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1 Introduction

This paper presents an overview of soft physics

from SPS to RHIC and discusses what new knowledge

can be learned from the results on the bulk proper-

ties of high energy heavy ion collisions. This overview

focuses on fluctuations and correlations. Seven areas

will be discussed:

1) Fluctuations of particle multiplicity. The en-

ergy dependence of multiplicity fluctuations in high

energy heavy ion collisions can be used to look for ex-

perimental signature of increased fluctuations due to

a phase transition or the critical point and for the pre-

dicted reduction of fluctuations in relativistic hadron

gas due to conservation low.

2) Fluctuations of particle ratios, which have been

considered as a possible signature of quark gluon

plasma formation.

3) Transverse momentum pt fluctuations and cor-

relations, which studied very extensively. The study

of nuclear matter at large energy density and the

possibility of a transformation to color-deconfined or

QCD matter have been the central goals. By analogy

with the thermodynamics of ordinary matter critical

fluctuations have been viewed as a means to demon-

strate transitions across the QCD phase boundary.

In particular, critical fluctuation of 〈pt〉 or event-

wise mean pt as an analog to temperature have been

sought.

4) Hanbury Brown-Twiss (HBT) correlations,

which can be used to explore the space-time evolu-

tion and freeze-out of the system.

5) Forward backward multiplicity correlation.

The study of correlations among particles produced

in different rapidity regions may provide understand-

ing of the mechanism of particle production.

6) Fluctuation of elliptic flow, which is very sen-

sitive to the initial eccentricity fluctuations.

7) Jet-medium interaction, which probes the

early-stage of the medium.

The overview of global properties of soft physics,

including collision geometry, particle production,

hadronization and flow will be presented by WANG

Ya-ping, et al.[1, 2]. We also suggest readers refer to an

overview that titled “Experimental Status of Ultra-

high Energy Induced Nuclear Reactions” presented

by CAI Xu and ZHOU Dai-mei[3].

2 Fluctuations and correlations

The study of fluctuation and correlation has spe-

cial importance while investigating the existence of

possible phase transition in relativistic heavy ion col-

lisions. Event by event fluctuations in the thermody-

namic quantities provide important insight towards

the physical properties of the dense nuclear matter

Received 21 May 2007

* Supported by Ministry of Education of China (306022) and National Natural Science Foundation of China (10635020,10705012)

1)E-mail: zhoudm@phy.ccnu.edu.cn

2)E-mail:wangyp@iopp.ccnu.edu.cn

3)E-mail: xcai@mail.ccnu.edu.cn

400 — 418



No. 5 ZHOU Dai-Mei et alµCorrelations and fluctuations in high energy heavy ion collision experiments 401

produced in the collisions along with the knowledge

of nature of quark-hadron phase transition[4]. The en-

hanced fluctuation of energy density points to the first

order phase transition whereas a second order phase

transition may result into divergence of specific heat.

Event by event fluctuations might be a useful

signature of phase transition evidence, since they

could be significantly altered if a phase transition

occurs shortly after the collision[5]due to the large

difference between the degree of freedom of the two

phases. Since fluctuation observables are intrinsically

related to particle correlations, the study of fluctua-

tions could also provide helpful insights on the mech-

anisms of particle production in heavy ion collisions.

Fluctuations in particle multiplicity, ratios, trans-

verse momenta, elliptic flow etc. will be displayed

in this paper.

2.1 Fluctuations of particle multiplicity

The energy dependence of multiplicity fluctua-

tions was studied for the most central Pb+Pb col-

lisions at 20, 30, 40, 80 and 158 AGeV by the NA49

experiment at the CERN SPS[6]. The basic measure

of multiplicity fluctuations used in this analysis is the

scaled variance:

ω =
V ar(n)

〈n〉
where V ar(n) and 〈n〉 are the variance and mean of

multiplicity distributions, respectively.

The scaled variance for positively (ω(h+)), nega-

tively (ω(h−)) and all charged hadrons (ω(h±)) are

presented here. The scaled variance of a Poisson dis-

tribution is 1, independent of its mean multiplicity.

