
d+ Au, and central Au + Au after background subtraction. Whereas there is a clear
near-side peak in all systems, the away-side peak is not esfidl in central Au + Au
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Figure 2.3: Di-hadron correlations fromp + p, d + Au, and Au + Au collisions at

Syn = 200 GeV [53]. (a) Correlations forp+ p, minimum biasd + Au, and central
d+ Au collisions with no background subtraction. (b) Correlatios forp+ p, d+ Au,
and 0-10% centralAu + Au collisions after background subtraction. Data are for 2
GeV/c < pgssecdiaed < 4 GeV/ec and 4 GeV/c < pi'99¢ < 6 GeVic.

data. The disappearance of the away-side jet is called jet guching. Highpr partons
are biased towards the surface, as shown in Figure 1.7. Thafage bias is expected
to be greater for di-hadron correlations because two high- partons are required [15].
This is signi cant for the interpretation of di-hadron correlations, as it implies that
the near-side jet is more likely to come from the surface.

Theoretical studies of correlations usually treat the neaside and the away-side
separately. It is generally assumed that the near-side comdérom surface-biased
partons, while the away-side comes from partons which haveateled through the
medium.

2.1.2 The Away-side

Figure 2.3 shows the di-hadron correlation for relatively igh-pr associated particles,
however, the momentum contained in the jet must be conservesb there should be
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Figure 2.4: Di-hadron correlations after background subéction for 0.15 GeV/c <
associated < 4 GeV/c and 4 GeV/c < pT'9*" < 6 GeV/c from Au + Au collisions at

Sun = 200 GeV [63].

some evidence that the away-side jet was produced even ifstquenched. Figure 2.4
shows di-hadron correlations for lower momentum associdt@articles. The away-
side reappears at lowepr, but it is broader than in p+ p or d+ Au collisions (not
shown, [63]). Many mechanisms were proposed for the prodict of this structure,
including global momentum conservation [64], away-sidetgede ected 180 away from
the near-side jet [65];Cerenkov radiation of gluons [66]; and the formation of a
Mach cone as the away-side jet moves through the medium [68]6In these models
particles on the away-side will have di erent correlationgvith each other, so evidence
for these mechanisms was investigated by looking at threeupicle correlations [69{
73]. 3-particle correlations are very sensitive to assumphs about the shape of the
background and are statistically limited, therefore, the dta are not conclusive as of
yet. However, a simple jet de ection model is ruled out becae it cannot explain all
of the structures in the data.

Figure 2.5 shows that for highep2sseciated and pli99¢" the away-side reappears. At
su ciently high pr the shape is not dramatically modi ed relative to the away-sle in
p+ pandd+ Au collisions, however, the magnitude of the correlation isgi cantly
lower [50]. This phenomenon is called punch-through. It isatieved that the selection
of high momenta hadrons biases the measurement towards jgi®duced by partons
which have not lost much energy. This may be because the pantoriginated from
collisions near the surface of the medium or that the initiahard scattering gave the
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Figure 2.5: Di-hadron correlation befgre background suldction with various kine-
matic cuts from Au + Au collisions at™ syy = 200 GeV [50].

partons enough energy that they could \punch through” the mdium.

2.1.3 The near-side

The away-side was expected to have modi cations due to intection with the medium,
however, the near-side is also modi ed relative tp + p and d + Au collisions. Fig-
ure 2.6 shows di-hadron correlations as a function of and in d+ Au and
Au + Au collisions.

The near-side peak id + Au is narrow in both azimuth and pseudorapidity, as
expected for vacuum fragmentation. The peak that is preseim d+ Au is called the
jet-like correlation and is also evident inAu + Au. However there is a new component
that is narrow in azimuth but broad in pseudorapidity; it is independent of pseudo-
rapidity within the acceptance of the STAR TPC. This long rarge pseudorapidity
correlation is called theRidge. The Ridge has also been observed by PHENIX [75]
and PHOBOS [76]. The measurement in [76] demonstrated thahé Ridge extends
to =4for2.5 GeVic <pi%" and 0.35 GeV/c< passociated

Experimentally, a reasonably complete picture of th®idge in Au + Au collisions
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Figure 2.6: Di-hadron correlations ind+ Au (upper panel) and 0-12% centralhu+ Au

(lower panel) collisions at” Syn = 200 GeV for 4.0 GeV/c < pieee < 6.0 GeVlc
and 2.0< passociated < pgger is in radians. Ind+ Au there is one peak on the

near-side that is narrow in and called the jet-like correlation. This peak is
evident in the Au + Au but there is an additional correlation that is narrow in
but broad in called the Ridge [74].

at P Snn = 200 GeV can be drawn since the multiplicity inAu + Au collisions is high
and STAR collected a data set with high statistics forAu + Au collisions atIO SNN
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Figure 2.7: The number of particles in theRidge and the jet-like correlation (J+R)
and in the jet-like correlation alone (J) as a function 0N for 4.0 < p'9%" < 6.0
GeV/c and 2.0 < p3sseciaed <« 4.0 GeV/c within -1.75< < 1.75 for 0-12% central
Au + Au collisions at™ syy = 200 GeV [74]. The solid lines show the systematic
error.

= 200 GeV in 2004. Figure 2.7 shows the number of particles iroth the Ridge and
the jet-like correlation combined and in the jet-like corr&ation alone as a function
of Npart. The number of particles in the jet-like correlation is detemined using two
methods: (1) by subtracting the contribution from the Ridge and (2) determining
the yield in azimuth and determining the number of particlesn the peak above the
plateau in pseudorapidity. These methods are discussed liet in Chapter 5. The
jet-like correlation alone is almost independent o ., While the Ridge grows with
Npart - The Ridgeis not present ind + Au [77].

The jet-like yield normalized per trigger should remain castant as a function
of Npart if jet production in A + A collisions is identical to jet production inp+ p
collisions. If the yield per trigger changes as a function d,, this may indicate
that jet production is modi ed by the medium. Figure 2.7 indicates that the jet-like
correlation may result from processes that occur ip + p collisions while theRidge
results from processes that either do not occur ip+ p collisions or those which are
more prominent in A + A collisions.

Figure 2.8 shows the number of particles in th®idge as a function of p'9%®" .
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Figure 2.8: Number of particles in theRidge as a function of p%%" for 2.0
< passeciated < 4.0 GeV/c in Au + Au collisions atpm = 200 GeV [74]. The
solid lines correspond to the systematic errors for the nureb of particles in the O-
10% most central collisions, the dashed lines for 30-40%,dathe dotted lines for
40-60%.

The yield of the Ridge is roughly independent ofpi®%*" and is present even for
very high p"%%" . The number of particles in the jet-like correlation, by corparison,

grows with the trigger momentum (not shown, [77]), which wold be expected for
vacuum fragmentation since a higher momentum trigger is merikely to come from
a higher momentum jet and therefore the total number of partles produced within
the passeciated range should be larger.

Figure 2.9 shows the spectra of particles in thRidge as compared to particles in
the jet-like correlation and the spectrum of all unidenti ed hadrons. The spectrum of
particles in the jet-like correlation gets harder the highethe momentum of the trigger
particle. Jets inp+ p would lead to the same e ect, since higher momentum hadrons
are likely to come from higher energy jets. Thé&idge has a spectrum comparable
to inclusive unidenti ed hadrons. This suggests that the pdicles in the Ridge may
originate from the medium.

Traditional studies of fragmentation functions cannot be dne precisely without
full jet reconstruction because the total parton energy is ot known, however, an

trigger

approximation of the fragmentation function can be made usg p; in place of
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Figure 2.9: Spectra of particles in theRidge (closed symbols) and the jet-like corre-
lation (open symbols) in 0-12%Au + Au collisions at™ syny = 200 GeV [74].

the jet energy [78]. This is shown in Figure 2.10 for variousigger momenta. When
the Ridge and the jet-like correlation are combined, there is a cleareppendence on
pi'9%" however, when theRidge is subtracted, there is no dependence q@'9%*" for
the jet-like correlation alone. Again, this supports a piatre where the production of
the jet-like correlation is similar to processes that occun p+ p collisions while the
Ridge occurs by a novel mechanism.

The composition of theRidge and the jet-like correlation can also be determined
by identifying the associated particles. Figure 2.11 shovise baryon/meson ratios for
strange and non-strange particles in th&idge and jet-like correlation as compared
to the inclusive ratios in Au + Au and p+ p as a function ofpr. The particle ratios
in the jet-like correlation are comparable to those irp + p, consistent with a jet-like
correlation produced dominantly by fragmentation. The paticle ratios in the Ridge
are consistent with the inclusive particle ratios inAu + Au collisions. Systematic
errors are large, but these data hint at the same trends shown Figure 2.9 - that
the jet-like correlation is dominantly produced by fragmetation and that the Ridge
comprises particles from the bulk.

No trigger particle type dependence is seen idu + Au collisions for either the
Ridge or the jet-like correlation [77]. There is no apparent di eence between baryon
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Figure 2.10: Di-hadron fragmentation functionzy = pt;% with and without Ridge

subtraction in 0-12% centralAu + Au collisions at” s;—N = 200 GeV [74] (a) shows
the di-hadron fragmentation for the jet-like correlation ad the Ridge combined. (b)
shows the di-hadron fragmentation function for the jet-lie correlation alone after
subtracting the Ridge. (c) shows the ratio of the di-hadron fragmentation functia

for the jet-like correlation alone to the di-hadron fragmetation function measured in
d+ Au.

and meson triggers, even though there are dramatic di erers between baryons
and mesons in nuclear modi cation factors (shown in Figure.19) and azimuthal
anisotropies (shown in Figure 1.17). A trigger particle degndence might be expected
if there were a dramatic di erence between quark and gluon & as the rates of
production of and are comparable in gluon jets but many more than are
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Figure 2.12: Reaction plane dependence of number of partislin the jet-like cor-
relation and _the Ridge for 0-5% central (left) and 20-60% central (right)Au + Au
collisions at™ syny = 200 GeV [82]. The lines correspond to the systematic erroos
the number of particles in theRidge. The arrow corresponds to the reaction plane
averaged jet-like yield ind + Au. The lines correspond to the systematic errors.

predicted to be produced by quark jets. No di erence betweenand trigger par-
ticles is observed (not shown). This independence of the eon the trigger particle
type extends even to the  [81].

39



2

1

SO
w »
dN/dDh dDh

15 -1 -05 0 05 1 15
Dh

b
15 -1 -05 0 05 1 15
D

b
15 -1 -05 0 05 1 15
Dh

1 1 1

Figure 2.13: 3-particle correlations for 3.0< p¥9%" < 10.0 GeV/c and 1.0<
passeciated < 3.0 GeV/c for both associated particlespon the near-side id + Au,
peripheral Au + Au, and central Au + Au collisions at™ Ssyy = 200 GeV [83].

Figure 2.12 shows the reaction plane dependence of tRalge and the jet-like
correlations in two di erent centrality bins. The jet-like correlation shows little de-
pendence on the direction relative to the reaction plane, asould be expected if
the jet-like correlation originates from vacuum fragmentaon. The Ridge is largest
in plane, where the mean path length traveled by the parton wdd be shortest. If
the Ridge is produced by parton energy loss, these results would indte that jets
produced out of plane are either produced on the surface ornapletely quenched.

Additionally, measurements were done to determine if pacles in the Ridge are
correlated with each other. 3-particle correlations on thenear-side are shown in
Figure 2.13. A trigger particle with 3.0 < p¥9%" < 10.0 GeV/c is selected and
de nes the origin. Only events with at least two associated grticles in the range
1.0 < péasseciated < 3.0 GeV/c are selected and Figure 2.13 shows the location of
the rst associated patrticle relative to the trigger versusthe location of the second
associated particle relative to the trigger. A narrow peakraund the trigger particle
is observed in thed + Au, peripheral Au + Au, and central Au + Au data and comes
from the same process that produces the jet-like correlation di-hadron correlations.
In the Au + Au, this peak sits on top of a plateau; this is theRidge. If the two
associated particles came from the same source - for instapfrom gluon radiation -
they would be expected to be correlated in space. Instead,tinn the the acceptance
of the detector and the statistical errors, particles in theRidge do not appear to be

correlated. However, an understanding of the e ects of theilematic cuts is required
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Figure 2.14: Di-hadron correlations withoutpr cuts for di erent centralities in Au +
Au collisions at” syy = 200 GeV [84]. The z-axis is the probability for two particle
to be correlated. is in radians.

to interpret the results properly. The lower cut of 1.0 GeV/con p2sseciated js necessary
to reduce the combinatorial background, which may make theesults more di cult
to interpret. If, for instance, the Ridge were caused by gluon radiation, requiring
two particles above 1.0 GeV/c could select only those evenighere two gluons were
radiated and these gluons would not necessarily be corraddtin space. It is therefore
important to understand the e ect of these kinematic cuts orthe measured signal in
various models for the production of theRidge.

2.2 Untriggered di-hadron correlations

Di-hadron correlations have also been done with no cuts onghmomenta of either
the trigger or the associated particles. The motivation behd restricting the pr
of hadrons studied to highpr is to enhance the fraction of pairs coming from jets
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and reduce the background. Samples of correlations withopt cuts are shown in
Figure 2.14. When studies are done without cuts, all corrdians between particles are
evident, including those due to anisotropic ow, resonancdecays, Hanbury-Brown-
Twiss (HBT) correlations, Dalitz decays, conversion eleains, and jets. Anisotropic
ow leads to a cos(2 ) independent of . There is almost no contribution from
anisotropic ow in the most peripheral collisions and the catribution is largest in
the 19-28% central events. Dalitz decays, conversion elexts, and HBT correlations
all lead to the sharp peak at =0, =0. The contributions from resonances is
greatest near =0, =0 and create structures that are dependent on the decay
kinematics. Resonance contributions were determined to Inegligible for unidenti ed
hadrons. The contribution from jets contributes 2 peaks, @ on the near-side and
one on the away-side. Both of these peaks are evident in the shgeripheral bin.
The whole correlation is t to determine the relative contrbutions from these sources.
The near-side jet is the dominant feature near =0, =0 in peripheral collisions.
This feature evolves from peripheral to central collisionsito a peak which is much
broader in pseudorapidity. This feature may or may not be thesame as theRidge
observed for highpr triggered correlations.

2.3 Jet reconstruction

Full jet reconstruction allows determination of the partonenergy and therefore would
allow more careful measurements of partonic energy loss. dliso overcomes the un-
certainty of whether or not a hadron comes from a jet, one of éhmost signi cant

limitations of di-hadron correlations. Full jet reconstriction was long thought to be

impossible in heavy ion collisions at RHIC energies becaube background is large
and collisions were not expected to produce jets at a high argh energy to stand out
above the background. However, there have been improvemennh the background

subtraction method [87,88] and the STAR collaboration hasecently successfully re-
constructed jets in heavy ion collisions [85,89{91]. Figar2.15 shows the jet spectrum
in central Au + Au collisions atp Syn = 200 GeV compared to the jet spectrum in
p + p collisions scaled by the number of binary collisions. If abf the energy of the
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Figure 2.15: Reconstructed jet spectrum in centrahu + Au collisions atp Swn = 200
GeV as compared to the jet spectrum ip+ p scaled byNy;, [85,86]. Only statistical
errors are shown forAu + Au data. The systematic errors on the overall scale of the
p+ p spectrum are 50%.

jet is measured, the spectra irAu + Au and in p+ p collisions scaled byNyi, should
be the same, as it appears to be. This does not mean that the pam did not lose
energy, only that this energy must appear somewhere becaugenergy conservation.
The systematic error on thep+ p spectrum is 50% [86] and the systematic errors on
the Au + Au spectrum are not yet determined. The jets' shape in azimuthral pseu-
dorapidity could still be modi ed and the fragmentation functions are not necessarily
vacuum fragmentation functions.

Jet reconstruction and correlation studies are complemeaty. If the shape is
changed too dramatically, jet reconstruction algorithms ray not recognize the mod-
i ed jets. Additionally, some studies of rare particles in ¢ts are best suited to corre-
lation studies due to statistics.
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2.4 Summary

Studies of di-hadron correlations and nuclear modi catiorfactors at RHIC have
demonstrated that jets are considerably modi ed by the medim. This could be
through partonic energy loss before fragmentation or thrggh modi cation of the
fragmentation functions in the medium. These modi cationshave typically been
classi ed as being on the near-side or the away-side. A noté @aution is warranted
since the near-side and the away-side are de ned only by tiheelation to the trigger
particle and the only indication that the trigger particle might come from a jet is its
momentum.

For an intermediate py trigger (roughly 3.0 < pﬁ‘gger < 6.0 GeV/c), particles on

the away-side are observed at lower momentum than m+ p and d + Au collisions.
The away-side is not observed ap3ssccaed 2 GeV/c (Figure 2.3), but at lower
momenta the away-side is broadened and develops a doubledes structure (Fig-
ure 2.4). When the momenta of the trigger and associated p#&les are increased,
the away-side reappears (Figure 2.5); this is interpretedsaa greater bias towards
unmodi ed jet fragmentation, perhaps through greater suidice bias. TheRidge is
the dominant feature on the near-side for intermediatr triggers (Figure 2.6). It

persists out to pf'99e"

8 GeV/c, however, a greater percentage of the particles
correlated with the trigger particle are in the jet-like corelation (Figure 2.8). As
passociated s increased, a greater percentage of the particles corteld with the trigger
particle are in the jet-like correlation (Figure 2.9); at laver p2sseciaed ' measurements
are overwhelmed by systematic errors and precise data areawmilable. The features
observed in correlation studies are momentum dependent,gaumably re ecting dif-
ferences in the relative importance of various mechanismsieh produce correlations

as a function ofpr.

The jet-like correlation shows theN pa, p3s°°@ed and pi'%%*" dependence that
would be expected from vacuum fragmentation, although a merquantitative under-
standing of the jet-like correlation is needed. Th&idgeis a new feature that appears
to be made of particles from the bulk due to its similar compason (Figure 2.11).
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The spectra of particles in theRidge are comparable to the inclusive spectra of par-
ticles, and the ratios of particles in theRidge are similar to those in the bulk. The
Ridge is clearly correlated in space with a highpy particle, but that does not prove
that the production of the two are related. The full breadth d the data and an under-
standing of various models for the production of th&idge are necessary to determine
what this feature is, where it comes from, and what it can telus about the QGP
and relativistic heavy ion collisions. The studies preseatl in this thesis will add
to our understanding of the jet-like correlation and theRidge by investigating their
dependence on collision energy and system size and theirtpde type dependence.
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Chapter 3

Experiment

3.1 The Relativistic Heavy lon Collider

The Relativistic Heavy lon Collider (RHIC) is located in Upton, NY on Long Island
and is approximately 1.2 km in diameter. An aerial view of RHT is shown in Fig-
ure 3.1. RHIC spans nearly two orders of magnitude in coll@n energy per nucleon.
RHIC was designed to collide nuclei with an atomic mass, A, nging from A = 1 to
A 200. It is also capable of asymmetric collisions, those betn ions with di er-
ent masses, such ad+ Au. Asymmetric collisions are useful for distinguishing the
e ects of cold nuclear matter (modi cation of the initial state in a nucleus) versus
hot nuclear matter (such as a QGP). To date RHIC has taken datérom the collision
energies and systems shown in Table 3.1. RHIC is also the ogllider in the world
capable of colliding both longitudinally and transverselypolarized protons. Polarized
proton collisions are used to study the origin of the spin ofhe proton. RHIC has
now collided polarized protons at 500 GeV. Design speci dans for RHIC are listed
in Table 3.2. These speci cations have now been exceededu + Au collisions can
reach energies as low as 2.5 GeV/ip+ p collisions with up to 109 bunches in each
ring and at luminosities of up to 9 x 16! cm ? s ! were obtained in the 2009 run.

The ion beams are created by stripping the electrons o of theuclei and acceler-
ating the nuclei to their full energy in several stages. Foradd ions, negatively charged
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Collision system P Sun (GeV)

p+p 200, 500
d+ Au 200
Cu+ Cu 62, 200

Au + Au 9, 20, 62, 130, 200

Table 3.1: Collision systems and energies produced at RHIG far.

ions from a pulsed sputter ion source are stripped of some bgir electrons by shoot-
ing them through a foil on the positive terminal of the Tandemvan de Graa . In the
second stage the ions, now positively charged, are acceledatowards the negative

Figure 3.1: Aerial view of the Relativistic Heavy lon Collietr [92].
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Au + Au p+p

Beam energy 9-100 GeVl/u 30-250 GeV/u
Number of bunches/ring 60 60
Luminosity 12 x 10%cm 2s ! 2x10tcm 2st
Luminosity lifetime 10 hr > 10 hr

Table 3.2: RHIC design speci cations [92,93].

terminal of the Van de Graa . After exiting the Van de Graa th e nuclei have an
energy per nucleon of 1 MeV/u. More electrons are stripped #se ions exit the Van
de Graa. The ions are passed through bending magnets to seflenly +32 charge
states. The Booster Synchrotron accelerates these ions to ®MleV/u, and more elec-
trons are stripped as the ions leave the Booster synchrotrd@aving the ions in a +77
charge state. The Alternating Gradient Synchrotron (AGS) acelerates these ions to
10.8 GeV/u. As the ions leave the AGS, the remaining electrgnare stripped and
ions are brought to their injection energy and charge of +79They are injected into
RHIC through the transfer AGS-to-RHIC Beam Transfer Line farr bunches at a time.
Protons are injected from a linear proton accelerator, thelINAC, into the AGS and
then into RHIC. Full details are given in [93].

RHIC is two concentric storage rings for beams moving in oppite directions and
has six interaction points where the beams can be collided.h&re were experiments
in four of these interaction points. Phobos and BRAHMS (Brod RAnge Hadron
Magnetic Spectrometers) both took their last data in the spng of 2006. PHENIX
(Pioneering High Energy Nuclear Interactions eXperimentand STAR (Solenoidal
Tracker At RHIC) are both still taking data. The data in this t hesis are from the
STAR detector taken in 2004 and 2005.

3.2 The STAR detector

The Solenoidal Tracker At RHIC (STAR) detector comprises mitiple subsystems.
Figure 3.2 shows a cut-away view of STAR and Figure 3.3 showu le view in the
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Figure 3.2: The STAR detector with a section cut away to showhe inner detectors
[94].

detector con guration for the 2001 run. STAR was designed tbe most sensitive to
charged hadrons. Most subsystems sit inside of the STAR magna large solenoidal
magnet with a roughly uniform magnetic eld up to 0.5 T paralkl to the beam pipe.
The primary tracking detector is the Time Projection Chambe (TPC), discussed
in greater detail in Section 3.2.1. The TPC has full azimuthlaacceptance and a
maximum acceptance in pseudorapidity gf | 1:8. The TPC extends from a radius
of 50 cm to 200 cm from the beam axis and is 4.2 m in length aloniget beam axis.
The TPC is only sensitive to charged particles, although thelecay vertices from
neutral hadrons can be reconstructed from tracks of chargetecay products left in
the TPC.

In addition to the TPC, there are Forward Time Projection Chanbers (FTPC)
with coverage in pseudorapidity of 2.5 j j < 4 and complete azimuthal coverage.
The maximum number of hits possible in the FTPC is 10. Due to tis small number
of hits, the momentum resolution of these tracks is worse than the TPC. The FTPC
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Figure 3.3: A pro le view of the STAR detector [94]. This was lhe detector con gu-
ration for the Cu+ Cu run in 2005.

can also be used to determine the reaction plane.

There are two silicon detectors, the Silicon Vertex TrackefSVT) and the Silicon
Strip Detector (SSD) inside the inner eld cage of the TPC. Tkese detectors have hit
resolutions of approximately 100 m and 200 m, respectively. The three layers of
the SVT range from radii of 7, 11, and 15 cm from the beam pipe.hE single silicon
layer SSD is located at 23 cm radially from the beam pipe. Thessilicon detectors
have the capacity to provide more accurate tracking closeiotthe beam pipe, but
these detectors were only used in the 2005 run and later.

There are two electromagnetic calorimeters that can be uséor measurements of
electrons, photons, and triggering. The Barrel Electromaggtic Calorimeter (BEMC)
has full acceptance in azimuth and an acceptance pfi < 1. The Endcap Electro-
magnetic Calorimeters (EEMC) have full azimuthal acceptare and an acceptance
of 1< < 2. All electromagnetic calorimeters have shower maximum tetors to
distinguish signals left by hadrons from those left by photws and electrons.
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The Central Trigger Barrel (CTB) and the Zero Degree Calorireters (ZDC) are
primarily used for triggering on central events. The CTB is a array of scintillator
slats that surround the TPC and trigger on the ux of charged m@rticles at midrapid-
ity. The ZDCs sit 18 m away from the interaction region at an agle of<2 mrad from
the interaction region along the beam pipe. The ZDCs measutiee energy deposited
by neutral particles in the forward direction, primarily the spectator neutrons. In
d+ Au collisions, a signal is required in the ZDC from the neutromithe deuteron
to ensure that a collision occurred. The ZDCs can also be uséa determine the
reaction plane. Each experiment at RHIC has identical ZDCsot allow experiments
to cross-calibrate centrality de nitions.

Zero Degree Calorimeter (arb. units)

0
0 5000 10000 15000 20000 25000
Central Trigger Barrel (arb. units)

Figure 3.4: The signals recorded in the Zero Degree Caloritee versus the signals
recorded in the Central Trigger Barrel inAu + Au collisions at™ Syy = 130 GeV [94].

Figure 3.4 shows the signal in the ZDCs versus the signal indglcentral trigger
barrel. Peripheral events deposit energy in the ZDCs becaus$ragments from the
nucleus are only slightly de ected from the beam pipe. The emngy deposit in the
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ZDC does not constrain the centrality because a small signal the ZDCs may be
recorded in both peripheral and central collisions. Perigral collisions may only leave
a few neutrons traveling along the beam axis to be measured e ZDCs; in the most
central collisions, all of the neutrons participate in the allision, leaving no neutrons
for detection by the ZDCs. However, the larger the signal inie central trigger barrel
the more central the collision. The CTB and ZDC combined alle STAR to trigger
on a variety of collision centralities.

3.2.1 The Time Projection Chamber

Sectors

Outer Field Cage
& Support Tube

Sector
Support—Wheel

Figure 3.5: Diagram of the eld cage of the TPC [95].

In a Time Projection Chamber (TPC), charged patrticles travethrough a volume
of gas, leaving a trail of ionization behind them which revés the path followed by
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the particle. The STAR TPC is cylindrical around the beam pige and sits inside the
STAR magnet with a magnetic eld of up to 0.5 T parallel to the beam pipe. The
TPC central membrane and eld cage create an electric eld 0135 V/cm that is
parallel to the beam pipe. The TPC is 4.2 m long with an outer @meter of 4 m and
an inner diameter of 1 m. The magnetic eld bends charged pacles as they move
through the TPC, allowing determination of momentum.

When a charged particle travels through the TPC, it knocks o electrons from
the molecules in the gas. These ionization electrons are alecated through the TPC
by the electric eld until they reach a constant speed whichg a characteristic of the
gas and the electric eld. They move roughly two orders of mantude faster than
the ionized gas and therefore will be collected rst. For suciently low event rates,
the ions can be neglected; for higher rates of events, ionsiaaeate signi cant local
distortions in the electric eld that alter the trajectory o f nearby ionization electrons
and can impair momentum resolution unless these eld distdons are corrected for.
The position in the plane perpendicular to the beam (the x-y lane) is determined
by the location where the ionization electrons are colledeon the readout pads.
The position in the direction along the beam axis (the z-axjsis determined by the
time that it takes the ionization electrons to reach the endap, hence the name Time
Projection Chamber.

A signi cant advantage of the TPC is its low material budget 2.43%X ) which
reduces the probability of photon conversion as they passrtiugh the TPC and
reduces the probability for hadrons to scatter in the TPC. Tl drift volume of the
TPC is lled with P10 gas (10% methane and 90% argon) held at 2 lpar above
atmospheric pressure. The slight overpressure reduces imiges in the gas since any
leaks will cause P10 to leak out instead of causing air to leak Water and oxygen
dramatically change the drift velocity of electrons and cacapture electrons, reducing
the e ciency of the response of the TPC to charged particlesOperating the TPC
near the maximum electron drift speed reduces the e ect of synetry magazine slight
uctuations in the electric eld. P10 gas has its maximum eletron drift speed (5.45
cm/s) at a relatively low electric eld, reducing the overal electric eld needed.

The drift volume sits in a uniform eld of 135 V/cm created by the eld cage of
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the TPC shown in Figure 3.5. The central membrane of the eldage is at roughly
the center of the interaction region and is held at a voltagef@8 kV. The end caps are
grounded, and the eld is made more uniform by 182 equipoteiall rings on each of
the inner and outer eld cages, connected by 2 resistors. Tis results in variations
in the electric eld of no more than about 2% in the entire TPC wlume [95,96]. The
eld accelerates the ionization electrons towards the endps.
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Figure 3.6: Arrangement of a readout chamber of the TPC [97].

The endcaps comprise Multiwire Proportional Chambers (MWE) with readout
pads, as shown in Figure 3.6. The readout chambers have thmege planes, a gating
grid, a ground plane, and anode wires. When the gating grid islosed, voltages
on neighboring wires alternate between 75V, creating an electric eld that allows
neither positive nor negative charges to pass. To open theidjall wires are held at
110V. Field lines for a gating grid in open and closed con gations are shown in
Figure 3.7.

The gating grid is normally closed to minimize the buildup ofons in the readout
chamber. The gating grid opens when a trigger is received.n§e electrons knocked
out of gas molecules in the drift region of the TPC move much $ter than the ions and
travel in the opposite direction, only electrons will entethe readout chamber while the
gating grid is open. Electrons passing through the gating igr will accelerate towards
the anodes, initiating an avalanche. In the STAR TPC, the nurher of electrons in the
avalanche is roughly proportional to the initial charge. Edctrons from this avalanche
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Figure 3.7: Field lines for a gating grid in the (a) closed an¢b) open con gurations
[98].

are collected on the wires, but a cloud of positively chargedns remains. An image
charge will form on the readout plane and it is the image chaegthat is recorded.

The width of the cloud of charge in the STAR TPC is diused by 1% m/p cm
and 320 m/ P cmtraveled through TPC in the transverse and longitudinal diections,
respectively. The width of the image charge collected on theeadout pad is also
dependent on the dip angle and crossing angle of the track. @hdip angle is the
angle between the particle's momentum and the drift direatin. The crossing angle is
that between the particle’s momentum and the direction norral to the pad row. The
size of the image charge is smallest for short drift distangesmall crossing angles, and
small dip angles. The average width of the image charge is 35f in the transverse
direction and 700 m in the longitudinal direction, smaller than the typical TPC pad.
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Figure 3.8: Arrangement of the readout modules of the TPC [$9

The readout modules are split into 12 sectors on each end, &&own in Figure 3.8.
The beampipe goes through the center. The small gaps betwettre readout pads
lead to a slightly lower geometric acceptance roughly eveB0. Each sector of the
readout plane is divided into outer and inner sectors. In theéner sector the density
of tracks is greater, so the pads are smaller (2.85 mm x 11.5 mnhn the outer sector
the pads are larger (6.2 mm x 19.5 mm) to increase the chargdlected by each pad.
The greater the charge collected the greater the resolution the energy loss per unit
length, dE/dx, measured in the TPC.

dE/dx can be used to identify particles. The energy loss pemit length of particles
traveling through matter at rest is described by the Bethe-Bch equation:

de _ 4 nz?

& ., 2mec® 2
dx  m. 2 (4—0) [In(

,(172) ?]: (3.1)

me is the mass of the election, z is the charge of the particle imiis of the charge
of the electron, e, c is the speed of light, is the permittivity of free space, is the
particle's speed in units of the speed of light, n is the eladn density of the target,
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Figure 3.9: The energy loss per unit length in the STAR TPC irAu + Au collisions
at = syn = 130 GeV [95].

and | is the mean excitation potential of the target. Energydss due to interactions
with electrons in atoms is 4000 times greater than energy loss with nuclei. As
Equation 3.1 shows, this energy loss is dependent on the \@tg allowing separation
of particles when their momentum is known. The distributionof the measured dE/dx
versus the reconstructed track momentum is plotted in Figw 3.9. Clear bands are
seen for , K, p, , e, and deuterons.

The readout from the TPC gives a series of points along the tiectory of charged
particles, called hits. This collection of hits comes fromllecharged particles from an
event and individual tracks must be reconstructed from theshits. This is done using
a Kalman lter, an optimal recursive data processing algothm used for solving for
the location of a particle from the measurements of its posiin at discrete times [100].
The Kalman lIter takes the TPC hits and their errors as input and returns the tracks
left by particles in an event.

Figure 3.10 shows a typical centraAu + Au collision at P Snn = 130 GeV in the
TPC. Such an event inAu + Au leaves over 1000 charged particles in the TPC. The
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Figure 3.10: AnAu + Au event at P Snn = 130 GeV in the STAR TPC [94].
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Figure 3.11: Vertex resolution in the TPC inAu + Au collisions atp Syn = 130
GeV [95].

more tracks in an event the better the location of the primaryertex can be deter-
mined. The resolution increases with the number of tracks,sashown in Figure 3.11.
Central events inCu+ Culeave 200 tracks in the TPC, so the error on the location
of the vertex is around 0.4 mm in a centraAu + Au collisions but more than 0.7 mm
in central Cu+ Cu collisions.

The momentum resolution of tracks t through the primary vertex as a function
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Figure 3.12: Transverse momentum resolution of the TPC iAu + Au collisions at
Snn = 130 GeV [95].

of pr in the TPC is shown in Figure 3.12. Above 1 GeV/c, it becomes me di cult
to distinguish the curvature of the track. This means that athigh pr the relative
error in the momentum increases withpr. At low momenta, the resolution is a ected
by the energy loss in the TPC because the dE/dx is a greater pmmtage of the
particle's energy. Particles which lose a signi cant propion of their energy in the
TPC will not travel all the way through the TPC and these tracks will be shorter,
also decreasing the momentum resolution. Energy loss in tAi€C is dependent on
the mass of the particle so there are di erences in the resdilon at low momenta, as
seen in Figure 3.12.
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Chapter 4
Particle selection and identi cation

The and baryons and K2 meson are neutral particles which decay into charged
hadrons with a decay length, c, of a few centimeters. While neutral particles cannot
be detected in the TPC, the charged hadron daughters can be s#hved and these
daughters form a neutral vertex, oiV°. The , , and K¢ hadrons can be identi ed
by reconstructing their secondary decay vertices. Parties which decay intoa or ,
such as the and the , can also be reconstructed by rst recorstructing the tertiary
decay vertex of the or decay and then reconstructing the secondary decay vertex
of the or . This method has been applied successfully by STAR to study the , ,
and baryons and their respective antiparticles and theK ¢ meson [101{113]. Data
on these particles and the decay channels used to identifyetim are given in Table 4.1.

The advantage of particle identi cation by reconstructionof decay vertices is that
this method is e ective at highpy. Identi cation of , K, and p by dE/dx is di cult
above 1 GeV/c in STAR because the bands overlap. Studies ofrpeles identi ed
in STAR by vertex reconstruction are limited at highpr by statistics rather than
the applicability of the method. A disadvantage of particleidenti cation by vertex
reconstruction is the e ciency. Identi cation of a V° through its decay vertex has
an e ciency of about 10% - 50% and identi cation of and bary ons through
reconstruction of their decay vertices have an e ciency onhe order of a few percent.
By comparison, the e ciency for reconstructing a charged hdron ranges from about
70% in central Au + Au collisions to about 90% inp + p collisions.
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Table 4.1: Data on particles which can be reconstructed froheir decay vertices

[114].
particle mass quark decay decay length branching
(MeV/ ¢?) content channel c (cm) ratio
1115.683 0.006| uds ' p 7.893 0.060 64.1 0.5%
1115.683 0.006| wuds ' p ™ 7.893 0.060 64.1 0.5%
K | 497648 0022 | % | KQ1 7 2.6859 0.0015| 69.20 0.05%
1321.31 0.31 dss ! 4.917 0.045 | 99.887 0.035%
* 1321.31 0.31 dss T * 4917 0.045 | 99.887 0.035%
1672.45 0.29 sss I K 2.463 0.033 67.8 0.7%
* 1672.45 0.29 SSS KT 2.463 0.033 67.8 0.7%

Di-hadron correlations presented in this thesis use unidéed hadrons (h), V°s
(, , KQ), or multistrange baryons ( , *, , 7). Di-hadron correlations of
VO, ,and are only presented for Cu+ Cu at P Syn = 200 GeV. The data from
Cu+ CuandAu+ Au collisions atp Syn = 62 GeV were investigated but the statistics
did not allow for meaningful studies, and previous studiesewve done inAu + Au at
P Syn =200 GeV [77,79,115{123]. Therefore, identi cation of thge particles is only
discussed forCu + Cu collisions atIO Syn = 200 GeV.

All particles are restricted toj j < 1.0 since the acceptance of the STAR TPC is
limited in  and tracks at higher typically have fewer hits in the TPC and worse
momentum resolution due to the angle they make with the readub pads in the TPC.
All tracks used in these studies, including those of daught@articles, are required to

have at least 15 hits in the TPC associated with the track.

4.1 Selection of charged tracks

Particles with pr > 1 GeV/c are dominantly pions and protons, with the proton
contribution as much as 50% in centraAu + Au collisions atp Syn = 200 GeV [80].
This means that unidenti ed hadrons are mostly a mixture of potons and pions.
Figure 4.1 shows the distribution of the distance of closeapproach (DCA) of charged
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Figure 4.1: Distance of closest approach to the primary veasx for unidenti ed hadrons
with pr > 1.0 GeV/c within j j < 1.0 inCu+ Cu collisions at™ Syy = 200 GeV.

tracks with pr > 1.0 GeV/c to the primary vertex of an event. Tracks are restdted
to a DCA < 1.0 cm, limiting contributions from decay particles.

The number of hits in the TPC associated with a track is also s#ricted to ensure
the quality of the track. Tracks with few hits are often randanly associated hits
rather than those left by a charged particle and if they reprgent a real particle,
their momentum resolution is poor. Also, tracks from a singl particle may be split
and reconstructed as two tracks; requiring a minimum numbeof hits on a track
prevents double counting of these split tracks. Figure 4.2hews the distribution of
the number of hits associated with unidenti ed hadron track with pr > 1.0 GeV/c.
The maximum number of hits possible in the TPC depends on thedjectory of the
track but is usually 45 for a particle withinj j < 1.0. Only tracks with at least 15
tracks were accepted.

Unidenti ed hadron e ciency

To determine the e ciency for reconstructing tracks, the response to the particle as
it traverses the STAR detector is simulated. For unidenti &l hadrons, the response of
the detector is simulated for pions. There are signi cant aaributions from protons in
the data, however, the e ciency for the reconstruction of pons and protons is similar
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Figure 4.3: The e ective e ciency, including acceptance egcts, for reconstructing
unidenti ed hadrons in 0-10% centralCu + Cu collisions at™ Syy = 200 GeV. The
curve is a t to the data.

for particles with pr > 1 GeV/c. The charge which would be recorded by the detector
is simulated, and the simulated charge is embedded into a feavent. The software
used by STAR to reconstruct hits and tracks in real data is uskto reconstruct tracks
in the data-simulation hybrid. The reconstructed track mus have at least 10 of the
simulated hits for the simulated track to be considered reostructed. The ratio of the
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DCA of
daughter to Decay DCA of
PV 2 daughters

Figure 4.4: Schematic diagram of a decay showing the di enat parameters of av°
candidate's reconstructed decay vertex. Primary vertex iabbreviated PV.

number of reconstructed tracks to the number of simulated #&cks gives the e ective
e ciency, including acceptance e ects. The e ective recostruction e ciency was
determined for tracks meeting the quality requirements aggd in the analysis and
was determined as a function opy and centrality for each data set. This was t to
a curve a exp((p—*i)c). An example of the e ective e ciency for the reconstruction
of unidenti ed hadrons in 0-10% centralCu + Cu collisions atIO Syn = 200 GeV is
shown in Figure 4.3. The parameters for the ts to the e cieny as a function ofpy
for each centrality bin in each data set are in Appendix C.1.
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4.2 V9 reconstruction

A schematic diagram of the geometry of a decay is shown in Fige 4.4. TheK2
decay is similar except for the identity of the daughters. Tis shows the di erent pa-
rameters describing the reconstructed decay vertex. Restions of these parameters
can be varied to alter the purity and the e ciency of reconstucted V° candidates.

To get a sample ofv? candidates, all pairs of global tracks - those which are not
forced to go through the primary vertex - are combined. The irariant mass of the
track pair is calculated assuming that they are the decay dainters of aV°. The
mass of av° candidate is given by

- a 2 I oye
mo= morm? (b v
o=y (P + + pp)? (4.1)
Mo = (m + m )2 ('p++Io)2

with the momentum given by

| !
P =P b
| |
P = P+ (4.2)
| |
Pkg = P +P-:

The combinatorial background in a heavy ion collision is caderably higher than
in e" +e orp+ pcollisions, and is large for high particle multiplicities.This means
that the background is greater in central collisions than irperipheral collisions. The
background is dominated by primary tracks, or those which aginate from the primary
vertex (PV). Some default cuts on track quality, daughter paicle identi cation, and
geometry of the reconstructed vertex are applied to keep Isizes reasonable before
ner tuning of cuts. The list of default cuts is given in Table4.2.

Figure 4.5 shows the DCA of the daughter tracks to each othend to the primary
vertex versus the invariant mass of th&/° candidate. Plots with the parameter on the
y-axis and the mass of the candidate on the x-axis easily shdlwe di erence between
the signal and the background. The signal sits near the masktbe particles and has
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Table 4.2: Default geometric cuts foV° candidates.

pY’ < 35 GeV/c | pY’ > 3:5 GeVic
DCA of VO 1to PV < 0.8 cm 0.8 cm
DCA of daughters< 0.8 cm 0.8 cm
DCA of daughters to PV > 0.7 cm 0 cm
Decay length> 2.cm 2cm
Nhits On daughter track > 15 15
J Nide=dx | 3 3

hters (cm
g _o( )
o

DCA of dau
o o
N N

o
o

DCA of V ° to PV (cm)
o o

11 112 - 114 045
Mass (GeV/c?)