A larger ω might indicate additional non-statistical

fluctuations, a smaller ω might be a hint for a sup-

pression of fluctuation e.g. due to conservation laws.

Fig. 1 shows the centrality dependence of multipli-

city fluctuation in Pb+Pb collisions at different en-

ergies for central collisions. In general ω decreases

with increasing the centrality, this trend is stronger

for higher energies.

Figure 2 shows the energy dependence of multi-

plicity fluctuations in Pb+Pb collisions. It can be

seen that at all energies the scaled variance for posi-

tively and negatively charged hadrons is smaller than

1, the value for a Poissonian distribution.

Fig. 1. Centrality dependence of ω(h+) (top), ω(h−) (middle) and ω(h±) (bottom) for Pb+Pb collisions at
different energies. C < 1% corresponds to the most central collisions. The shown centrality range of C < 10%
corresponds approximately to the number of projectile participants Nproj

p > 160. Only statistical errors are
shown.
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Fig. 2. Energy dependence of multiplicity fluctuations in the most central (C < 1%, Venus calculations:
C < 2%) Pb+Pb collisions in comparison with string hadronic model predictions for ω(h+) (left), ω(h−)
(middle) and ω(h±) (right).

At RHIC energy, PHOBOS Collaboration given

the analysis of the dynamic fluctuations in the in-

clusive charged particle multiplicity for Au+Au col-

lisions at
√

sNN=200 GeV within the pseudo-rapidity

range of −3 < η < 3[7, 8]. In their analysis an event-by-

event observable C is used to study the multiplicity

fluctuations.

C =
N1−N2√
N1 +N2

,

where N1 and N2 are the multiplicities in a pair of η

bins with the same bin size and symmetric with re-

spect to η = 0. The width of the C distribution (σ(C))

is used as their fluctuations observables. Because the

difference of the two multiplicities is used in the def-

inition of C and the two multiplicities change in the

same direction when Npart varies from event to event,

the Npart fluctuations are suppressed in the measured

σ(C). Also because of the event-by-event normaliza-

tion factor
√

N1 +N2 in the denominator, σ(C) = 1

for independent particles. Thus non-1 σ(C) indicates

non-0 dynamic fluctuations in addition to the statisti-

cal fluctuations. The multiplicity fluctuations σ2(C)

can be decomposed into two parts: statistic fluctu-

ation (σ2
stat) and dynamic fluctuation (σ2

dyn). While

the statistical fluctuations are due to the finite mul-

tiplicity, the dynamic fluctuations are related to the

intrinsic correlations in the particle production. The

long range (particle from different bins) correlations

and the short range (particles usually in the same bin)

have different effects in σ2(C) and different signs of

the dynamic fluctuations.

Figure 3 top shows the σ(C) dependence on

the separation in η space with fixed η bin size

0.5. The data and reconstructed simulation (HI-

JING+GEANT) are similar. Both have a non-

monotonic dependence on η because of the presence

of the detector effects. The HIJING σ(C) is slightly

greater than 1, with the difference between the σ(C)

and 1 increasing with the η separation. This indicates

that the dynamic fluctuations of HIJING are great

than 0. The suppression in the mid-rapidity region is

due to the fact that negative long range effect of the

short range correlated particles selected into different

bins cancels the positive short range correlations ef-

fect. Fig. 3 Bottom shows the σ(C) dependence on

the η bin size with the η centered at 2.0. The data

and reconstructed simulation(HIJING+GEANT) are

again similar. The HIJING σ(C) increases with the η

bin size. Such dependence on the bin size is a typical

feature of particle correlations with finite correlation

length. The data and reconstructed simulation σ(C)

also have the same trend of increasing with η bin size.

Fig. 3. Top: σ(C) versus η with fixed η bin
size 0.5. All values of σ(C) are calculated us-
ing 50% azimuthal acceptance. The estimated
systematic error of 5% is not shown in the plot.
Bottom: σ(C) versus ∆η with η bin centered
at 2.0. All values of σ(C) are calculated us-
ing 50% azimuthal acceptance. The estimated
systematic error of 5% is not shown in the plot.