1.14

11 112 05
Mass (GeV/c?) Mass (GeV/c©)

Figure 4.5: DCA of V° to primary vertex and of V° daughters to each other foiv°
candidates between 1.0 GeV/& pt < 1.5 GeV/c versus the reconstructed mass of
the candidate. These were produced with the default cuts inable 4.2 withCu+ Cu
collisions at™ syy = 200 GeV. The vertical scale is logarithmic.

a lower DCA on average than the background. These plots showndar patterns for
both the DCA of the daughters and the DCA of theV° to the primary vertex because
these paramters are dominated by the resolution of the detec. Restrictions on the
DCA of the V° daughters to each other and to the primary vertex eliminate &ck-
ground e ciently, and future detector upgrades at STAR will allow better resolution
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Figure 4.6: DCA ofV° to primary vertex versus the reconstructed mass of the candi
date for di erent momenta. These were produced with the detdt cuts in Table 4.2
in Cu+ Cuevents at” Syy = 200 GeV. The vertical scale is logarithmic.

of these parameters.

Figure 4.6 shows the reconstructed DCA in di erent bins irpr. A single hit in the
STAR TPC has a resolution on the order of a few hundredm. The resolution of the
trajectory of each track depends on its momentum and on the mber of hits in the
TPC. Lower momentum daughter tracks are not only more likelyfo have fewer hits
in the TPC, but have greater energy loss, reducing both theimomentum resolution
and the resolution of the trajectory of the track. This meanghe resolution of the
DCA of the daughter tracks will be worse at lowpr. The fact that the resolution gets
better with higher momentum demonstrates that this methods better, not worse, at
higher pr.

Figure 4.7 shows the distribution of the decay daughters’ D& to the primary
vertex and of the decay length versus the invariant mass of andidates. Similar
trends are observed foK 2 candidates. Since most of the background comes from
tracks originating at the primary vertex, most of the backgound has a small recon-
structed decay length and the daughter tracks are close to ¢hprimary vertex. The
signal has an exponential distribution of decay lengths, raaing that much of the
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Figure 4.7: DCA of positive and negative daughters to the pimary vertex and the

decay length of candidates versus the reconstructed masg the candidate. These
were produced with the default cuts in Table 4.2 withCu + Cu collisions atp SNN

= 200 GeV.

signal also has a small decay length. Requiring a minimum dgclenth improves the
signal to background ratio, but also signi cantly reducestie signal. Likewise, requir-
ing that the decay daughters do not come close to the primaryevtex also reduces
the background, but signi cantly reduces the signal.

The dE/dx of daughter tracks can also be used to reduce the Hdaground. The
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Table 4.3: V° center t parameters from t of data in Figure 4.10 to Ae (®=Pr)°,
particle a b c

1116.25 0.02 39104 04 10% 0.86 0.01

1116.03 0.02 24103% 0.310° 1.16 0.03

K 5015 0.2 1.710% 0.3 104 0.50 0.02

number of standard deviations away from the center of the bahis calculated and
a 3 cut was applied by default. Figure 4.8 shows the distributizss of the number
of away from the center of the dE/dx band versus the mass for theadighters
for candidates. The dE/dx bands from di erent particles begin to merge above 1
GeV/c in the STAR TPC, but at higher momenta the bands begin toseparate so
some resolution is possible. This is evident in Figure 4.8 dsuse the distribution
of p daughters is not centered arounch 4e-qx = 0. It is more e ective for the p

and p daughters of the and since there are more primary pions than protons
produced [124].

The widths of the mass peaks as a function gf are shown in Figure 4.9 and
the centers of the mass peaks as a function pf are shown in Figure 4.10. These
parameters are determined from a t of a Breit-Wigner distrbution

(3)°
(Mreco  Mecenter)? + ( 3)?

plus a linear background to the mass peak, where is the widtlf the distribution,

f (Mreco) = N (4.3)

M center 1S the center of the distribution, M ¢ IS the reconstructed mass, and N is the
total number of particles. The mass resolution is dominatelly detector e ects from
the single track momentum resolution and the shape of the recstructed mass peak
is altered by the geometric cuts. A Breit-Wigner is used beaae this function ts the
mass peak best; the ts were only used for determining the pity of the sample. Since
the purpose of these studies was only identi cation of °s for di-hadron correlations,
the pr dependence of the centers and widths of the mass peaks was ineéstigated
in detail.

Starting with the geometric cuts given in Table 4.2, the resictions on the DCA
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Figure 4.8: Then.ge-qx for decay daughters at di erent momenta versus the in-
variant mass, These were produced with the default cuts in Bée 4.2 with Cu+ Cu
collisions at” syy = 200 GeV.

of the V° to the primary vertex, the DCA of the daughters to each otherthe DCA
of the daughters to the primary vertex, the decay length, thewumber of TPC hits
on each daughter, then 4=« and the distance from the center of the mass peak for
each daughter were tuned until a purity of about 95% was reael in each centrality
bin and at each momentum. The nal cuts are given in Appendix B These tight
restrictions on the purity were used to reduce the impact ompurities on di-hadron
correlations. The purity as a function ofpr, shown in Figure 4.11, was determined by
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Figure 4.9: V° mass widths as a function opr. The solid black line indicates the
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Figure 4.10: V° mass peak centers as a function @f. These were t to Ae ®=Pr)°

shown as a black dashed line. These parameters are given irbl&a4.3. The solid

black line indicates the PDG value and the red dashed linesditate the PDG value
the bin width.

tting the mass peak with a Breit-Wigner distribution. The center was determined
from a t to the center as a function of p;r to Ae (°Pr)°, The parameters of these ts
are given in Table 4.3.

V° e ciency

The e ective V° reconstruction e ciencies were determined by embedding sulated
tracks in a STAR event, as for unidenti ed hadrons. The e ciency of reconstructing
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Figure 4.12: Sample e ectiveV° reconstruction e ciency for the default cuts listed

in Table 4.2.

a VY in the STAR detector is limited by the single track e ciency ( 0:90) and the
branching ratio (69.2% forK  and 64.1% for and .) These e ects combined put
an upper limit on the e ciency of about 55% before applying ag geometric cuts.
As for charged hadrons, the cuts were applied to the embeddaé@constructed data,

compared to the number of simulated tracks, and the ratio t b give an e ciency. A

sample e ective e ciency, including acceptance e ects andhe branching ratio, for
the default cuts listed in Table 4.2 is shown in Figure 4.12. fle large jump in the
e ciency at pr = 3.5 GeV/c is from the change in the cuts atpr = 3.5 GeV/c. The

t parameters in each pr and centrality bin are given in Appendix C.
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Table 4.4: Default geometric cuts for and candidates.

pr < 35 GeVic | pr < 35 GeV/c

DCA of V° daughters < 0.8 cm < 0.8 cm

DCA of V° daughters to PV > 0.4 cm > 0.0 cm

DCA of to PV < 0.8cm < 0.8cm

DCA of daughters < 0.8cm < 0.8 cm

Decay length >2cm >2cm

Nhits On daughter track > 15 > 15
N ;dE=dx -3<n ;dE=dx <3|-3<n ;dE=dx <3
4.3 and  reconstruction

The identi cation of a or through their decay vertices is a straightforward exten-
sion of VO identi cation. Instead of or p daughters, one of the daughter tracks is
a . There are more parameters describing the geometry of theeconstructed decay,
those describing the decay vertex and those describing theor decay vertex.
The e ciency is also signi cantly lower than for the reconstuction of a V° because
three tracks must be reconstructed rather than two and the lanching ratios of both
the andthe or are relevant.

As with V° reconstruction, default cuts were applied and these cuts veetightened
to reach the desired purity. Most of the cuts applied are ex#yg analogous to those
applied for V° recontruction and only cuts unique to and recontruction w ill be
reviewed here. Table 4.4 lists the default cuts used for andreconstruction.

4.3.1 reconstruction

As for VO reconstruction, the background for the is dominated by ramlom combina-
tions of primary tracks. This means that on average the distece of closest approach
to the primary vertex of the will be lower on average than to the background and
the DCA to the primary vertex of the will be higher on average than the back-
ground. The DCA of the daughter to the primary vertex and the DCA of the
candidate are strongly correlated for real .
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Figure 4.13: The DCA of the daughter to the primary vertex versus the DCA of
the candidate to the primary vertex in the signal region (1315< m <1325), the
background region (127 m <1312 and 1138 m <1350 MeV/c) and the ratio
of the two for all candidates with pr > 1 GeV/c in the Cu+ Cu data at P SNN
= 200 GeV. The line shows where the cut is applied to reduce theackground in
Figure 4.14.

Figure 4.13 shows the DCA of the daughter to the primary verex versus the
DCA of the candidate in the signal region (1315 m <1325), the background
region (127& m <1312 and 1138 m <1350 MeV/c) and the ratio of the two for
all candidates with pr > 1 GeV/c in Cu+ Cu collisions atp Syn =200 GeV. The
strong correlation between the DCA of the candidate to the pimary vertex and
of the DCA of the V° daughter to the primary vertex was demonstrated in [125] to
be an e cient way to reduce the background in the mass peak. he line drawn in
Figure 4.13 shows an example of a correlated cut

p
DCAof V°toPV >A  DCAof toPV+ B (4.4)

which can be used to eliminate background. A tighter cut is gpied by either in-
creasing either A or B.

Figure 4.14 shows the mass peak for candidates @u+ Cu at P Syn = 200 GeV
abovepr > 1.0 GeV/c before applying the cut in Equation 4.4, after appling the cut
in Equation 4.4, and the di erence between the two. This cutlearly eliminates mostly
background. This was one of the most e cient cuts for reducig the background.
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Figure 4.14. mass peak before (black) and after (blue) apging the correlated cut.
The di erence is shown in red. The cut applied, DCA of theV° to the primary
vertex > 1.33 times the DCA of the candidate to the primary vertex, is shown in
Figure 4.13.

Table 4.5: center t parameters from ts to the data in Figur e 4.15
particle a b c

1323.1 0.3 8010° 9.0 10° 0.643 0.088

* 1323.1 0.1 3.810° 0.5 10° 0595 0.009

The width and centers of the mass peaks as a function pf as determined from
ts of the mass peaks to Breit-Wigner distributions are give in Figure 4.15. The
center was then t as a function ofp; to Ae (°=P1)°. The parameters from these ts
are given in Table 4.5. The purity was calculated as the numbef particles in the
mass peak as determined from the t divided by the total in themass peak. The
geometric cuts were tuned until the purity was around 90%. Té nal geometric cuts
are given in Appendix B and the purity is shown in Figure 4.16. baryons are only
used as trigger particles so no reconstruction e ciency isetessary.
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Figure 4.15: Centers of mass peaks as determined from ts dhe mass peaks to a
Breit-Wigner distribution

4.3.2 reconstruction

The is more di cult to reconstruct than a V° or the because there are fewer
baryons produced. The default cuts are the same as those inbl@a 4.4. The geometry
of an decay is the same as the geometry of a decay so similauts are applied. The
cut described in Equation 4.4, also works to e ciently recostruct decay vertices.
An baryon has two decay daughters, a and a K , so an analogous cut can also
be applied:

p
DCAof toPV >C DCAof toPV+ D: (4.5)

While this cut was not found to be useful for reconstruction it was very useful for
reconstruction.
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Figure 4.16: center

Three di erent cut sets, listed in Table 4.6, were used with arying purities. Be-
cause the number of baryons reconstructed is small, theresia trade o between
purity and the number of baryons which could be used as triggr particles for cor-
relation analyses. The mass peaks are shown in Figure 4.17nc® there are fewer

baryons, the PDG value was used. The center of the mass peakaw within error
of the PDG value. The widths of the mass peaks were determindbm a t of a
Breit-Wigner function to the mass peak integrated ovepy > 1 GeV/c. The widths
used for determining the purity were 5.6 MeV¢? for the and 5.9 MeV/c for the

+
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Table 4.6: Cut sets for candidates. A and B are the parametes in Equation 4.4
and C and D are the parameters in Equation 4.5.

Parameter Cutsetl Cutset2 Cutset3
DCA of to primary vertex < 0.6 cm (0.55cm) 0.35cm 0.6 cm
DCA of bachelor to primary vertex > 0.0 cm 0.0 cm 0.5cm

DCA of V° daughters to each othex 0.5cm (0.65cm) 0.35cm 0.5 cm
DCA of daughters to each other < 0.5cm (0.7cm) 0.35cm 0.5cm

Number of widths, , from the PDG mass 1.5 1 15
N geog J < 3 3 3
INe=ax J < 2 2 2
Ny ] < 3 3 3

(m -1.1156) 0.007 0.007 0.007
A 0.7 (0.7) 0.7 0.5
B 0.1 (0.13) 0.1 0.1
C 1.1 (1.1) 1.1 1.1
D 0.1 (0.12) 0.1 0.1
Purity 61% 73% 53%
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Figure 4.17: mass peaks for each cut set described in Table64
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Chapter 5

Correlation Method

5.1 Event selection

Data in this thesis are fromAu + Au collisions atp Syn = 62 GeV from RHIC's
fourth run (2004) and Cu+ Cu collisions atIO Syn = 62 GeV and P Syn = 200 GeV
from RHIC's fth run (2005.) These data are compared to prewus studies done in
Au + Au collisions atp Syn = 200 GeV from RHIC's fourth year run. In order to
be usable for analyses, events must have a clearly de ned teet. For all systems
and energies, the vertex is limited to within 30 cm of the cest of the TPC along
the beam axis. The further an event is from the center of the T@ the lower the
geometric acceptance; a 30 cm cut allows reasonably unifogeometric acceptance.
The impact parameter of events cannot be directly measuredp instead the cen-
trality of the collision is given as a percentage of events aasample. These percentages
are determined by dividing the event sample into percentageof centrality as deter-
mined by the reference multiplicity*. This is compared to the distribution of impact
parameters expected in a Glauber Monte Carlo model [41] scaththe 0-10% central
events roughly corresponds to the highest 10% of impact panaters. The Glauber
model assumes a realistic distribution of nucleons in nuglesuch as a Woods-Saxon
density pro le, and samples collisions with a uniform impacparameter, b, ranging

1The reference multiplicity is de ned as the uncorrected nunber of tracks in the TPC within
j j< 05.
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between 0 and a cut-o b,.. Based on the assumption that nucleons travel in a
straight line as the nuclei interact and that nucleons intesict with the same cross sec-
tion as protons, the number of nuclei which participate in tle collision at least once
(Npart) and the total number of nucleon-nucleon collisionsNyin) is calculated. Npat

is bounded by the sum of the nucleons in the colliding nuclend Ny, is bounded by
the product of the number of nucleons in the two nuclei. Softgrticle production is
expected to scale withN 4 and hard particle production, such as that from jets, is
expected to scale witiN;,. Details of Glauber Monte Carlo models and how they are
used in heavy ion collisions can be found in [41]. The Glauberodel is compared to
the data to determine the centrality of an event from its refeence multiplicity. The
centrality bins used in this analysis and their correspondg reference multiplicities,
Npin, and Npa: are given in Appendix D.

Events from Au + Au collisions have a more clearly de ned vertex because there
are more tracks produced in a\u + Au collision which can be used to reconstruct the
vertex position. The 80% most central events were usableAu+ Au collisions. Fewer
tracks are produced inCu+ Cu collisions and the luminosity was signi cantly higher
in 2005 than in 2006. The higher luminosity meant that partites from a previous
event could still be traversing the TPC when a new event triggred the detector to
begin reading out data, a problem called pile-up. For highanultiplicities, it is still
possible to determine the primary vertex, but the lower the miltiplicity the harder it
is to determine where the vertex from the event which trigged the detector is. For
this reason only the 60% most central data from these eventsaagvusable. For more
peripheral events, the vertex which triggered the event cdai not be found in more
than 2% of events, in large part because vertices from pilgrevents usually had a
greater multipicity. Full details of the separation of the \ertices from the triggered
event and from pile-up events can be found in [126].

5.2 Correlation technique

In a given event, a highpr track, called the trigger particle, is selected and the dis-
tribution of all lower momentum particles, called associad particles, relative to that

82



track in and is determined. Tracks are selected as described in Chaptemdth
no additional restrictions on the high momentum track otherthan the pr. Multiple
tracks in a single event may be counted as trigger particleS he data are symmet-
ric about =0 and = 0 because the sign of and are determined by
an arbitrary choice of coordinates. Since many of these measments are limited
by statistics, the data are re ected about =0 and = 0 to minimize statis-
tical uctuations. The single track e ciency, described in Chapter 4, is dependent
on patrticle type, collision system and energypr, and centrality and the correction
for associated particles is applied on a track-by-track bes The nal distribution is
normalized by the number of trigger particles, so no correicin for the e ciency of
reconstructing the trigger particle is necessary. Two caections for the acceptance
of track pairs in and , described below, are applied. This is done for the full

sample of events to give the average distribution of assoigd particles relative to a

1 d?N
Ntrigger d d

high-pr trigger particle

Two key features of the STAR TPC aect the geometric acceptare of track
pairs. Tracks in the TPC can only be resolved well for -¥ < 1 because the lower
geometric acceptance leads to tracks with fewer hits in thePIC, so only tracks within
-1 < < 1 are used for this analysis. Track pairs with 0 are nearly always
accepted, however, track pairs with j 2 are only accepted if the tracks are near
opposite edges of the detector. Therefore acceptance isgbly 100% near 0
but roughly 0% nearj j 2. This leads to an acceptance in with a triangular
shape.

In addition, as discussed in Chapter 3, there are gaps betweeach of the 12 TPC
sectors. This leads to holes in the acceptance in azimuth. Btaracks will have hits
in multiple sectors, however, the loss of hits leads to a dease in the reconstruction
e ciency for tracks at the angles of the sector boundaries. Aample distribution of
tracks reconstructed in the TPC is shown in Figure 5.1 showinthe lower e ciency
at the TPC sector boundaries.

To correct for these e ects, the distributions of tracks forboth the associated
and the trigger particles are recorded. A random trigger (, ) is chosen from this
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Figure 5.1: Distribution of tracks in (a) and and (b) in Cu+ Cu events at

Sy = 200 GeV for 1.5 GeV/c< pt <6.0 GeV/c. Note the suppressed zero.

distribution of trigger particles and a random associated (, ) is chosen from the dis-
tribution of associated particles. In this way a simulated wtribution of uncorrelated
track pairs that includes detector acceptance e ects is adined. This distribution is
normalized to 1 at the peak at 0 to give an e ciency for nding a pair of tracks
as a function of ( , ). A sample of the e ciency due to detector e ects is shown
in Figure 5.2 and the e ects of the geometric acceptance argident.

5.2.1 Track merging correction

If two tracks have small separations in pseudorapidity andzamuth, they are more
di cult to resolve because hits from each particle may not beresolved by the TPC.
Therefore, if the particles have nearly identical momentaheir tracks are not distin-
guished. This e ect is called track merging and causes an adal dip in the raw
correlations centered at ( , ) = (0,0). Another similar e ect is evident in the
TPC from the crossing of highpr tracks. While the hits are not lost in this case, one
track will lose hits near the crossing point and this partia's track gets split into two
shorter tracks. Shorter tracks are less likely to meet the &ick quality cuts in Chap-
, )=
(0,0) but slightly displaced in . The location of these dips in  is dependent on

ter 4 because they have fewer hits. This e ect causes artial dips near (
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Figure 5.2: Sample e ciency due to detector e ects folCu + Cu events atp SNN =
200 GeV with 15 GeV/c < passciated < nl99€" gnd 30 < p'99" < 6:0 GeV/c

the relative helicities of the trigger and associated paxtles. The helicity is given by

gB
19B) (1)
where q is the charge of the particle and B is the magnetic elflL16].
A method for correcting highpr triggered di-hadron correlations was developed
in [116, 120], building on a method for correcting for track erging in studies of
Hanbury-Brown-Twiss correlations [127].

Correction for unidenti ed hadrons

Figure 5.3 shows a sample of raw di-hadron correlations betn unidenti ed hadrons
for all four helicity combinations in Au + Au events at pm = 62 GeV. When
the helicities of the trigger and associated particles arené same, the percentage
of overlapping hits is greater. Track pairs are lost whethethe pair is part of the
combinatorial background or part of the signal so the magniide of the dip is greater
when the background is greaterAu + Au collisions were chosen to demonstrate the
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Figure 5.3: Raw correlations for (a) trigger particle helity 1 and associated particle
helicity 1 (b) trigger particle helicity 1 and associated p#icle helicity -1 (c) trigger

particle helicity -1 and associated particle helicity 1 (d)trigger particle_helicity -1

and associated particle helicity -1 in 0-40% centralu + Au collisions at™ syy = 62

GeV for 1.5< passociated < 199" Gev/c and 3.0< p'9%" < 6.0 GeVi/c.

e ect because the background is largest for these collismmmaking the e ect easy to
see.
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The number of hits shared by two tracks is calculated based dhe trajectory of
the track and if more than 10% of hits are shared between twoacks, the tracks are
considered merged and the track pair is discarded. To get amaeptance correction
for this e ect, the trigger particle is mixed with associatel particles from another
event. This procedure is called event mixing. The trigger @hassociated particles
from separate events will have no real correlations so anyrsttures in the resulting
( , ) distribution will result only from detector acceptance eects, including track
merging. In the mixed events, the origin of the associatedack must be shifted to
the new vertex so that the percentage of merged hits can be calated accurately. In
addition, mixed events are required to have vertices withi2 cm of each other along
the beam axis in order to ensure similar geometric acceptani both events. The
reference multiplicities of both events are required to beithin 10. The calculation
of the number of hits which may be shared by the tracks does nalescribe the
performance of the TPC perfectly and some track pairs which exe calculated to
share more than 10% of their hits are reconstructed. Theseimaare discarded even
if they were reconstructed so that the percentage of mergedatk pairs is the same
in the data and the mixed events. The mixed events are then ufé¢o determine an
acceptance correction as a function of and for track pairs. Most of the dip is
corrected away when the data are divided by the e ciency fronmixed events [116,
120]. While the method discused in Section 5.2 corrects fdre geometric acceptance
of the detector, this method corrects for both the geometriacceptance and for track
merging. This method is much more CPU-intensive and theraf® was only applied
forsmall ( , ).

Figure 5.4(a) shows the data and Figure 5.4(b) shows the mukeevents for a
sample correlation. The dip has a di erent shape when the Heities of the tracks are
the same and when they are opposite. To do the correction thatd and mixed events
are rotated so that the dip is in the same location. The same haty data are divided
by the acceptance correction from the same helicity event®ié the opposite helicity
data are divided by the acceptance correction from the oppites helicity mixed events.
These data are then added after the acceptance correction. gmall residual dip
remains because mixed events to do not recreate the dip petig The remaining dip
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is corrected for using the symmetry of the correlations. Ste the data are symmetric
about = 0, the data on the same side as the dip are discarded and repéal by
the data on the side without the dip. Then the data are re ectd about =0 and

added to the unre ected data to minimize statistical uctuations.

This method is only applied toj j<1.05and] | <0.67 because it is CPU-
intensive and track merging only a ects small andsmall . Forlarge and ,
the method described in Section 5.2 is applied. Figure 5.4@ows the data after the
track merging correction and Figure 5.4(d) shows the data gy the method described
in Section 5.2 - without the track merging correction - for dlhelicity combinations
for 0-40% centralAu + Au collisions atp Syn = 62 GeV.

Correction for identi ed particles

Correlations with an identi ed V° also have a signi cant loss of tracks at small
and due to track merging. For correlations with particles idented through decay
vertex reconstruction, the associated particle may be mexd with any of the daughter
particles. The method developed by [116,120] for unidengad (h-h) correlations was
extended to identi ed particle correlations and is similarto that for h-h correlations.
The only correlations studied here are those where eitherdhrigger or the associated
particle is an unidentied hadron. A track pair is thrown out if the unidenti ed
hadron shares more than 10% of its hits total with any of the dmy particles. As for
h-h correlations, this is done for both data and mixed eventand the e ciency as a
function of and is used to correct the data for both detector acceptance and
track merging.

The residual dip is corrected by re ection, so the location fothe dip must be
established for di erent trigger particles. Figure 5.5 shws the raw correlations for
V° triggered correlations for associated hadrons with di e helicities. Since theV°
is neutral, its helicity is zero. Data fromAu + Au collisions atp Syn = 200 GeV are
used because the multiplicities are higher, making the diuger, and more statistics
were available, making the location of the dip more evidentThe event selection and
particle identi cation are as described in [77,79,117{119 The dip is larger for
and trigger particles than for K2 trigger particles. The location and size of the dip
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Figure 5.4: The region around the dip for (a) data (b) mixed eants (c) data after
track merging correction (d) data using the method descrilggin Section 5.2 (no track
merging correction) in 0-40% centraAu + Au collisions at”™ syy = 62 GeV for 1.5
< passociated < 109" Gay//c and 3.0< pI9%" < 6.0 GeVie.

is dependent on the momenta of the decay daughters and the dgdkinematics are
di erent for the and than for the K.

Figure 5.6 shows the location of the dip for and ™ trigger particles with
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Figure 5.5: The location of the track merging dip inv° triggered correlations for a (a)
trigger with an associated particle with helicity 1 (b) trigger with an associated
particle with helicity 1 (c) K2 trigger with an associated particle with helicity 1 (d)
trigger with an associated particle with helicity -1 (e) trigger with an associated
particle with helicity -1 (f) K2 trigger with an associated particle with helicity -1 in
0-80% centralAu + Au collisions at™ syy = 200 GeV.

di erent combinations of helicities. As forV? trigger particles, data from Au + Au
collisions atp Syn = 200 GeV are used. The magnitude of the dip is greater for a
multistrange trigger particle than for a V° because of the greater number of decay
particles involved.

Figure 5.7 shows the location of the dip fow° associated particles. All helicities
of associated particles have been added together since thp i$ independent of the
trigger particle helicity. The dip is clearly visible for and associated particles,
however, the dip is considerably less pronounced fir2 associated particles.
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Figure 5.6: Raw -h correlations for (a) trigger particle hdicity 1 and associated
particle helicity 1 (b) trigger particle helicity 1 and asseiated particle helicity -1 (c)
trigger particle helicity -1 and associated particle helity 1 (d) trigger particle helicity
-1 and associated particle helicity -1 in 0-80% centr#lu + Au collisions at™ Syy =
200 GeV for 1.5< passociated < p99e" Gay/c and 3.0< p'9%" < 6.0 GeVic.
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Figure 5.7: The location of the track merging dip in correldaons with V° associated
particles for a (a) and associated particles (b) (c) K2 associated particles in
0-80% centralAu + Au collisions at™ syy = 200 GeV.

5.3 Separation of the jet-like correlation and the
Ridge

Figure 5.8 shows a sample correlation after detector accapte and track merging
corrections. To study the near-side of di-hadron correlains, the two components
are separated and the yield, number of particles in each with limits on passeciated
and py'9%" | is studied. As discussed in Chapter 2, thRidge was previously observed
to be roughly independent of  within the acceptance of the STAR TPC while the
jet-like correlation is connedtoj j < 0.75.

5.3.1 Extraction of the jet-like yield

The raw correlation consists of a combinatorial backgroundnodulated by elliptic
ow, V., and the signal, which consists of the jet-like correlatiomnd the Ridge on
the near-side. There are two methods used to extract the jéike yield from the
raw correlation. The rst method uses di erent projectionsin , the fact that the

92



1/Nygger d°N/cDf dDh (rad. )

Figure 5.8: Sample correlation after acceptance correat® for 30 < p‘Trigger < 6.0
GeV/c and 1.5 GeV/c < passodiated < nT99T from 0-40% most centralAu + Au colli-

sions at’ Syy = 62 GeV.

jet-like correlation is not present at large , and the fact that the combinatorial
background and theRidge are both roughly independent of  to isolate the jet-like
correlation as a function of . The second method involves taking a projection in

for 1< < 1 and subtracting a constant background to determine the jdike
correlation as a function of . Elliptic ow, v,, does not lead to a systematic error
on the jet-like yield using either of these methods becausg is roughly independent
of within the STAR acceptance [128,129]. Previous studies #u + Au collisions
at pm = 200 GeV have found these methods to be consistent at high- [130],
with some indications that there may be greater deviationstdower pr [131]. Both
methods are described in greater detail below.
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method

To determine the jet-like yield, Y;¢, the projection of the distribution of particles

3 dsz is taken in two di erent ranges in pseudorapidity:
275 Z75
dY; 1 d’N 1 d’N
L d + d (5.2
d Ntrigger d d Ntrigger d d
1:75 0:75
775 5
deet+ridge - 1 d“N d (5.3)
d Ntrigger d d
0:75

where the former contains only theRidge and the latter contains both the jet-like
correlation and the Ridge. The jet-like yield, Y;e, is determined using bin counting

in the region 1< < 1:

71

_ deet +ridge 0:75dYridge
jet T ( d 1 d

1

)d (5.4)

The factor in front of the second term is the ratio of the  width in the region
containing the jet-like correlation and theRidge to the width of the region containing
only the Ridge. In practice because the data have been re ected about =0 and

= 0, the projections in and and the bin counting are done over half of the
range and then scaled up to ensure that the errors are correct

method
In this method the projection of the distribution of particles ; dsz on the near-side
is taken:
1 dN 1 Z d’N
= d : (5.5)
Ntrigger d Ntrigger L d d

This contains both a background due to combinatorics and thRidge, both of which
are independent of . The background is determined rst by tting a Gaussian
signal plus a constant background, A, to Equation 5.6 and timeusing the background
from that for background subtraction. If statistics permitted, the background could
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be determined fromj j > 0.75, however, many of the correlations presented here
have limited statistics and using a t of the whole region to @termine the background
prevents statistical uctuations from skewing the backgrand subtraction. The jet-

like yield is:
71
v - 1 ( N
Jet Ntrigger 1 d d

A)d (5.6)

The yield is determined by bin counting in the rangg | < 1. To get the proper
errors, the projection and the bin counting are also done avéalf of the range and
scaled because the data have been re ected. The statistieror on A from the tis
used to determine the error on the nal yield by adding it in quadrature to the sta-
tistical error from bin counting. The magnitudes of these tw errors are comparable.
Figure 5.9 shows the jet-like correlation from both the and the method
after background subtraction for all systems and energiesing 30 < p7%*" < 6:0
GeV/c and 1:5 GeV/c < passoviated < n199e" the |imits used for most studies presented
here. For all collision systems and energies the jet-likercelation is within j | <

0.75.

5.3.2 Extraction of the Ridge yield

There is a large combinatorial background which is dependeon . The raw signal
has a background due to particles correlated indirectly whteach other in azimuth due
to their correlation with the reaction plane. This random ba&kground is estimated
by

debkgd — B(l + Zh‘/;rigger ihngSOCiatedi COS(2 )) (5.7)

where v, is the second order harmonic in a Fourier expansion of the memtum
anisotropy relative to the reaction plane [132]. The derit&on of this parameteriza-
tion of the background is dependent on the assumption that get production is not
correlated with the reaction plane so that the correlation btween particles in the
jet and random particles in event are not correlated in azinth through a mutual
correlation with the reaction plane. Systematic errors coenfrom the errors on B,
99" i and hygssociatedj v, s determined from independent measurements. It is
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Figure 5.9: Sample jet-like correlations for® < p¥'9%" < 6:0 GeV/c and 1:5 GeV/c
< passociated < plM99eT from hoth the and the method for (a) 0-60% central
Cu+ Cu collisions atp Syn = 62 GeV (b) 0-80% centralAu + Au collisions at™ Syn
= 62 GeV (c) 0-60% centralCu + Cu collisions atp Syn = 200 GeV and (d) 0-80%
central Au + Au collisions atIo Syn = 200 GeV. is in radians.

assumed thatv, is the same for events with a trigger particle as for minimum ibs

events and thatv, is independent of . For each data setv,(pr) was t in centrality
bins to determinehvy 99" i and hygssociatedj

Measurements of v,

The best method for the determination of/, depends on the collision system. Sineg

iS a momentum anisotropy in azimuth, the tracks produced inmevent can be used
to reconstruct the reaction plane. v, in Equation 5.7 is the azimuthal momentum
anisotropy due to the collective ow of particles, howeverthere are other sources of
azimuthal momentum anisotropy. For particles above 1 GeVicjets are the largest

96



known non- ow source of momentum anisotropy. Various methds for measuringv,
have di erent non- ow contributions. The systematic erroris determined by compar-
ing these di erent methods. Generally, the higher the mulplicity of an event and the
greater the eccentricity of the overlap region, the easier is to reconstruct the event
plane. Therefore that the event plane is more dicult to recastruct in Cu+ Cu
collisions.

For Cu+ Cu collisions, the upper limit for v, was taken from a measurement of
V, using tracks from the FTPCs for reconstruction of the event lane. v, measured
in Cu+ Cu using the event plane from the FTPCs is shown as a function pf and
centrality in Figure 5.10 for collisions atpm = 62 GeV and in Figure 5.11 for
collisions atp Syn = 200 GeV [133]. These data were t to a parameterization whit
was used for the subtraction of, using Equation 5.7. The t parameters are given in
Table 5.1. Statistical errors on the ts are neglected in th&etermination of the error
due to v, since the systematic errors on, are several times larger than the statistical
errors. The event plane reconstructed from tracks measur@d both of the FTPCs is
expected to be less biased by jets since tracks in the FTPCseaseparated by more
than two units of pseudorapidity. Particles produced in diets in p+ p collisions do
not exhibit long range correlations in pseudorapidity. Hoever, the observation of the
Ridgein A + A collisions indicates that some azimuthal anisotropy may bgresent in
A+ A collisions which is not due to the collective ow of particls in a uid, therefore
this gives an upper limit onv,. The lower bound on thev; is either O for the 0-10%

centrality bin or S

M centrality (5 8)

2 2

V5. : V
2;centrali 2,0 10%
vy * Mo 10%

where M is the mean reference multiplicity, for the other bis. The lower limit is
based on the assumption that the measured, in central collisions is entirely due to
non- ow and this non- ow scales with multiplicity [134,135.

v, and the systematic errors orv, in Au + Au collisions atp Syn = 62 GeV were
taken from [103]. The dominant systematic errors were detained by comparing the
reaction plane method to the four-particle cumulant method The four-particle cu-
mulant method determinesv, by looking at correlations between four particles, which
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Figure 5.10:v, measured using the event plane from the FTPCs iGu+ Cu collisions
at " Ssyn = 62 GeV. Fit parameters are given in Table 5.1

Table 5.1: Fit parameters from ts of v, measured using the event plane recon-
structed using tl;le FTPCé in Cu+ Cu shown in Figure 5.10 and Figure 5.11 ta»
(pr)=aphe (=" exp(:2)
62 GeV 200 GeV
centrality a b C d a b c d
0-10% | 0.049 0.97 3.85 2.67V0.364 1.64 0.35 0.53
10-20% | 0.056 1.01 3.64 3.140.184 140 1.31 0.76
20-30% | 0.070 0.79 3.80 4.000.246 1.49 1.07 0.75
30-40% | 0.094 1.22 2.73 1.944.403 2.29 0.04 0.41
40-50% | 0.373 1.66 0.48 0.6p0.102 0.74 450 2.33
50-60% | 17.572 3.00 0.02 0.420.217 1.50 1.41 0.99

signi cantly reduces its sensitivity to non- ow. v, and the magnitude of the negative
systematic error onv, in Au+ Au collisions atp Syn =62 GeV as a function ofpy and
centrality from [103] are shown in Figure 5.12. These were tb a parameterization
of v, and the t parameters are given in Table 5.2. Statistical erors on the ts are

also neglected foAu + Au collisions atp Snn = 62 GeV since the systematic errors
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Figure 5.11:v, measured using the event plane from the FTPCs iGu+ Cu collisions
at " Ssyn = 200 GeV. Fit parameters are given in Table 5.1
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Figure 5.12: v, (blue) and the negative systematic error orv, (black) in Au + Au
collisions at™ Ssyy = 62 GeV. Fit parameters are given in Table 5.2.

on v, are several times larger than the statistical errors. The itive systematic error
in Au + Au collisions atp SN = 62 GeV is a constant, 0.003, for all centralities and
pr.

v, for , and baryons andK ¢ mesons has been observed to follow quark
scaling inAu + Au collisions at both Syn = 62 GeV and P Syn = 200 GeV [103] and

99



Table 5.2: Fit parameters from ts of v, from [103] tov, (pr)=aple (Pr=o" exp(p%c)
and of the negative systematic error on, to mpy + b
Vo systematic error
centrality | a b c d | m b

0-10% | 0.205 1.30 2.08 0.900.0163 0.0035

10-40% | 0.105 1.04 4.03 1.6/0.0082 0.0038

40-80% | 0.047 0.96 4.11 2.720.0087 0.0026

in Cu+ Cu collisions atIO Syn = 200 GeV [136]. The systematic errors on identi ed
particle v, in Cu+ Cu collisions are more di cult due to low statistics. Quark scding
is assumed and the systematic error is estimated from unidead hadron v,. For a
hadron comprisingn, quarks:

n n n
Vo' = —vp(—pr) (5.9)

wheren = 2. Itis assumed that unidenti ed hadron v, is dominated by Vv ,.

B is determined using the Zero Yield At Minimum (ZYAM) method [51,129]. This
method xes B by assuming that there is no signal at the minimm of the correlation
in azimuth. For measurements with low statistics the statiical error on the minimum
data point is a signi cant contribution to the error on the Ridge yield. This error is
added in quadrature to the statistical error.

To determine the yield of theRidge, Yrigge, the di-hadron correlation ; dsz is

projected over the entire  region. To minimize the e ects of statistical uctuations

dYpkgd
d

in the determination of the background, , Y3et IS Subtracted after the projection
in
275 71
Yridge = 1=Nyigger (
175 1

d2N dkagd
d d d

)yd d Yo (5.10)

The integration over is done by bin counting. Y, is used for the subtraction
of Y;et because it is less sensitive to the assumption that the jaké correlation is
contained withinj  j < 0.75. Sample correlations in azimuth after the projection
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Figure 5.13: Sample correlations in  integrated overj j < 1.75 for 30 < p 99"

< 6:0 GeV/c and 1.5 GeV/c < passociated < n99¢" from (a) 0-60% centralCu + Cu
collisions at™ syn = 62 GeV (b) 0-80% central Au + Au collisions at™ syy = 62
GeV (c) 0-60% centralCu+ Cu collisions at” Ssyy =200 GeV and (d) 0-80% central
Au + Au collisions at™ syny = 200 GeV showing the background level and shape for
high and low bounds onv, from each data set.

over are shown in Figure 5.13 for all data sets. These correlat®rshow the
background level and shape for the high and low bounds es.
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Chapter 6

Results

6.1 The jet-like correlation

If the jet-like correlation is produced by fragmentation, @ dependence on collision
system or system size would be expected. The patrticle ratiokthe jet-like correlation
should be consistent with what was observed ip+ p collisions sincep + p collisions
are expected to be dominated by jet production at higlpr. The jet-like yield should

increase withp'99'

because highepr trigger particles come on average from higher
energy jets and the spectra of particles in the jet-like coetation should be harder than
that observed in the inclusive. Studies of the jet-like yiel as a function of collision
system and energy were done for unidenti ed hadrons faZu + Cu and Au + Au
collisions atp Syn = 62 GeV and P Syn = 200 GeV to determine whether the data

are consistent with the jet-like correlation being produag by fragmentation.

6.1.1 Energy and system dependence

The dependence of jet-like yieldY;e;, on pi9%¢"

and Au + Au collisions atIO Syn = 62 GeV andd+ Au, Cu+ Cu, and Au + Au

is shown in Figure 6.1 forCu+ Cu

collisions atIO Snn = 200 GeV. No Ridge is observed ind + Au collisions so it was

not necessary to subtract theRidge. The jet-like yields are the same as a function of
trigger

Pr within errors for all systems at a given collision energy.
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Figure 6.1: p}”gger dependence ofY;e for unidenti ed hadrons for 1:5 GeV/c <
passociated < nM99€" for 0-60% centralCu + Cu and 0-80% centralAu + Au collisions
at b SyN = 62 GeV and minimum biasd + Au, 0-60% centralCu+ Cu and 0-12%
central Au +_Au collisions at™ Syy = 200 GeV. Data fromd+ Au and Au + Au
collisions atp Syn = 200 GeV are from [77,79,117{119,137].

Table 6.1: Inverse slope parameter k (MeV/c) op2sseciaed for unidenti ed hadrons
for ts of data in Figure 6.2 to Ae pr =k, Statisticﬁal errors only.

PSyn =62 GeV | T syy = 200 GeV
h-h h-h
Au + Au 291 28 478 8
Cu+ Cu 359 41 424 20
d+ Au 469 8

The passeciaed dependence of the jet-like yield is shown in Figure 6.2 f@u+ Cu
and Au+ Au collisions atp Syn =62 GeV andd+ Au, Cu+ Cu, and Au+ Au collisions
at P Syn =200 GeV. The method is used forY;e for Au+ Au collisions atp SNN
= 62 GeV because these studies are statistically limited arttie jet-like correlation is
considerably broader in  in these collisions. This makes the determination of the

trigger

background di cult in the method. As for the p; dependence, the data are

within errors for all collision systems at a given energy.
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Figure 6.2: pgsecia@ed dependence o¥;e; for 1:5 GeV/c < pgsseciaed < pIi9%e” for 3:0 <
pr'9%" < 6:0 GeVic for 0-60% centralCu+ Cu and 0-80% centralAu + Au collisions
at = Syny = 62 GeV and minimum biasd + Au, 0-60% centralCu+ Cu and 0-12%
central Au +_Au collisions at™ Syy = 200 GeV. Data fromd+ Au and Au + Au
collisions atp Syn = 200 GeV are from [77,79,117{119,137].
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Figure 6.3: Npat dependence oF;e for unidenti ed hadrons for 3.0 < pie%e’ < 6:0
GeV/c and 1:5 GeV/c < passociated < nT99€" for ynidenti ed hadrons for Cu+ Cu and
Au + Au collisions at” syy = 62 GeV andd+ Au, Cu+ Cu and Au + Au collisions
at " Syy = 200 GeV. Data fromd+ Au and Au + Au collisions at”™ Syy = 200 GeV
are from [77,79,117{119,137].
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Figure 6.3 shows theéN,,: dependence oY, for Cu+ Cu and Au + Au collisions
at pm = 62 GeV and ford+ Au, Cu+ Cu, and Au + Au collisions atpm =
200 GeV. There is a slight increase ofje With Npa in Au + Au collisions atp
= 200 GeV. The jet-like yields inAu + Au collisions atp Syn = 200 GeV are slighly
higher than those inCu + Cu collisions atp Syn = 200 GeV and ;e is about 50%

SNN

larger in central Au + Au collisions atp Syn = 200 GeV than in d+ Au collisions at
P s = 200 Gev.
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Figure 6.4: Collision energy and system size dependence @uSsian widths in

and as a function of py'99¢", passociated - gnd N, for unidenti ed hadrons for

Cu+ Cu and Au + Au collisions at” syy = 62 GeV andd+ Au, Cu+ Cu and

Au + Au collisions atp Syn = 200 GeV. Kinematic cuts and centralities are the same

as used in Figure 6.1, Figure 6.2, and Figure 6.3 except thatdé Au + Au data at
Syn = 200 GeV are from 0-80% central collisions for the dependenof Y;e on

pEI[iQQET and pgli_ssociated

Figure 6.4 shows the Gaussian widths in  and as a function of pi'99®"

passociated “and Npar for Cu+ Cu and Au + Au collisions atpm = 62 GeV and
d+ Au, Cu+ Cu, and Au + Au collisions atpm = 200 GeV. The widths in

and are slightly greater in Au + Au collisions atp Syn = 200 GeV. Data from
Au + Au collisions atIO Syn = 62 GeV are consistent with the same trends observed
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at P Snn = 200 GeV, however, they are also within error of the data fronperipheral
Cu+ Cu collisions atp Syn = 200 GeV.

6.1.2 Flavor and system dependence

Di erences between baryons and mesons have been observed®Rja and in v, and
models such as Recombination hypothesizes novel methodsgdmduction of baryons
and mesons iMA + A collisions to explain the observed di erences. If partickin jets
are produced by vacuum fragmentation, baryon/meson ratiogould be expected to
be comparable top+ p. Jets with leading baryons may have di erent properties tha
jets with leading mesons. Particles produced by mechanisrasch as Recombination
would have baryon/meson ratios comparable to the bulk. No atistically signi cant
di erences were observed between and triggers or and * so these trigger
particles were added together to increase the statisticaigsi cance of the results for
comparisons toK 2 trigger particles. The was used because these measurements
were statistically limited and the jet-like correlation isbroader for identi ed particles
than for unidenti ed particles.

Identi ed trigger particles

trigger

Figure 6.5 shows thep;
Cu+ Cu, and Au + Au collisions atp Syn = 200 GeV for unidenti ed hadron, |,

dependence oY, for identi ed trigger particles in d+ Au,

K2, and trigger particles. The Au + Au data have not been corrected for the
track merging e ects discussed in Chapter 5, so the slightlpwer yield for identi ed
particles in Au + Au collisions at” Syn = 200 GeV may be due to track merging.
There is no system dependence within errors. The most ceritia? trigger in Cu+ Cu
collisions atp Syn = 200 GeV is about three sigma above the other data; this data
point may be an outlier or may be an indication of a slight patitle type dependence.
There is no other observed dependence on the trigger parédype.
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Figure 6.5: pi9%" dependence of;¢ for 1:5 GeV/c < passociated < plMdger jn g4

central Cu + Cu and 0-12% centralAu + Au collisions at™ Syy = 200 GeV for

unidenti ed hadrons, , K2, and trigger particles. Data from Au + Au collisions

at P Syn = 200 GeV are from [77]. The identi ed trigger particle data rave been
horizontally o set for visibility. The Au + Au data have not been corrected for the
track merging e ects discussed in Chapter 5.

The pesseciated dependence o for unidenti ed hadrons, , K2, and trigger
particles is shown in Figure 6.6. Due to limited statisticsjt was only possible to
extract Yje for two bins in pssecaed for and K 2 trigger particles and one bin bor
trigger particles. The jet-like yields from identi ed trigger particles are within errors
of the jet-like yields for unidenti ed hadron trigger particles. The data inAu + Au

p

collisions at™ Syy =200 GeV also showed no dependence on trigger particle type].

The Npa: dependence ofYye is shown in Figure 6.7 for , K2, and trigger
particles. The Au + Au data have not been corrected for track merging e ects, and
this may explain the di erence between identi ed trigger paticles and unidenti ed
trigger particles.

No statistically signi cant di erences between di erent trigger particles are ob-
served for the jet-like correlations, including non-strage, singly strange, and doubly
strange hadrons. Studies irAu + Au collisions atp Syn = 200 GeV indicated that
there is no trigger particle dependence for even the treblyrange [81,138].
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Figure 6.6: p2ssociated dependence ofYse for 3:0 < pT'9%" < 6:0 GeV/c in 0-60%
central Cu+ Cu collisions at™ syy = 200 GeV for unidenti ed hadrons, , K2, and

trigger particles. The line is from a t of the h-h data to A e Pr=%. The inverse
slope parameter is given in Table 6.1. The identi ed triggeparticle data have been
horizontally o set for visibility.
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Figure 6.7: Npart dependence o for 3:0 < pii9%e" < 6:0 GeVic and 15 GeV/c <
passociated < n199€" for identi ed trigger particles in d+ Au, Cu+ Cu, and Au + Au
collisions at"™ syy =200 GeV for , K2, and trigger particles. Data from d+ Au
and Au + Au caollisions atp Syn = 200 GeV are from [77,79,117{119]. Théu + Au
data have not been corrected for the track merging e ects disssed in Chapter 5.
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Figure 6.8: p¥'9%" dependence o, for 1:5 GeV/c < passociated < pligger of v, jn
0-60% centralCu + Cu and 0-12% centralAu + Au collisions at”™ syy = 200 GeV
for identi ed associated particles. The unidenti ed hadran associated particles are
scaled to t on the same plot. Data fromAu + Au collisions atp Syn = 200 GeV are
from [77]. The Au + Au data have not been corrected for the track merging e ects
discussed in Chapter 5.

Table 6.2: Inverse slope parameter k (MeV/c) ofissccaed for ts of data from the
jet-like correlation in Figure 6.9 to Ae PT=k. Statistical errors only.

h-h h-K 2 h- +

k (MeVic) | 445 20 505 87 510 55

Identi ed associated particles

Figure 6.8 shows thep!%®" dependence ofY,,, for identi ed associated particles.
Similar trends are observed for unidenti ed associated pticles and strange associated
particles.

Figure 6.9 shows the dependence df on p2ssoci@ed for identi ed associated
particles. The ratio - is roughly 0.5 for the full pgs°c@td range shown.
S
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Figure 6.9: passociated dependence of;e for 3:0 < p'99" < 6:0 GeVic for P SyN =

62 GeV and™ Syy = 200 GeV. Data fromd+ Au and Au + Au collisions at™ Syn
= 200 GeV are from [77,79,117{119,137]. Parameters from tf the data are listed
in Table 6.2.

6.2 The Ridge

The Ridgeis an unexpected phenomenon rst observed ifu+ Au collisions. In order
to understand its origins and to provide a robust test of mods for the production of
the Ridge, the Ridge is studied as a function of as many variables as possible. The
collision energy, collision system, system size, and trigggparticle type dependence of
the Ridge are presented here.

6.2.1 Energy and system dependence

Figure 6.10 shows the dependence of thiidge yield, Ygigge, ON Npat for Cu+ Cu
and Au + Au collisions atp Syn = 62 GeV and P Syn = 200 GeV. No di erence is
observed betweerCu+ Cu and Au + Au collisions at either energy.Ygiqge iS larger at
P Syn = 200 GeV than P Syn = 62 GeV, as was observed foY;e. Figure 6.11 shows
that the ratios Yrigge/ Yier are the same for collisions at botI‘P Syn = 62 GeV and
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Figure 6.10: Nyt dependence ofrigge for unidenti ed hadrons for 3:0 < plieger <
6:0 GeV/c and 15 GeV/c < passodiated < 109" for Cy+ Cy.and Au + Au collisions
at” Syn =62 GeV andCu+ Cu and Au + Au collisions at” Ssyy = 200 GeV. Data

from Au + Au collisions atIO Swn = 200 GeV are from [77,79,117{119, 137]. Lines
indicate systematic errors due tovs.
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Figure 6.11: N4 dependence o¥gigge/ Yier fOr unidenti ed hadrons for 3.0 < p riager

< 6:0 GeV/c and 1:5 GeV/c < passociated < p99e" for Cy+ Cy and Au+ Au collisions
at " Syn =62 GeV andCu+ Cu andAu + Au collisions at”™ syy = 200 GeV. Data
from d+ Au and Au + Au collisions atp Syn = 200 GeV are from [77,79,117{119].

P Sy = 200 GeV; both the jet-like correlation and theRidge are about 40% smaller
in collisions atp Syn = 62 GeV than in collisions atIo Syn = 200 GeV.
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Figure 6.12: Np,; dependence O¥gigge for 3:0 < pI9%e" < 6:0 GeV/c and 1:5 GeV/c
< passociated < n 199" for jdenti ed trigger particles in Cu+ Cu and Au+ Au collisions
at " syy = 200 GeV. Data from Au + Au collisions at™ syy = 200 GeV are from
[77,79,117{119]. Systematic errors are shown as bands ie ttame color as the data
points.

6.2.2 Flavor dependence

Figure 6.12 shows the dependence 8kigge ON Npa for identied K2, and
trigger particles for Cu+ Cu and Au + Au collisions at pm = 200 GeV. The
data for identi ed trigger particles in Cu + Cu collisions atp Sun = 200 GeV are
consistent, within large errors, ofYgigge I Au + Au at the sameN 4 .

6.3 triggered correlations

triggered correlations were statistically limited even in Au + Au [81,123]. To
minimize the e ects of statistical uctuations, the detector acceptance corrections
were determined using distributions in azimuth and pseudaapidity. Since statistical
uctuations were much larger than track losses due to track erging, track merging
corrections were not applied. To investigate the feasiti of studies of triggered
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Figure 6.13: triggered correlations for di erent p%sc’dated cuts for 3.0< p¥9%" <
6.0 GeV/c in 0-60% centralCu + Cu collisions at™ Ssyy = 200 GeV for cut set 1
described in Chapter 4. Data are compared to and triggeredcorrelations for the
same kinematic cuts. The background shown as a dashed ling¢his background from
the nominal value ofv, from triggered correlations.

correlations in Cu+ Cu at P Sy = 200 GeV, kinematic cuts were varied to nd
the cuts which maximize the signal to background ratio. Lowexg the lower limit on

trigger

passociated o pf increases the statistics, however, it also increases therdwnatorial

background. and * were added in order to increase statistics.

Figure 6.13 shows triggered correlations inCu + Cu collisions atp Swn = 200
GeV for di erent p3sseciated cyts for cut set 1 described in Chapter 4. No background
subtraction is done. The background from triggered corredtions is shown. Thev,
modulated combinatorial background is signi cant, howewg it has roughly the same
shape for the , , and . The slight di erences in the level of the background for

and triggers are due to the higher average multiplicities in these events. For all
cases the triggered correlations are within error of both he correlations observed
for other trigger particles and of thev, modulated background.

Figure 6.14 shows triggered correlations inCu + Cu collisions atp Snn = 200

GeV for dierent pi9%

cuts. As for dierent passociaed cyts, the triggered corre-
lations are within error of both the correlations observedaolr other trigger particles

and of the v, modulated background.

Figure 6.15 compares the correlations using cut set 1 to the&e using cut sets
2 and 3. Cut set 2 provides the purest sample, which might mad the signal
stronger if contamination from the background in the mass eak weakens the signal.
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Figure 6.14: triggered correlations for di erent pi'9%" cuts for 1.5< passociated <

ptTrigger GeV/c in 0-60% centralCu+ Cu collisions at" Syy = 200 GeV for the three
di erent cut sets described in Chapter 4. Data are comparedot and triggered
correlations for the same kinematic cuts.
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Figure 6.15: triggered correlations for 1.5< passociated < pl99er Gav/c and 3.0 <
pr9%" < 6:0 GeVic in 0-60% centralCu + Cu collisions at" Syy = 200 GeV for
the three di erent cut sets described in Chapter 4. Data areampared to and
triggered correlations for the same kinematic cuts.

Cut set 3 provides the least pure sample meaning there is sigant contamination
from background in the mass peak, however, it also providehigher statistics.
There are no signi cant di erences between the signals ugindi erent cuts. Since
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the triggered correlations were within error of both the background and the signal
expected from other trigger particles, it is not possible tget a statistically signi cant
p

measurement of triggered di-hadron correlations inCu + Cu collisions at™ Syy =

200 GeV.

6.4 Summary

No di erences are observed in the jet-like correlation beend + Au, Cu+ Cu and
Au + Au collisions as a function op9%" and p2sscciated - A system size dependence is
observed, with the jet-like correlation increasing by abdib0% fromd+ Au collisions
to central Au+ Au collisions atp Syn =200 GeV. The jet-like correlation is somewhat
broader in Au + Au collisions atIO Syn = 200 GeV than in Cu + Cu collisions at
P Syn = 200 GeV. No trigger particle type dependence is observed.

The Ridge is observed for the rst time in collisions atp Syn = 62 GeV and is
observed inCu + Cu collisions. TheRidge is independent of the collision system
at a given Nygt, and the Yrigge!/ Yier ratio is independent of collision energy for the
kinematic cuts studied. No trigger particle dependence iheerved.
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Chapter 7

Discussion

7.1 The jet-like correlation

Various di erent measurements indicate that the jet-like orrelation is dominantly
produced by vacuum fragmentation. The spectra of particles the jet-like correlation
shown in Figure 2.9 demonstrated behavior suggesting thate jet-like correlation is
dominated by fragmentation. For instance, the spectra of ptacles in the jet-like
correlation have shallower slopes than the inclusive spestand become shallower the
higher the momentum of the trigger particle. Likewise, the mimal dependence of
the jet-like yield on the angle relative to the reaction plae shown in Figure 2.12
and the agreement between the di-hadron fragmentation futions in d + Au and
Au + Au shown in Figure 2.10 also suggest that the jet-like correlan is dominantly
produced by fragmentation. The lack of trigger particle depndence demonstrated
in Figure 6.5, Figure 6.6, and Figure 6.7 is expected if thetjike correlation were
dominated by fragmentation, however, strange particle piuction in jets is still not
understood well enough to draw strong conclusions on this $ia.

The particle composition of the jet-like correlation furtrer indicates that this
feature is dominantly produced by fragmentation. Particleratios in p + p collisions
at high pr are likely to be dominated by fragmentation. Figure 2.11 deanstrated
that the baryon to meson ratio in the jet-like correlation incentral Au + Au collisions
is comparable to that inp + p collisions for both strange and non-strange particles;
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Figure 7.1: Comparison of the inclusive;K—g in Cu+ Cu [139] andAu + Au [140]

collisions atIO Snn = 200 GeV to that in the jet-like correlation in 0-60% central
Cu+ Cu and 0-12% centralAu + Au collisions at™ syy = 200 GeV and to the Ridge
in 0-12% central collisions inAu + Au collisions at™ Syy = 200 GeV. [79].

Figure 7.1 demonstrates that the baryon to meson ratio in thget-like correlation in
Cu+ Cu is also comparable to the inclusive particle ratios ip+ p collisions.

There is some indication that the jet-like correlation may ke slightly modi ed,
particularly in central Au+ Au. Figure 6.3 shows roughly a 50% increase ¥jg; from
d+ Au collisions to centralAu + Au collisions atp Snn = 200 GeV, and Figure 6.4
Y

indicates that the jet-like correlation is slightly wider in Au + Au collisions at™ Syn

= 200 GeV. The data are consistent with the same percentagecirease inAu + Au
collisions at Syn = 62 GeV, however, the error bars are too large to determine
whether this increase is also present in collisions gtm = 62 GeV. There are
three mechanisms which may lead to this increase. First, dothe and the
methods assume that theRidge is independent of , and if this is not true, some

of the Ridge may be misidenti ed as part of the jet-like correlation. Colisions with
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higher N4 also have a largemRidge and the Ridge increases withN,4:. Second,
the slight di erence in yields may also be due to a modi catia of the jet spectrum
leading to the jet-like correlation in Au + Au collisions. For instance, if energy loss
in the medium leads to a greater percentage energy loss fonvéw energy partons, the
spectrum that contributes to the jet-like correlation woutl be less steep in central
Au + Au collisions. This would mean a greater percentage of high egg partons
would contribute to the jet-like correlation. Since higherenergy partons fragment
into more patrticles, the jet-like yield would be greater. Tird, it is also possible
that the jet-like correlation is modi ed because of interattons of the parton with the
medium and that this modi cation increases with the system ige. For instance, if
some partons fragment in the medium, the fragmentation fuions may be slightly
modi ed in A + A collisions relative top + p collisions.

The lack of dependence on the collision system of the jetdilcorrelation demon-

strated in the p'9%

in Figure 6.2, the Np,: dependence shown in Figure 6.3, and the widths in  and

dependence shown in Figure 6.1, thgssoci@ed dependence shown

shown in Figure 6.4 further support the hypothesis that thegt-like correlation is
dominantly produced by fragmentation. While each of thesendependent measure-
ments has large errors, they all systematically indicate #t the jet-like correlation is
comparable to what would be expected from fragmentation.

7.1.1 Comparisons to PYTHIA

In order to test whether these data are understood quantitately, they are compared
to PYTHIA [141]. PYTHIA is a Monte Carlo event generator for wllisions such
ase" + e andp+ p which incorporates analytical results and QCD-based modgl
PYTHIA 6.4.10 was used with tune A which has been tuned to makcdata from the
Tevatron at P Syn = 1.8 TeV [142] and describes spectra of and p well at RHIC
energies [105, 143, 144]. To determine the jet-like yield MYTHIA, p+ p collisions
at P Syn = 200 GeV are simulated. The analysis described in Chapter § repeated
except that no separation of the jet-like correlation and tk Ridgeis necessary because
there is noRidgein p+ p. The combinatorial background is assumed to be constant
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Figure 7.2: pf'%®" dependence ofY;e for 1:5 GeV/c < passociated < plioger gor (.
60% centralCu+ Cu and 0-80% centralAu + Au collisions at” Ssyy = 62 GeV and
minimum bias d + Au, 0-60% centralCu+ Cu and 0-12% centralAu + Au collisions
at "~ Syn = 200 GeV. Data fromd+ Au and Au + Au collisions at”™ Syy = 200 GeV
are from [77,79,117{119,137]. Lines indicate predictiofiom PYTHIA.

because there is no hydrodynamical ow in PYTHIA collisions Enough events were
generated for the statistical error bars to be negligible. yStematic error bars were
not determined.

Figure 7.2 shows the dependence of the jet-like correlation pi'%9®" for all systems
and energies studied, as shown in Figure 6.1, compared toirtions from PYTHIA.
Since thed + Au data from di-hadron correlations matchp + p where comparisons
are possible, PYTHIA should be able to describe thd + Au data. However, since
there are no di erences observed betweait+ Au, Cu+ Cu, and Au + Au, PYTHIA
should be able to describe all of the data. PYTHIA overestintas the data at low
pr but matches the data at higherpr. The data used to tune PYTHIA were from
considerably higher jet energies and therefore may not caran this kinematic region
well. Deviations of PYTHIA from the data could be explainedfieither PYTHIA does
not use the correct fragmentation functions or if the jet sperum which produces the
jet-like correlation is not correct in PYTHIA. Preliminary studies of the fragmentation
functions in heavy ion collisions indicate that PYTHIA descbes the fragmentation
functions in heavy ion collisions [90], although the jet sapbe used for these studies
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Figure 7.3: p2sociaed dependence o¥,e for 1:5 GeV/c < pgssodiated < plio%e" for 3:0 <
pr'9%" < 6:0 GeVic for 0-60% centralCu+ Cu and 0-80% centralAu + Au collisions
at " Syy = 62 GeV and minimum biasd + Au, 0-60% centralCu + Cu and 0-12%
central Au + Au collisions at™ syy = 200 GeV. Data fromd + Au and Au + Au
collisions atp Syn = 200 GeV are from [77,79,117{119,137]. The lines that match
the data indicate ts, as shown in Figure 7.3, and the thickershaded lines indicate
predictions from PYTHIA.

may be biased towards unmodi ed jets and the average jet erggr which leads to the
jet-like correlation presented in Figure 7.2 is considerablower.

Figure 7.3 shows the dependence of the jet-like yield @3°c@ed as shown in
Figure 6.2, compared to PYTHIA. PYTHIA does not correctly describe the spectrum
of particles in the jet-like correlation in collisions.

The jet-like yield expected in PYTHIA is compared to the datain Figure 6.3 in
Figure 7.4. PYTHIA describes the data in this kinematic rang well. The widths in

and shown in Figure 6.4 are compared to PYTHIA in Figure 7.5. PYTHA
underestimates the widths in , particularly for the lowest pf'9%" . While the d+ Au
data are higher than PYTHIA, the widths in A + A are larger thand + Au and the
width grows with Npa¢. The widths in generally agree with the data except for
the lowest p2sseciated in Cy + Cu collisions and for the lowestp'9%®" in Au + Au
collisions atp Syn = 200 GeV. The width in in Au + Au collisions atp
200 GeV matches PYTHIA in the most peripheral collisions buby the most central

SNN =
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Figure 7.4: Npa dependence off;e for 3:0 < p9%e < 6:0 GeVic and 15 GeVic

< passociated < nT99€T for Cy+ Cu and Au + Au collisions at' Syy = 62 GeV and
d+ Au, Cu+ CuandAu + Au collisions at” syy = 200 GeV. Data fromd+ Au and
Au + Au collisions atp Syn = 200 GeV are from [77,79,117{119,137]. Lines indicate
predictions from PYTHIA.

collisions the width in has almost doubled.

Before these studies were done, PYTHIA was not necessarikpected to compare
well with any aspect of di-hadron correlations because it dear from the observation
of jet quenching shown in Figure 2.3 and th&idge that di-jets are strongly modi ed
in A + A collisions. Additionally, PYTHIA has not been tuned to data from di-
hadron correlations. PYTHIA not only qualitatively describes the jet-like correlation
but also describes the jet-like correlation fairly well quatitatively. The fact that few
di erences are observed between the jet-like correlatiomid + Au, Cu+ Cu, and
Au + Au collisions implies that there are no strong nuclear e ects odifying the jet-
like correlation in A + A collisions. This means that the deviations of PYTHIA from

the data at the lowest 9%

and passociaed can pe interpreted as a need for better
tuning of PYTHIA to lower p; data. Deviations fromp+ p, peripheral A + A, and
PYTHIA observed in the central Au + Au can be understood to result from either
modi cations of the jet-like correlation or evidence of a gjht dependence of th&idge

on

The agreement of the jet-like correlation with PYTHIA meansthat a leading
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Figure 7.5: Collision energy and system size dependence @fuSsian widths in

and  as a function ofpy99" , passeciated ' and N, for Cu+ Cuand Au+ Au collisions
at " Syy =62 GeV andd+ Au, Cu+ Cu and Au + Au collisions at" Syy = 200
GeV. Kinematic cuts and centralities are the same as used indure 6.1, Figure 6.2,

and Figure 6.3 except that theAu + Au data at = Syy = 200 GeV for the ptTrigger and

passociated gre from 0-80% central collisions. Lines indicate predicis from PYTHIA.,

order pQCD model such as PYTHIA can be used to understand hoviné kinematic

cuts applied in di-hadron correlations a ect the jet sample This demonstrates that
di-hadron correlations are an e ective means for studyingejs in heavy ion collisions
and that the jet-like correlation can be calculated from rg principles. Therefore, the
jet-like correlation provides a means to determine the digbution of jet energies of
jets leading to di-hadron correlations, a useful tool for stdies of both the away-side
and the Ridge. It also means that models for theRidge which would a ect the per

trigger yield of the jet-like correlation are not correct.
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Figure 7.6: Schematic diagram depicting the radial ow plugrigger bias model

7.2 The Ridge

7.2.1 Theoretical descriptions of the Ridge

The Ridge is a novel feature only observed in heavy ion collisions. Mudle di er-
ent models have been proposed to explain thiRidge. These models build on the
theoretical frameworks used to describe heavy ion collisi® discussed in Chapter 1.

Radial ow plus trigger bias

The radial ow plus trigger bias model explains theRidge as an incidental rather
than a causal correlation between particles [145]. As dissed in Chapter 1, there is
evidence that the medium produced in central heavy ion cdiions at RHIC can be
described as a uid and that there are pressure gradients itis uid. Hydrodynam-

ical models predict the expansion of the medium through raal ow, meaning that

particles in the bulk get a radial velocity boost so that theyare mostly emitted per-
pendicular to the surface of the medium. In the radial ow pls trigger bias model,
hard partons are also emitted mostly perpendicular to the stace of the medium.
The hard partons may either get a radial velocity boost fromadial ow, or they

may be surface-biased jets. Either mechanism means that hothe particles from
the jet and particles from the medium come mostly from the sface, resulting in
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Figure 7.7: Di-hadron correlation predicted in the radial ow plus trigger bias model
for a radial velocity boost , = 0.4, and 3.0< pT99®" < 20.0 GeV/c, 1.0< passociated <
2.0 GeV/c [146]. is in radians.

a correlation between these particles. This is depicted samatically in Figure 7.6.
The Ridge is then made up of particles in the bulk that are correlated wh the hard
parton through this mechanism. Because the distribution oparticles in the bulk is
broad in pseudorapidity, theRidge is then broad in pseudorapidity.

The calculation in [146] by Pruneau, Gavin, and Voloshin (P®) uses PYTHIA
for generatingp+ p events and gives the particles in these events a radial vellydoost
to mimic the e ect of radial ow. This calculation does not canserve momentum but
is able to recreate many features observed in the data. It pdaces an enhancement
on the near-side similar to theRidge and a dip on the away-side similar to the
dip observed in the data. Figure 7.7 shows the di-hadron cetation produced in
this model for similar kinematic cuts to those used in the dat in this thesis and
with a radial velocity boost comparable to that inferred fron comparisons of the
inclusive particle spectra in centralAu + Au collisions atp Syn =200 GeV to a Blast
Wave model. In this kinematic region, the away-side is negible. No quantitative
comparisons between this model and the data presented inshthesis have been done.
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Figure 7.8: Di-hadron correlation predicted for 2.5 GeV/e< p'9%" and 1.0 GeV/c
< passeciated jn [147]. is in radians.

Theoretical calculations involving both jets and hydrodyamics are di cult be-
cause hydrodynamics inherently describes processes thatwur in a uid at equilib-
rium and jets are inherently not at equilibrium. Attempts to calculate the production
of the Ridge through the radial ow plus trigger bias mechanism using a hyrody-
namical framework have been done, although they do not yet @ with the data.
This may be due to the inherent di culty in such calculations. The calculation by
Shuryak in [148] gets the width of theRidge in azimuth a factor of two larger than
observed in the data. The calculation in [147] by Takahashi @l is a full 3D hydro-
dynamical calculation which reproduces many of the genertdatures in the data, as
shown in Figure 7.8. In this calculation a hard parton is mingked by introducing
hot cells into the hydrodynamical calculation. In additionto producing aRidge, this
leaves a correlation which looks like the jet-like correlain, even though there are no
jets generated.

Glasma ux tubes

In the Color Glass Condensate (CGC) picture, the incoming ralei are described as
two sheets of Glasma. When these sheets collide, strong cottagnetic and electric
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Figure 7.9: TheRidge produced in the CGC [151]. is in radians.

elds form and in a short period of time these elds change frm transverse to longitu-
dinal [25]. In the CGC picture theRidgeis formed by ux tubes of longitudinal color
electric and magnetic elds that form in this initial state [149,150]. These correlations
are enhanced by the radial ow plus trigger bias mechanism;ithiout enhancement
by radial ow the Ridge produced in this model is not large enough to be consistent
with the data.

Most quantitative comparisons with the data have been withle untriggered, or
\Soft", Ridge [152], however, the triggered, or \Hard",Ridge should be described
in this model. Calculations of the \Hard" Ridge in this model are dicult. The
calculation of the \Hard" Ridge done in [151], shown in Figure 7.9, qualitatively
reproduces the shape of th&idge, however, the size of theRidge relative to the
jet-like correlation is considerably smaller than what is leserved in the data. In
this model the jet-like correlation would not be a ected beause the parton would
fragment after having left the medium.

Recombination and the Correlated Emission Model

Recombination was introduced in response to a baryon enhament in the inclu-
sive data. In Recombination, hadrons form by the combinatio of partons in the
medium. The partons may either be thermal partons, those cang from the medium,
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or shower partons, those coming from hard scattering. In teimodel the jet-like cor-
relation comes from shower partons or combinations of theahand shower partons.
The inclusive spectra were t to determine the thermal and sbwer contributions to
the spectra and based on these ts it was predicted by Hwa thahere would be no
correlation observed for triggered correlations [153]. Tie data in [81, 138] contra-
dicted this prediction. In [154] Hwa explained the discrepey by hypothesizing that
the Ridge comes from \phantom jets", that the trigger is actually fro m the Ridge,
and that the triggered correlation in central Au + Au collisions atp Swn = 200
GeV presented in [81,138] comprises onlyRidge but no jet-like correlation. There
are not enough statistics to separate the jet-like correlain from the Ridge in the
triggered correlation. This model presumes, however, th#tere is a jet which created
the Ridge; the trigger is in the Ridge for this jet.

This model was used to calculate th&idgein central Au + Au collisions atp SNN
=200 GeV and is able to describe the data [155]. No predictierior Cu+ Cu collisions
or to collisions atp Syn = 62 GeV have been made yet. Hwa's Correlated Emission
Model uses recombination to generate particles from the uand relies on the radial
ow plus trigger bias model mechanism to get the correlatednaéission of particles
from the bulk and from hard partons responsible for th&idge [156]. Since some of
the patrticles in the jet-like correlation would come from a @mbination of thermal
and shower partons, this model may lead to a modi cation of th jet-like correlation.

Momentum Kick Model

Wong's Momentum Kick Model [157] posits that theRidge arises from collisions of
hard partons with partons from the medium before fragmentadn. The medium
partons are assumed to have a roughly uniform distributiomi azimuth and pseudo-
rapidity before the collision with the hard parton. Collisons of the hard parton give
medium partons momentum kicks in the direction of the hard pdon, creating an az-
imuthal correlation between medium partons and the hard paon. The momentum
kick does not create a strong correlation in pseudorapidityecause jets are dominantly
produced at midrapidity [157,158]. This scenario is depietl in Figure 7.10.

The Momentum Kick Model does not explain how the initial unibrmity of the
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Near-Side JdParton

Figure 7.10: Schematic diagram exhibiting the mechanismrfidge production in the
momentum kick model [159]. The solid red lines show the tragwry of the parton as
it traverses the medium and the dashed red lines show the ditens of the momenta
of the hadrons from the fragmentation of the hard parton.

parton distribution at mid-rapidity arises. It may come from string fragmentation,

or from another mechanism such as a Color Glass Condensatd&iah state. The

Momentum Kick Model ts the experimental data on the Ridge and determines the
initial parton momentum from these data. It successfully & the p3ss°c@®d and N

dependence of theRidge [159]. It also successfully predicted the shape of thidge
at large in PHOBOS using the data available at mid-rapidity from STAR[76].

The Momentum Kick Model has been used to describe the data ohd collision
energy dependence of thRidge presented in this thesis. This was not done by tting
the data from P Syn = 62 GeV but by assuming that the size of theRidge scales
with the density of partons and that the density of partons sales with the density of
participants [159]. This energy dependence is shown in Figu7.11 and agrees with
the data.

The Momentum Kick Model predicts a sharp drop in theRidge as a function of the
rapidity of the associated particle andp2ss°c@ed spectra which are strongly dependent
on rapidity. These features are dependent on the kinematiats used in the analysis.
This is depicted in Figure 7.12. Data which extend beyond tkiregion would be useful
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Yield / trigger

Figure 7.11: Collision energy dependence of tiRéddge in the Momentum Kick model
[159] for the unidenti ed hadron correlations shown in Figte 6.10.

Figure 7.12: Rapidity dependence of th&idge yield in the Momentum Kick Model

[159].

for testing the Momentum Kick Model. The PHOBOS measuremernif76] extends to
= 4, however, there is no measurement @fssec@d and the lower limit on passeciated
is determined by the acceptance of the detector. This lowemnlit is around 35 MeV/c
so this measurement cannot exclude the Momentum Kick ModefTAR's acceptance
is limited in rapidity, although higher statistics data ses may allow a high enough
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passociated tq test the prediction in Figure 7.12.
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Figure 7.13: Ridge production through radiated gluons broadened by transvees ow
[65]

Bremsstrahlung gluons broadened by medium interactions

The hard partons which fragment into jets may emit bremsstrdalung gluons. It is
hypothesized in [65] that theRidge is the result of gluon bremsstrahlung in the
medium broadened by transverse ow, as depicted schematilyain Figure 7.13. This
model describes moderate broadening of the jet-like comébn in | however, it has
di culty with producing a structure as broad in as the Ridge. The calculations
in [65] predict a Ridge which is only about 10% broader in  than the jet-like
correlation.

The formation of the Ridge from bremsstrahlung gluons is also hypothesized in
[160], however, in this model the gluons are broadened by atig, turbulent color
elds. These strong color elds are predicted to be produceth response to plasma
instabilities. If such elds exist, they would de ect brehmstralung gluons. Figure 7.14
shows the broadening predicted in [160] for two di erent jeenergies; the structure
in these gures is not broad enough to be consistent with theada.

7.2.2 Discussion

Data on the Ridge is extensive and there are several observations which may key
to distinguishing production mechanisms for theRidge:
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Figure 7.14: Broadening of the jet-like correlation from lsma instabilities for two
di erent jet energies [160]. is in radians.

1. The jet-like correlation is not substantially modi ed. Section 7.1 dis-
cusses the overwhelming evidence that the jet-like corréilan is produced dom-
inantly by vacuum fragmentation. This means that the produton of the Ridge
must not substantially modify the jet-like correlation.

2. The patrticle ratios in the  Ridge are comparable to those in the bulk.
Figure 2.11 and Figure 7.1 demonstrate that th&idge has a particle compo-
sition similar to the bulk. By contrast, the jet-like correlation has a patrticle
composition similar to what would be expected from vacuum éigmentation.

3. The Ridge is larger in collisions at P Syn = 200 GeV than at P SyN =
62 GeV. This is shown in Figure 6.10.

4. The Ridge is larger in plane than out of plane. This is shown in Fig-
ure 2.12. This corresponds to a largeRidge when the path length traveled by
a parton through the medium would be lower on average.
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5. There is either no dependence on the trigger particle or a lar ger Ridge
for a heavier trigger particle. Figure 6.12 shows the dependence of tRedge
on Ny for dierent trigger particle species. It is unclear how catelated the
systematic errors due tov, are so it is di cult to conclusively say that there
is mass dependence. However, if the systematic errors arerelated, then the
Ridgeis larger for trigger particles than for unidenti ed trigg er particles and
it is smaller for K2 trigger particles than for an unidenti ed trigger particles.
Figure 2.11 shows that in the kinematic range of the trigger aoticle there
are roughly as many protons as pions. Since protons and pioase the most
abundant particles, this means that the unidenti ed hadrontrigger particles
are roughly 50% protons and roughly 50% pions, making the aege mass
for unidenti ed triggers between the mass and the K mass. This means
that if the systematic errors in Figure 6.12 are correlatedthe Ridge is larger
for heavier trigger particles. A smallerRidge for heavier trigger particles is
strongly disfavored by the data.

6. The Ridge is broad in . The Ridge is roughly independent of  within
the STAR acceptance. There is some room for a slight dependence, but
there cannot be a strong dependence on . The PHOBOS measurement [76]
demonstrated that the Ridge extends to = 4, however, the associated par-
ticles were determined from single hits, so the kinematic aeh was limited by
the acceptance of the detector. This limit is aboupr > 35 MeV/c. The extent
of the Ridge may cause some problems for causal models because a parton at
midrapidity has to a ect particles separated by a large gapn

Radial ow plus trigger bias mechanism and related models

The Glasma Flux Tube model and the Correlated Emission Moddioth primarily
produce the Ridge using the radial ow plus trigger bias mechanism. The radial
ow plus trigger bias mechanism naturally leads to agreemeérwith many of the
experimental observations. Because hard partons fragmeas in a vacuum in the
PGV and Shuryak calculations, these models do not modify thet-like correlation,
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in agreement with observation 1. The Recombination model bidwa may lead to
some modi cation of the jet-like correlation because somd the jet-like correlation
could come from recombination of shower and thermal partorrather than vacuum
fragmentation. A calculation needs to be done in this framesk to ensure that the
Recombination model is consistent with observation 1. In lkhimodels, particles in
the Ridge come from the bulk, in agreement with observation 2. Assunmgnthat the
reaction plane dependence calculated in the Correlated Ession Model [156] is a
common feature of the radial ow plus trigger bias mechanisiithese models are also
in agreement with observation 4. TheRidge would also be expected to have roughly
the same extent in  as inclusive particles, in agreement with observation 6.

It is not clear whether the energy dependence (observation & consistent with
this model but the energy dependence would be readily calatéd in the same way
as done by PGV [146]. The amount of radial ow can be determieby comparisons
with the inclusive spectra. As shown in Figure 1.16 for,, lighter particles are a ected
more by hydrodynamical ow. If these models are dependent cavelocity boost for
the surface bias of the hard parton, then a dependence on theass of the trigger
particle should be observed and lighter trigger particleshsuld correspond to a larger
Ridge. This contradicts observation 5. This means that if the radil ow plus trigger
bias mechanism is the proper mechanism for producing tiiedge, the surface bias of
the hard partons likely does not come from radial ow but fromjet quenching.

The Momentum Kick Model

In the Momentum Kick Model the jet-like correlation is prodwced by vacuum frag-
mentation of the parton after it interacts with the medium. The jet-like correlation
is not a ected, in agreement with observation 1. TheRidge is created by medium
partons so naturally has the same composition as the bulk, Bgreement with obser-
vation 2. As shown in Figure 7.11, the Momentum Kick Model desibes the energy
dependence of th&idge, in agreement with observation 3. No calculations have been
made for the dependence of thRidge on trigger particle type, so it is unclear if this
model is consistent with observation 5.
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Naively the larger path length out of plane would lead to a lager Ridge, in con-
tradiction to observation 4. It may be possible to reconcil¢his with the data if the
parton loses so much energy when it travels out of plane that is not observed. In
that case only jets from the surface would be observed out ofape. The reaction
plane dependence of thRidgein the Momentum Kick Model has not been calculated
yet.

The Momentum Kick Model is the only causal model that produceaRidge broad
enough to be consistent with the data, in agreement with obs&tion 6. However,
this model also has a sharp drop just outside of reach of cuntemeasurements. This
unusual feature, if observed, would be one signature thatéhMomentum Kick Model
is the correct mechanism for the production of th&idge.

Gluon Bremsstrahlung Models

In gluon bremsstrahlung models, the hard parton fragmentsnithe vacuum after
having emitted bremsstrahlung gluons, in agreement with @ervation 1. In these
models, theRidge would come from the fragmentation of gluons, which would negly
seem to contradict observation 2, that theRidge composition is similar to the bulk. If
the bremsstrahlung gluons are su ciently soft that they renteract with the medium,
this may be able to be reconciled with the data. No calculatioof the collision energy
dependence has been done, however, the expectations fromst models seem to be
consistent with observation 3. These models seem to have tkame contradiction
with observation 4 that the Momentum Kick Model does, that navely the larger
path length out of plane would lead to a largeRidge. If heavier trigger particles
correspond on average to heavier partons, then lighter tggr particles should produce
a larger Ridge because the amount of bremsstrahlung is proportional tm *. This is
in contradiction to observation 5. These models also have dilty producing a Ridge
broad enough in pseudorapidity to match the data, in contraidtion to observation 6.
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7.2.3 Summary

The origin of the Ridge is not yet conclusive. More quantitative theoretical calcla-
tions are needed in order to compare the data with the model&luon bremsstrahlung
models are likely excluded by the data because they are appatly in contradiction
with the observations on the reaction plane dependence ofettRidge, the trigger
particle type dependence of theRidge, and the extent of the Ridge in . This
does not mean that these mechanisms do not modify hadron fragntation in heavy
ion collisions, only that they are not likely to be the cause fothe Ridge. Indeed,
gluon bremsstrahlung could cause the observed broadenirigtite jet-like correlation
in central Au + Au collisions atp Syn = 200 GeV.

The Momentum Kick Model is consistent with the data so far. A alculation of
the reaction plane dependence is crucial to determine if himodel is in agreement
with the data. Measurements which would test the predictiorof a sharp drop of the
Ridge with are also crucial.

Models which rely on the radial ow plus trigger bias mechasim qualitatively
agree with the data. More precise calculations are neededadRal ow plus trigger
bias would be the simplest mechanism to describe thHeidge since hydrodynamics
describes the azimuthal asymmetry of particles produced imeavy ion collisions and
radial ow has been observed in the inclusive spectra of pactes. If the radial ow
plus trigger bias model is su cient to explain the data, there is no need for more
complicated, speculative mechanisms to produce tiidge. The signi cance of the
Ridgein such a scenario would be that it would show up as a backgrodiin methods
such as jet reconstruction and it is vital to understand how his background would
a ect reconstructed jets. It also may be possible to learn seething quantitative
about radial ow from the Ridge; more theoretical developments along these lines
would be necessary to determine if this is possible.
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Chapter 8
Conclusions and outlook

The data in this thesis, combined with the data available frmm previous studies,
demonstrate that the jet-like correlation is produced dommantly by fragmentation.
These data are described well both qualitatively and quangtively by PYTHIA,
making the jet-like correlation one of the best understoocettures in heavy ion col-
lisions. The small deviations of the jet-like correlationn di erent collision systems
indicate modi cations of the jet-like correlation. The jetlike correlation can be used
to determine how kinematic cuts a ect the sample of jets leadg to di-hadron corre-
lations and can therefore be used as a tool to study both the awside of di-hadron
correlations and theRidge.

These studies are in the momentum regime where the baryon toeson ratio
is greatest, as shown in Figure 1.19, which led to the hypotbis that partons do
not hadronize by the same mechanism iA + A collisions as inp+ p collisions but
rather hadronized via Recombination. Recombination propses that the dominant
production for hadrons at intermediatepr (2-6 GeV/c) is by the combination of
quarks from the medium. The data presented here indicate thhadrons atpr 3
GeV/c in A + A collisions are as likely to be produced from vacuum fragmextton
as hadrons atpr 3 GeV/c in p+ p collisions. If partons hadronize through a
di erent mechanism in A+ A collisions than inp+ p collisions, the jet-like correlation
should be a ected. A 3 GeV/c hadron formed through Recombirteon naively would
not have a jet-like correlation associated with it. If therewere some combination of
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Recombination and vacuum, there would be more trigger padies at 3 GeV/c but
the same number of associated particles. This would make tfegd-like yield smaller,
the opposite of what is observed in the data. It is not clear o to reconcile these
two pictures.

The interpretation of the Ridge is less conclusive, in large part because theoret-
ical models are still not well developed. There are many proped mechanisms for
the production of the Ridge, however, so far there are few quantitative comparisons.
Models for the production of theRidge through partonic energy loss via gluon brehm-
strahlung have di culty producing a Ridge wide enough in  to be in agreement
with the data. The Momentum Kick Model, a model for the prodution of the Ridge
through partonic energy loss via collisions, may have di clty with the reaction plane
dependence. All causal models may have di culty with the ex¢nt of the Ridgein
Most non-causal models rely heavily on the same mechanisradial ow plus trigger
bias, for the production of theRidge. The radial ow plus trigger bias mechanism
would not require any new speculative mechanisms and theseodels qualitatively
Y

reproduce many of the features of the data from centralu + Au collisions at™ Syn
= 200 GeV. However, none of the calculations to date have beeomplete enough
to conclusively determine that this is the mechanism that pyduces theRidge. If the
Ridgeis produced by radial ow plus trigger bias, this would suppd the description
of the medium as a uid since it would be another indication othe collective ow
of partons. Further theoretical studies are needed to teshese mechanisms and, if
the Ridge is produced by radial ow, to determine if theRidge can be used to better

understand radial ow.

8.1 Future measurements

8.1.1 Studies at P SN = 200 GeV

The STAR detector has been upgraded to include a Time of FligliTOF) detector,
with most of this detector already installed for the 2009 + p run. This will provide
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better particle identi cation over a wider pr range and therefore improve the mea-
surements of the patrticle ratios in theRidge and the jet-like correlations. As shown
in Figure 3.9, particle identi cation using dE/dx in the TPC is di cult for momenta
greater than 1 GeV/c. Particle identi cation in the relativ istic rise region is only
possible for momenta above 2.5 GeV/c. The TOF is capable of p&le identi cation

in the region that the TPC is not, as shown in the time of ight verses the momentum
as measured by the TOF in the 2009 + p run in Figure 8.1. This will also aid in
the e cient identi cation of triggers for future studies s ince pions misidenti ed as
kaons make signi cant contributions to the background of te mass peak. Studies
of the Ridge with higher mass trigger particles could provide crucial &s of the radial
ow plus trigger bias model. In addition, there have been siugtantial improvements
in the use of the calorimeters in STAR for triggering both on tgh-pr particles and
on jets. The current luminosity is substantially higher than in the year 4 Au + Au
run. Measurements are currently limited at highpr by the cross section and the im-
proved triggering capacity of STAR will allow measurementsit higher p'%®" . The
electromagnetic calorimeter can trigger on events with lge deposits of energy in the
calorimeter, mostly from electrons, © and . This will enable studies of whether
there is aRidge with a direct photon trigger, a measurement which may give gight
into the production mechanism of theRidge.

The largest development in studies of jets in heavy ion cdlons has been jet
reconstruction, as discussed in Chapter 2. Full jet reconsiction allows the determi-
nation of partonic energy and therefore allows more detadeneasurements of partonic
energy loss. Di-hadron correlations su er from the ambigtyi of whether or not a jet
was formed and the large combinatorial background in di-hadn correlations comes
from hadrons which were not formed in jets. This ambiguity i:mot an issue for fully
reconstructed jets. The most obvious question is whether ¢hRidge is still evident
when a jet is fully reconstructed, a measurement crucial fadistinguishing between
causal and non-causal production mechanisms for ti&dge. This measurement can
be done using a reconstructed jet as a trigger and looking ahe distribution of
hadrons relative to the jet axisin  and

Whether or not the Ridge should be considered part of the jet depends on whether
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Figure 8.1: Separation of particles in STAR TOF using = ¢ as a function of
momentum. Data from run 9 [161].

it comes from energy loss or arises from a non-causal cortiela with the trigger
hadron. If the Ridge is produced by a mechanism such as radial ow plus trigger
bias, then the particles in theRidge should not be used in determining the jet energy
since they do not result from the scattered parton. Howeveff, the Ridge comes from
a mechanism such as gluon brehmstrahlung or collisional egg loss of a hard parton,
the energy in theRidge comes from the parton.

If the Ridgeis a background for jet reconstruction, it is important to urderstand
how this contributes to the reconstructed jet energy. In may jet reconstruction
methods, such as a cone algorithm, most of tHeidge would not be included in the
reconstructed jet because hadrons in the jet are required b within ( 2+  2) <
Rmax With a typical Rnax 0.4 in heavy ion collisions [162]. If it is a background, a
method needs to be developed to subtract it. If it is not a backound but is from
partonic energy loss, the energy in th&idge needs to be quantied so it can be
included in the jet energy.
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8.1.2 Studies of the energy dependence

Future studies of the collision energy dependence of tRedge will be possible at both
RHIC and the Large Hadron Collider (LHC). The RHIC program wil have a beam
energy scan which will provideAu + Au collisions fromp Syn =5 -39 GeV in 2010.
The LHC will provide Pb+ Pb collisions at 5.5 TeV, with the rst heavy ion run
scheduled in 2011.

RHIC beam energy scan

It is unclear theoretically whether or not aRidge is expected at Iowerp Swn - If the
Ridge arises from partonic energy loss in the colored medium, it manly be present
above the critical temperature. If theRidge comes from radial ow plus trigger bias,
there will be aRidge if the medium is opaque enough to create a surface bias for the
trigger particle and the medium is described well by hydrodyamics.

An estimate of the Ridge yield at lower energies can be made from a straightfor-
ward extrapolation of the data. Figure 6.11 showed that, atdast for the kinematic
cuts used in these studies, th&gigge/ Yier ratio is the same for collisions aP SyN =
62 GeV andp Syn = 200 GeV. If this trend holds for lower collision energies,hie
Ridge should be 3-4 times as large as the jet-like correlation soiifis possible to
measure the jet-like correlation, it will be possible to mesaire the Ridge.

PYTHIA studies were done to determine whether or not measungents of the
Ridge will be feasible with the RHIC beam energy scan. PYTHIA prowdes a reason-
able estimate of the jet-like correlation at lower energiesince it describes the energy
dependence well for comparisons Bfm =62 GeV to P Syn = 200 GeV. Whether
or not the Ridge is present at lower energies, it is necessary to be able to reee
the jet-like correlation in order to at least put an upper limt on the Ridge yield.
PYTHIA 8.1 was used with the default parameters except thapr’},,, » the minimum
momentum transfer in a two-to-two scattering process, wagsto 0.1. PYTHIA 8.1
with these settings was found overestimate the jet-like Vi although it accurately
describes the collision energy dependence of the jet-likeld. PYTHIA was used to
determine the energy scaling of the jet-like yield.
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Figure 8.2: Di-hadron correlations in PYTHIA for RHIC beam @ergy scan energies
using (a) 30 < p79%" < 6:0 GeV/c and 15 GeV/c < pgssociaed < nT99¢" gnd (b) 2.0
<p9%" < 4.0 GeV/c and 1.0< passeciated < pT09eT Gey/c,

These estimates were done for both the kinematic cuts usedtims thesis, 30 <
p9%" < 6:0 GeVic and 1.5 GeV/c < passociated < gl9%er ang the kinematic cuts
used by NA49 for di-hadron correlations apm =17.3 GeV, 2.0< ptTrigger < 4.0
GeV/c and 1.0< passociated < pl99e" Gav/c [163,164]. Loweringpassociated gnd plfigger
leads to higher statistics, however, this leads to a largelombinatorial background
and therefore increases systematic errors. At higher engrg this may make the

systematic error too large to determine meaningful results

Raw correlations in PYTHIA are shown in Figure 8.2. These redts were used to
extrapolate to the number of events needed at each of the proged energies, given
in Table 8.1 and compared to the proposed number of events. Was assumed that
the statistical error bars could be at most twice what they a in Au + Au collisions
at P Syn = 62 GeV. From these estimates, studies of thRidge at P Syn = 39 GeV
and 27 GeV should be feasible. Studies at lower energies andikely.

These studies will also benet from the TOF. EMCal triggerirg will not help
studies of theRidge because the proposed luminosities are low enough that STAR

will record all collisions.
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Table 8.1: Number of events proposed for the RHIC beam energgan and the number

of events needed for studies of thRidge using STAR kinematic cuts (30 < p9%

< 6:0 GeV/c and 15 GeV/c < p3sseciated < nT99Ty and NA49 kinematic cuts (2.0

< py9° < 4.0 GeVic and 1.0< sﬁssow‘ad < p{9%" GeVic). The current proposal
S

for the beam energy scan includessyy =5.0, 7.7, 11.5, 17.3, 27, and 39 GeV.

"Su~ | Proposed STAR cuts NAA49 cuts
39 GeV 24M 6M 4.5M

27 GeV 33M 14M 8.8M
17.3 GeV 15M 103M 33M

At the LHC

Most models for theRidge would qualitatively predict a Ridge at the LHC, however,
no quantitative predictions of theRidge at 5.5 TeV have been made. In causal models
the Ridge would be expected to be the same size or larger because jetrgigs would
be larger so the amount of energy lost by a hard parton would ket least as much
as at RHIC energies. The size of thRidge in models dependent on the radial ow
plus trigger bias model depends on the amount of collectivew. If collective ow is
larger at the LHC, the Ridge would also be expected to be bigger.

A straightforward extrapolation from the data at RHIC can provide estimates for
the expectations for measurements of thRidge at the LHC. If the trend observed
in Figure 6.11 is also true at LHC energies, th&giqge/ Yier ratio will be the same
for the same kinematic cuts. The combinatorial background W be much larger at
5.5 TeV for 1:5 GeV/c < passociated < plridger ang 30 < p9%" < 6:0 GeVic. The
dominant systematic error at RHIC is due tov, subtraction, so measurements of the
Ridge for the same kinematic cuts may be di cult if v, at the LHC is comparable

to that at RHIC. The combinatorial background can be reducedy increasingp! 99"

trigger

and passeciated - Figure 6.1 shows thatY;e increases rapidly withp;9°®" . Figure 2.8

shows thatYgiqge is roughly independent opl'9%" | This means that increasingp 9%

decreasesfrigge/ Yiet- Figure 2.8 shows that the spectrum of particles in th&idge

trigger

is softer than those inY;e. This means that increasingp; will also decrease

Yridge/ Yset. Measurements of theRidge at the LHC may be dicult because of
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the large combinatorial background if these naive extrapalions of RHIC data are
correct.
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Appendix A

Terminology

Transverse momentum

Transverse momentumpr, is de ned as the total momentum of a particle transverse

to the beam: q

pr= P+ (A.1)

where x and y are the coordinates in the plane transverse todtbeam direction.

Transverse mass

Transverse massmq, is de ned as:

q
mr = p2+ m2 (A.2)
Rapdity and pseudorapidity
Rapidity is de ned as L E
_ - TP
y= 2In(E pz) (A.3)

where z is the direction along the beam axis.
Pseudorapidity is de ned as
= In(tan(é)) (A.4)

where is the angle between the momentum of the particle and the beaaxis. Note
that both pseudorapidity and rapidity are unitless. Pseudmapdity is numerically
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=62.5°

p. = 1GeV A T, y=.5, 6=56.3°
m_ = 0.1396 GeV dgK:y=5,q=56.3°
m, = 0.4937 GeV
m_ = 1.8693 GeV

Beam line

Figure A.1: Rapidity and pseudorapidity for di erent parti cle species

close to rapidity for light particles at midrapidity traveling near the speed of light.
Figure A.1 shows the rapidity and pseudorapidity for partites with pr = 1 GeV/c
for particles with di erent masses. Aty =0, =vy. Fora pion,y and are almost
the same, however, the di erence is large for a heavy parteckuch as a D meson.
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Appendix B

Geometric cuts

B.1 V2 Geometric Cuts

Table B.1: Geometric cuts for

in Cu + Cu collisions at

P SN = 200 GeV. Cuts for

the same with cuts for the p daughter of the applied to the p daughter of the and cuts

for the daughter of the applied to the

cuts listed in Table 4.2. Primary vertex is abbreviated to PV.

* daughter of the . These are in addition to

0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
0.4 GeVic <pt < 0.6 GeVic
Decay length (cm) > 7.5 7.5 7.5 7.5 7.5 7.5
DCA to PV (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCA of pto PV (cm) > 0.0 0.0 0.0 0.0 0.0 0.0
DCA of to PV (cm) > 2.3 2.3 2.3 1.5 15 0.0
N .ge=gx Of daughters < 2.0 2.0 2.0 2.0 2.0 2.0
j n from mass peak centelj <| 1.0 1.0 1.0 1.0 1.0 1.0
0.6 GeVic <pt < 0.8 GeV/c
Decay length (cm) > 5.0 5.0 5.0 5.0 0.0 0.0
DCA to PV (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
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Table B.1 { continued from previous page

0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%

DCA of pto PV (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA of  to PV (cm) > 2.2 2.2 2.2 1.5 1.5 1.5

N.ge-g« Of daughters< 2.0 2.0 2.0 2.0 2.0 2.0

j n from mass peak centelj <| 2.0 2.0 2.0 2.0 2.0 2.0
0.8 GeVic <pt < 1.0 GeV/c

Decay length (cm) > 6.5 0.0 0.0 0.0 0.0 0.0

DCA to PV (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCA of pto PV (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA of to PV (cm) > 14 15 15 11 11 0.0

N.4e=gx Of daughters< 2.0 2.0 2.0 2.0 2.0 2.0

j n from mass peak centej <| 2.0 2.0 2.0 2.0 2.0 2.0
1.0 GeVic <pt < 1.5 GeVic

Decay length (cm) > 6.5 55 55 3.5 3.5 7.5

DCA to PV (cm) < 0.7 0.8 0.8 0.8 0.8 0.8

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCA of p to PV (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA of to PV (cm) > 1.5 14 14 14 14 0.0

N.ge=g« Of daughters< 25 2.5 25 2.5 2.5 2.5

j n from mass peak centelj <| 2.0 2.0 2.0 2.0 2.0 2.0
1.5 GeVic <pt < 2.0 GeVic

Decay length (cm) > 9.0 7.0 7.0 0.0 0.0 6.0

DCA to PV (cm) < 0.7 0.7 0.8 0.8 0.8 0.8

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCA of pto PV (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA of to PV (cm) > 14 15 15 14 14 0.0

N.ge=dx Of daughters< 2.5 2.5 2.5 2.5 2.5 2.5

j n from mass peak centej <| 2.0 2.0 2.0 2.0 2.0 2.0
2.0 GeV/c <pT < 2.5 GeVic

Decay length (cm) > 7.0 55 55 7.5 0.0 0.0
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Table B.1 { continued from previous page

0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%

DCA to PV (cm) < 0.7 0.4 0.4 0.8 0.8 0.8

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCA of p to PV (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA of to PV (cm) > 1.7 14 14 14 14 1.6

N.ge=g« Of daughters< 25 2.5 25 2.5 2.5 2.5

j n from mass peak centej <| 2.0 2.0 2.0 2.0 2.0 2.0
2.5 GeV/c <pt < 3.0 GeV/c

Decay length (cm) > 15.0 11.0 12.0 11.0 12.0 0.0

DCA to PV (cm) < 0.5 0.8 0.8 0.8 0.8 0.8

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCA of p to PV (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA of to PV (cm) > 14 1.2 1.8 1.0 1.8 1.5

N.ge=dx Of daughters< 2.5 2.5 2.5 2.5 2.5 2.5

j n from mass peak centelj <| 2.0 2.0 2.0 2.0 2.0 2.0
3.0 GeVic <pt < 3.5 GeVic

Decay length (cm) > 17.0 8.0 8.0 8.0 8.0 8.0

DCA to PV (cm) < 0.5 0.5 0.5 0.5 0.5 0.5

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCA of p to PV (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA of  to PV (cm) > 1.7 1.6 1.6 1.2 1.2 0.6

N.ge=g« Of daughters< 25 2.5 25 2.5 2.5 2.5

j n from mass peak centej <| 2.0 2.0 2.0 2.0 2.0 2.0
3.5 GeVic <pt < 4.0 GeVic

Decay length (cm) > 13.0 13.0 13.0 13.0 13.0 13.0

DCA to PV (cm) < 0.4 0.4 0.4 0.4 0.4 0.4

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCA of p to PV (cm) > 0.3 0.3 0.3 0.3 0.3 0.3

DCA of to PV (cm) > 1.2 1.2 1.2 1.2 1.2 1.2

N.ge-g« Of daughters< 25 2.5 25 2.5 2.5 2.5

j n from mass peak centelj <| 1.5 15 1.5 15 15 15
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Table B.1 { continued from previous page

0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
4.0 GeVic <pt < 5.0 GeV/c
Decay length (cm) > 15.0 15.0 15.0 15.0 15.0 15.0
DCA to PV (cm) < 0.4 0.4 0.4 0.4 0.4 0.4
DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCA of pto PV (cm) > 0.3 0.3 0.3 0.3 0.3 0.3
DCA of to PV (cm) > 1.2 1.2 1.2 1.2 1.2 1.2
N.ge=dx Of daughters< 2.5 2.5 2.5 2.5 2.5 2.5
j n from mass peak centelj <| 1.5 15 1.5 15 15 15
5.0 GeV/c <pt < 10.0 GeV/c
Decay length (cm) > 7.5 7.5 7.5 7.5 0.0 7.5
DCA to PV (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCA of p to PV (cm) > 1.5 1.5 1.5 1.5 1.5 3.0
DCA of to PV (cm) > 1.5 15 1.5 15 0.0 15
N.ge=g« Of daughters< 2.0 2.0 2.0 2.0 2.0 2.0
j n from mass peak centej <| 1.5 15 15 15 15 15

Table B.2: Geometric cuts forKg in Cu+ Cu collisions at P SNN = 200 GeV. These are in
addition to cuts listed in Table 4.2. Primary vertex is abbreviated to PV.

0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
0.4 GeVic <pt < 0.6 GeVic

Decay length (cm) > 0.0 0.0 0.0 0.0 0.0 0.0
DCA to PV (cm) < 0.6 0.8 0.8 0.8 0.8 0.8
DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCA of , " toPV(cm) > 2.1 1.1 11 1.1 11 11
N .ge=gx Of daughters< 2.0 2.0 2.0 2.0 2.0 2.0
j n from mass peak centefj <| 1.5 15 15 15 15 15

Continued on next page
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Table B.2 { continued from previous page

0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
0.6 GeVic <pt < 0.8 GeV/c
Decay length (cm) > 0.0 0.0 0.0 0.0 0.0 0.0
DCA to PV (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCAof , *toPV(m) > | 1.0 1.0 1.0 1.0 1.0 1.0
N.ge=g« Of daughters< 2.0 2.0 2.0 2.0 2.0 2.0
j n from mass peak centelj <| 1.5 1.5 15 1.5 2.0 2.0
0.8 GeVic <pt < 1.0 GeV/c
Decay length (cm) > 0.0 0.0 0.0 0.0 0.0 0.0
DCAto PV (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCAof , *toPV(cm) > 0.9 0.9 0.9 0.9 0.9 0.9
N.ge=g« Of daughters< 2.0 2.0 2.0 2.0 2.0 2.0
j n from mass peak centelj <| 1.5 1.5 15 2.0 2.0 2.0
1.0 GeVic <pt < 1.5 GeVic
Decay length (cm) > 4.5 4.5 4.5 4.5 4.5 4.5
DCAto PV (cm) < 0.6 0.6 0.6 0.8 0.8 0.8
DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCAof , *toPV(cm) > 0.9 0.9 0.9 0.9 0.9 0.9
N.ge-g« Of daughters< 2.5 25 2.5 25 2.5 25
j n from mass peak centelj <| 1.5 1.5 15 1.5 15 2.0
1.5 GeVic <pt < 2.0 GeVic
Decay length (cm) > 4.5 4.5 4.5 4.5 4.5 4.5
DCA to PV (cm) < 0.4 0.4 0.4 0.8 0.8 0.8
DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
DCA of , T to PV (cm) > 15 1.5 15 1.2 11 0.0
N.ge-g« Of daughters< 2.5 25 2.5 25 2.5 25
j n from mass peak centelj <| 1.5 2.0 2.0 1.5 15 1.5
2.0 GeV/c <pt < 2.5 GeV/c
Decay length (cm) > 0.0 0.0 0.0 0.0 0.0 0.0
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0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%

DCA to PV (cm) < 0.4 0.4 0.4 0.8 0.8 0.8

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCA of , T toPV(cm) > 1.6 14 14 14 11 1.1

N.ge=dx Of daughters< 2.5 2.5 2.5 2.5 2.5 2.5

j n from mass peak centej <| 1.5 2.0 2.0 15 15 15
2.5 GeV/c <pt < 3.0 GeVic

Decay length (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA to PV (cm) < 0.4 0.4 0.4 0.4 0.4 0.4

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCA of , T toPV(cm) > 1.2 1.2 1.0 0.0 0.0 0.0

N.4e=gx Of daughters< 2.5 2.5 2.5 2.5 2.5 2.5

j n from mass peak centefj <| 1.5 2.0 2.0 15 2.0 2.0
3.0 GeVic <pt < 3.5 GeVic

Decay length (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA to PV (cm) < 0.4 0.4 0.4 0.5 0.5 0.5

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCAof , " toPV(cm) > 0.8 0.8 0.8 0.8 0.8 0.8

N.4e=gx Of daughters< 2.5 2.5 2.5 2.5 2.5 2.5

j n from mass peak centefj <| 1.5 15 15 15 15 2.0
3.5 GeVic <pt < 4.0 GeVic

Decay length (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA to PV (cm) < 0.4 0.4 0.4 0.4 0.4 0.4

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8

DCAof , *toPV(cm) > 0.8 0.8 0.6 0.6 0.6 0.6

N.4e=gx Of daughters< 2.5 2.5 2.5 2.5 2.5 2.5

j n from mass peak centefj <| 1.5 15 15 15 15 15
4.0 GeV/c <pt < 5.0 GeV/c

Decay length (cm) > 0.0 0.0 0.0 0.0 0.0 0.0

DCA to PV (cm) < 0.4 0.4 0.4 0.4 0.4 0.4

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 0.8
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0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%

DCAof , *toPV(cm) > 0.8 0.8 0.6 0.6 0.6 0.6

N.4e=gx Of daughters< 2.5 2.5 2.5 2.5 2.5 2.5

j n from mass peak centej <| 2.0 2.0 2.0 2.0 2.0 2.0

5.0 GeV/c <pt < 10.0 GeV/c

Decay length (cm) > 0.0 0.0 0.0 0.0 0.0 0.2

DCA to PV (cm) < 0.4 0.4 0.6 0.6 0.8 15

DCA of daughters (cm) < 0.8 0.8 0.8 0.8 0.8 2.0

DCA of , T to PV (cm) > 14 14 14 14 14 1.5

N.4e-gx Of daughters< 15 1.5 2.0 2.0 2.0 7.5

j n from mass peak centej <| 2.0 2.0 2.0 2.0 2.0 0.0
B.2 Geometric Cuts

Table B.3: Geometric cuts for

in Cu+ Cu collisions atp

addition to cuts listed in Table 4.4. Cuts for

SN = 200 GeV. These are in

* the same with cuts for the p daughter of

the applied to the p daughter of the , cuts for the

* daughter of the , and cuts for the applied to the

in Equation 4.4. Primary vertex is abbreviated to PV.

daughter of the applied to the

. A and B refer to the parameters

0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
0.6 GeV/c <pt <0.8 GeV/c

Decay length (cm) >35 | > 35 > 3.5 > 3.5 >35 | >35

Decay length (cm) >0 >0 >0 >0 >0 >0
DCA of to primary vertex (cm) | < 0.55| < 055 | < 055| <055 | <055 < 0.55
DCA of to primary vertex (cm) >0.18| >0.18 | > 0.18| > 0.18 | > 0.18 | > 0.18
DCA of to daughters (cm) <06 | <06 | <06 < 0.6 <06 | <06
DCA of to daughters (cm) <08 | <0.8 < 0.8 < 0.8 <08 | <0.8

DCA of p to PV (cm) >0 >0 >0 >0 >0 >0
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0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
DCA of to PV (cm) >0 >0 >0 >0 >0 >0
DCA of bachelor to PV (cm) >0 >0 >0 >0 >0 >0
N.4e=gx Of daughters > 3 > 3 > 3 > 3 > 3 > 3
j n from mass peak centeij >15| >15 > 2 > 2 > 2 > 2
A 1.8333| 1.8333 | 1.8333 | 1.8333 | 1.3333 | 1.8333
B -0.03 -0.03 -0.03 -0.05 -0.37 -0.06
0.8 GeV/c <pT <1 GeV/c
Decay length (cm) >35 | > 35 > 3.5 > 3.5 >35 | >35
Decay length (cm) >0 >0 >0 >0 >0 >0

DCA of to primary vertex (cm) | < 055 < 055 | < 055| <055 | < 055]| < 0.55
DCA of to primary vertex (cm) >0.18| >0.18 | > 0.18| > 0.18 | > 0.18 | > 0.18
DCA of to daughters (cm) <06 | <06 | <06 < 0.6 <06 | <06
DCA of to daughters (cm) <08 | <0.8 < 0.8 < 0.8 <08 | <0.8

DCA of p to PV (cm) >0 >0 >0 >0 >0 >0
DCA of to PV (cm) >0 >0 >0 >0 >0 >0
DCA of bachelor to PV (cm) >0 >0 >0 >0 >0 >0
N .4e=gx Of daughters > 3 > 3 > 3 > 3 > 3 > 3
j n from mass peak centeij >15| >15 > 2 > 2 > 2 > 2
A 1.8333| 1.8333 | 1.8333 | 1.3333 N/A 1.8333
B -0.2 -0.2 -0.2 -1000 N/A -0.06
1 GeV/c <pt <15 GeVic
Decay length (cm) >35| >35 | >35 > 35 >35 | >35
Decay length (cm) >0 >0 >0 >0 >0 >0

DCA of to primary vertex (cm) | < 055 < 055 | < 055| <055 | < 055]| < 0.55
DCA of to primary vertex (cm) >0.18| >0.18 | > 0.18| > 0.18 | > 0.18 | > 0.18
DCA of to daughters (cm) <06 | <0.6 < 0.6 < 0.6 <06 | <06

DCA of to daughters (cm) <08]| <08 | <038 < 0.8 <08 | <08
DCA of p to PV (cm) >0 >0 >0 >0 >0 >0
DCA of to PV (cm) >0 >0 >0 >0 >0 >0

DCA of bachelor to PV (cm) >0 >0 >0 >0 >0 >0

Continued on next page
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0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
N.ge=dx Of daughters > 3 > 3 > 3 >3 >3 >3
j n from mass peak centelj >15| >15 > 2 > 2 > 2 > 2
A 1.3333| 1.3333 | 1.3333 N/A N/A 1.8333
B -0.35 -0.35 -0.35 N/A N/A -0.06
1.5 GeVic <pt <2 GeV/c
Decay length (cm) >35 | > 35 > 3.5 > 3.5 >35 | >35
Decay length (cm) >0 >0 >0 >0 >0 >0
DCA of to primary vertex (cm) | < 0.55| < 055 | < 055| <055 | <055 < 0.55
DCA of to primary vertex (cm) >0.18| >0.18 | > 0.18| > 0.18 | > 0.18 | > 0.18
DCA of to daughters (cm) <06 | <06 | <06 < 0.6 <06 | <06
DCA of to daughters (cm) <08 | <0.8 < 0.8 < 0.8 <08 | <0.8
DCA of p to PV (cm) >0 >0 >0 >0 >0 >0
DCA of to PV (cm) >0 >0 >0 >0 >0 >0
DCA of bachelor to PV (cm) >0 >0 >0 >0 >0 >0
N.ge=gx Of daughters > 3 > 3 > 3 > 3 > 3 > 3
j n from mass peak centeij >15| >15 > 2 > 2 > 2 > 2
A 1.3333| 1.3333 | 1.3333 N/A N/A 1.8333
B -04 -04 -04 N/A N/A -0.06
2 GeV/c <pt <25 GeV/c
Decay length (cm) >35 | > 35 > 3.5 > 3.5 >35 | >35
Decay length (cm) >0 >0 >0 >0 >0 >0
DCA of to primary vertex (cm) | < 055 < 055 | < 055| <055 | < 055]| < 0.55
DCA of to primary vertex (cm) >0.18| >0.18 | > 0.18| > 0.18 | > 0.18 | > 0.18
DCA of to daughters (cm) <06 | <06 | <06 < 0.6 <06 | <06
DCA of to daughters (cm) <08 | <0.8 < 0.8 < 0.8 <08 | <0.8
DCA of p to PV (cm) >0 >0 >0 >0 >0 >0
DCA of to PV (cm) >0 >0 >0 >0 >0 >0
DCA of bachelor to PV (cm) >0 >0 >0 >0 >0 >0
N .4e=gx Of daughters > 3 > 3 > 3 > 3 > 3 > 3
j n from mass peak centeij >15| >15 > 2 > 2 > 2 > 2
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0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
A 1.8333| 1.8333 | 1.8333 | 1.3333 | 1.8333 | 1.8333
B 0.05 0.05 0.05 0 -0.06 0
2.5 GeV/c <pt <3 GeV/c
Decay length (cm) > 3 > 3 > 3 >3 >3 > 3
Decay length (cm) >0 >0 >0 >0 >0 >0
DCA of to primary vertex (cm) | < 045| < 045 | < 045| <045 | < 045 | < 0.45
DCA of to primary vertex (cm) >01| >01 > 0.1 > 0.1 >01 | >0.1
DCA of to daughters (cm) < 045| <045 | <045| <045 | <045 | < 045
DCA of to daughters (cm) <08 | <0.8 < 0.8 < 0.8 <08 | <0.8
DCA of p to PV (cm) >0 >0 >0 >0 >0 >0
DCA of to PV (cm) >0 >0 >0 >0 >0 >0
DCA of bachelor  to PV (cm) >0 >0 >0 >0 >0 >0
N.ge=qx Of daughters > 3 > 3 > 3 >3 >3 >3
j n from mass peak centeij >15| >15 > 2 > 2 > 2 > 2
A 1.8333| 1.8333 | 1.8333 | 1.3333 | 1.8333 | 1.8333
B 0 0 0.05 0 -0.06 0
3 GeV/c <pt <3.5GeV/c
Decay length (cm) >0 >0 >0 >0 >0 >0
Decay length (cm) >0 >0 >0 >0 >0 >0
DCA of to primary vertex (cm) | < 0.8 | < 0.8 < 0.8 < 0.8 <08 | <0.8
DCA of to primary vertex (cm) >0 >0 >0 >0 >0 >0
DCA of to daughters (cm) <08]| <08 | <038 < 0.8 <08 | <08
DCA of to daughters (cm) <08 | <0.8 < 0.8 < 0.8 <08 | <0.8
DCA of p to PV (cm) >0 >0 >0 >0 >0 >0
DCA of to PV (cm) >0 >0 >0 >0 >0 >0
DCA of bachelor to PV (cm) >0 >0 >0 >0 >0 >0
N .4e=gx Of daughters > 3 > 3 > 3 > 3 > 3 > 3
j n from mass peak centeij > 2 > 2 > 2 > 2 > 2 > 2
A 1.8333| 1.8333 | 1.8333 | 1.3333 | 1.8333 | 1.8333
B -0.03 -0.03 -0.05 -0.37 -0.06 0
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0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
3.5 GeV/c <pt <4.5 GeVic

Decay length (cm) >0 >0 >0 >0 >0 >0

Decay length (cm) >0 >0 >0 >0 >0 >0

DCA of to primary vertex (cm) | < 08 | <08 | <0.8 < 0.8 <08 | <038
DCA of to primary vertex (cm) >0 >0 >0 >0 >0 >0
DCA of to daughters (cm) <08]| <08 | <038 < 0.8 <08 | <08
DCA of to daughters (cm) <08 | <0.8 < 0.8 < 0.8 <08 | <0.8
DCA of p to PV (cm) >0 >0 >0 >0 >0 >0
DCA of to PV (cm) >0 >0 >0 >0 >0 >0
DCA of bachelor to PV (cm) >0 >0 >0 >0 >0 >0
N .4e=gx Of daughters > 3 > 3 > 3 > 3 > 3 > 3

j n from mass peak centeij > 2 > 2 > 2 > 2 > 2 > 2

A 1.8333| 1.8333 | 1.3333 N/A 1.8333 | N/A

B -0.2 -0.2 -1000 N/A -0.06 N/A

pr >4.5 GeV/c

Decay length (cm) >0 >0 >0 >0 >0 >0

Decay length (cm) >0 >0 >0 >0 >0 >0

DCA of to primary vertex (cm) | < 08 | <08 | < 0.8 < 0.8 <08 | <038
DCA of to primary vertex (cm) >0 >0 >0 >0 >0 >0
DCA of to daughters (cm) <08 | <0.8 < 0.8 < 0.8 <08 | <0.8
DCA of to daughters (cm) <08]| <08 | <038 < 0.8 <08 | <08
DCA of p to PV (cm) >0 >0 >0 >0 >0 >0

DCA of to PV (cm) >0 >0 >0 >0 >0 >0
DCA of bachelor to PV (cm) >0 >0 >0 >0 >0 >0
N .4e=gx Of daughters > 3 > 3 > 3 >3 >3 >3

j n from mass peak centej > 2 > 2 > 2 > 2 > 2 > 2

A 1.3333| 1.3333 | N/A N/A 1.8333 | N/A

B -0.35 -0.35 N/A N/A -0.06 N/A
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Appendix C

E clencies

C.1 Unidenti ed hadron e ciencies

Table C.1: Fit parameters from ts of the e ciencies for unidenti ed hadrons in
Au+ Au at " Syy =62 GeV to a exp(p%c)

centrality a b c

0-5% 767 .1498 1.316
5-10% | .7856 .1419 1.33
10-20% | .7975 .1408 1.464
20-30% | .8113 .1374 1.606
30-40% | .822 .1376 1.743
40-50% | .8321 .1327 1.781
50-60% | .8386 .1357 1.912
60-70% | .8387 .1511 2.381
70-80% | .8415 .1455 2.153
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Table C.2: Fit parameters from ts of the e ciencies for unidenti ed hadrons in
Au+ Au at P Eyw = 62 GeV to a exp(p%c)

centrality a b Cc
0-10% | 0.838435 0.0704 0.9409
10-20% | 0.843666 0.0681 1.0000
20-30% | 0.843211 0.0610 1.0000
30-40% | 0.848090 0.0638 1.0000
40-50% | 0.856875 0.0606 0.9496
50-60% | 0.851112 0.0584 1.0000

Table C.3: Fit parameters from ts of the e ciencies for unidenti ed hadrons in
Au+ Au at P sy = 62 GeV to a exp(")

centrality a b c
0-10% | 0.8655 0.1333 0.9890
10-20% | 0.8736 0.1207 0.9330
20-30% | 0.8643 0.1503 1.1071
30-40% | 0.8693 0.1269 0.9922
40-50% | 0.8608 0.1511 1.1616
50-60% | 0.8606 0.1971 1.3211

C.2 VY E ciencies

Table C.4: Fit parameters from ts of the e ciencies for bar yons in Au + Au at P SNN
=62 GeVto a exp(p%c)

0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%

a| 0172 | 0.164 | 0.168 0.158 0.161 0.166
I<pr<15|b| 0946 | 0.838 0.819 0.774 0.758 0.861
c| 1.587 | 1.800 1.825 1.902 2.020 1.895
a| 0.174 | 0.162 0.169 0.159 0.161 0.164
15<pr<2|b| 1.043 | 0.887 0.855 0.772 0.755 0.821

Continued on next page
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0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
c| 1.701 | 1.884 1.835 1.842 2.033 1.947
a| 0172 | 0.145 | 0.152 0.159 0.161 | 0.163
2<pt<25|b| 0969 | 0915 | 0.913 0.845 0.755 | 0.789
c| 1.586 | 2.106 2.066 1.999 2.033 1.790
a| 0177 | 0.152 | 0.157 0.149 0.154 | 0.159
25pr<3|b| 1468 | 0.953 | 0.924 0.889 0.911 | 0.926
c| 1.890 | 2.120 | 2.149 2.280 2406 | 2.023
a| 0177 | 0.152 | 0.157 0.149 0.154 | 0.159
3<pr<35|b| 1468 | 0.953 | 0.924 0.889 0.911 | 0.926
c| 1.890 | 2.120 | 2.149 2.280 2406 | 2.023
a| 0.137 | 0.110 | 0.198 0.246 0.252 | 0.140
35<pr<4|bj| 0038 | 0.051 | 0.023 0.011 0.009 | 0.048
c | -0.005| -0.006 | -0.004 | -0.003 | -0.003 | -0.006
a| 0.137 | 0.110 | 0.198 0.246 0.252 | 0.140
4<pt <5 | b| 0.038| 0.051 | 0.023 0.011 0.009 | 0.048
c | -0.005| -0.006 | -0.004 | -0.003 | -0.003 | -0.006
a| 0177 | 0.152 | 0.157 0.149 0.154 | 0.159
pr >5 b| 1468 | 0.953 | 0.924 0.889 0.911 | 0.926
c| 1.890 | 2.120 | 2.149 2.280 2406 | 2.023

Table C.5: Fit parameters from ts of the e ciencies for baryons in Au + Au at P SNN
=62 GeVto a exp(p%c)

0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%

a| 0158 | 0.163 | 0.169 0.169 0.186 | 0.196
I<pr<15|b| 0924 | 0.888 | 0.884 0.784 0.897 1.015
c| 1.767 | 1.683 1.752 1.659 1.479 1.444
a| 0.163 | 0.158 | 0.174 0.178 0.187 | 0.205
15<pr<2|b| 1.092 | 1.054 1.076 1.026 1.104 | 1.200

Continued on next page
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0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%

c| 1.948 | 2.156 1.950 1.763 1.758 1.527

a| 0161 | 0.139 | 0.152 0.167 0.189 | 0.198
2<pt<25|b| 1.042 | 0.946 | 0.968 0.860 0.904 | 0.981
c| 1893 | 2.284 | 2.084 1.916 1.402 1.294

a| 0.163 | 0.146 | 0.155 0.155 0.165 | 0.183
25<pr<3|b| 1414 | 0.967 | 0.953 0.914 1.006 1.058
c| 1983 | 2.281 2.155 2.206 2.166 1.632

a| 0.163 | 0.146 | 0.155 0.155 0.165 | 0.183
3<pr<35|b| 1414 | 0967 | 0.953 0.914 1.006 1.058
c| 1983 | 2.281 2.155 2.206 2.166 1.632

a| 0113 | 0.149 | 0.227 0.148 0.072 | 0.224

35 pr<4|b| 0047 | 0.036 | 0.010 0.042 0.070 | 0.013
c | -0.006| -0.005 | -0.002 | -0.005 | -0.008 | -0.003

a| 0.113 | 0.149 | 0.227 0.148 0.072 | 0.224

4<pt <5 | b| 0.047 | 0.036 | 0.010 0.042 0.070 | 0.013
c | -0.006| -0.005 | -0.002 | -0.005 | -0.008 | -0.003

a| 0.163 | 0.146 | 0.155 0.155 0.165 | 0.183

pr >5 b| 1414 | 0.967 | 0.953 0.914 1.006 1.058

c| 1.983| 2.281 2.155 2.206 2.166 1.632

Table C.6: Fit parameters from ts of the e ciencies for Kg baryons in Au + Au at P SNN
=62 GeVto a exp(p%c)

0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%

a| 0176 | 0.174 | 0.280 0.270 0.257 0.294
I<pr<15|b| 0972 | 0.917 1.065 1.014 0.964 1.129
c| 1.606 | 1.796 1.589 1.778 1.924 1.563
a| 0176 | 0.174 | 0.280 0.270 0.257 0.299
15%<pr<2|bj| 0972 | 0.917 1.065 1.014 0.964 1.000

Continued on next page
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0-10% | 10-20% | 20-30% | 30-40 % | 40-50% | 50-60%
c| 1.606 | 1.796 1.589 1.778 1.924 | 1.298
a| 0194 | 0.182 | 0.284 0.275 0.262 | 0.299
2<pt<25|b| 0989 | 0.895 | 0.936 0.907 0.866 1.000
c| 1222 | 1.502 1.329 1.511 1.652 1.298
a| 0194 | 0.182 | 0.284 0.275 0.262 | 0.299
25<pr<3|b| 0989 | 0.895 | 0.936 0.907 0.866 1.000
c| 1222 | 1.502 1.329 1.511 1.652 1.298
a| 0194 | 0.182 | 0.284 0.275 0.262 | 0.299
3<pr<35|b| 0989 | 0895 | 0.936 0.907 0.866 1.000
c| 1222 | 1.502 1.329 1.511 1.652 1.298
a| 0127 | 0.114 | 0.164 0.141 0.177 | 0.234
35<pt<4|bj| 0014 | 0.022 | 0.041 0.051 0.038 | 0.014
c | -0.002| -0.003 | -0.004 | -0.005 | -0.004 | -0.002
a| 0127 | 0.114 | 0.164 0.141 0.177 | 0.234
4<pt <5 | b| 0.014 | 0.022 | 0.041 0.051 0.038 | 0.014
c | -0.002| -0.003 | -0.004 | -0.005 | -0.004 | -0.002
a| 0194 | 0.182 | 0.284 0.275 0.262 | 0.299
pr >5 b| 0989 | 0.895 | 0.936 0.907 0.866 1.000
c| 1.222 | 1.502 1.329 1.511 1.652 1.298
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Appendix D

Centrality

R Npart Nbin
0-10% 101 R 96 | 162
10-20%| 71 R < 101| 72 | 108
20-30%| 49 R< 71| 52 68
30-40%| 33 R< 49| 36 42
40-50%| 22 R < 33| 25 26
50-60%| 14 R < 22 16 15

Table D.1: Centrality de nitions for Cu+ Cu collisions atp Syn = 62 GeV

R Npart Nbin
0-10% 139 R 99 | 189
10-20%| 98 R < 139| 75 | 124
20-30%| 67 R< 98 | 54 78
30-40%| 46 R < 67 | 38 48
40-50%| 30 R< 46 | 26 29
50-60%| 19 R < 30 17 17

Table D.2: Centrality de nitions for Cu+ Cu collisions atp Syn = 200 GeV
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R Npart Nbin
0-5% 373 R 347 | 904
5-10% | 313 R < 373| 293 | 714
10-20%| 222 R < 313| 229 | 512
20-30%| 154 R < 222| 162 | 321
30-40%| 102 R < 154| 112 | 193
40-50%| 65 R < 102 | 74 | 109
50-60%| 38 R < 65 46 57
60-70%| 20 R < 38 26 27
70-80%| 9 R< 20 13 11

Table D.3: Centrality de nitions for Au + Au collisions atp Sy = 62 GeV
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