2.2 Fluctuations of particle ratios

NA49 Collaboration gave the first measurement

of fluctuations from event to event in the production
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of strange particles in collisions of heavy nuclei. The

ratio of charged kaons to charged pions is determined

for individual central Pb+Pb collisions[9] (see Fig. 4

top).

Fig. 4. Top: Distribution of the event-by-event
kaon to pion ratio estimated using a maxi-
mum likelihood method (points). As a refer-
ence, the same procedure is applied to a mixed
event sample (histogram) . Bottom: Energy
dependence of full phase space 〈K+〉/〈π+〉 and
〈K−〉/〈π−〉 ratios in central Pb+Pb (Au+Au)
collisions. The results of NA49 are indicated
by squares. The data for p+p interactions are
shown by open circles for comparison.

To quantify the remaining difference between data

and mixed event the strength of non-statistical fluc-

tuations is defined as

σnon-stat =
√

σ2
data−σ2

mixed .

In general, processes leading to a correlated pro-

duction of one or the other particle species or to

a correlation in their multiplicities would result in

σnon-stat > 0, and they obtain

σnon-stat = 2.8 .

The results of the NA49 energy scan program

show a sharp maximum of the ratio of K+ to π+

yields in the central Pb+Pb collisions at beam ener-

gies of 20—30 AGeV. (see Fig. 4 bottom)

This observation was interpreted as an indication

of a phase transition at low SPS energies. The NA49

Collaboration presented the results on energy depen-

dence of event-by-event fluctuations of the kaon to

pion and proton to pion ratios at beam energies close

to this maximum and complemented this study with

preliminary data from the STAR Collaboration in the

RHIC energy range. A significant increase of the fluc-

tuation signal of the kaon to pion ratio at 20 and

30 AGeV is observed while it stays constant from the

highest SPS energies out to the RHIC energy range[10]

(See Fig. 5 and Fig. 6).

Fig. 5. Energy dependence of the event-by-
event fluctuation signal of the [K++K−]/[π++
π−] ratio (top) and the [p+ p̄]/[π+ +π−] ra-
tio(bottom). The systematic errors of the
measurements are shown as gray bands.

Fig. 6. Preliminary data obtained by the STAR
Collaboration. Top: Distribution of K/π ra-
tio from data and mixed events for Au+Au at√

sNN=200 GeV. Bottom: Energy dependence
of the event-by-event fluctuation signal of the
[K+ +K−]/[π+ +π−] ratio.
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The STAR experiment also measured the central-

ity dependence of dynamical fluctuation in K/π ra-

tio in Au+Au collisions in 200 GeV at RHIC[10] (see

Fig. 7).

Fig. 7. Centrality dependence of dynamical fluctuation.

2.3 Transverse momentum (pt) fluctuations

and correlations

〈pt〉 fluctuations are expected to reflect the vari-

ations of global temperature T assuming that each

collision achieved a thermalized final state, with a dif-

ferent “temperature” for each event. More generally,

〈pt〉 fluctuations result from event-wise changes in the

(η,φ) dependence of the shape of the single-particle

pt spectrum.

2.3.1 〈pt〉 fluctuation measures

Initial fluctuation measures assumed that a few

global event variables could fully characterize the

thermalized heavy ion collisions. Comparing the vari-

ance of a global variable with a statistical reference

should then extract all available information. 〈pt〉 was

intended to estimate a global temperature. It should

fluctuate with a “statistical” component and a com-

ponent reflecting collision dynamics in some way to

be determined. Comparing σ2
〈pt〉

to σ2
p̂t

/n̄ as a central-

limit reference (independent pt samples from a fixed

parent spectrum) should then constitute a complete

fluctuation measurement and reveal ‘dynamical’ col-

lision details.

Several fluctuation measures defined at the SPS

and RHIC were based on those expectations, e.g., in

Ref. [11]

σ2
pt,dynamical ≡σ〈pt〉−σ2

p̂t
/n̄

and in Refs. [12, 13]

Fpt
≡σ〈pt〉,data/σ〈pt〉,mixed−1 ,

with σ〈pt〉,mixed ≈σ2
p̂t

/n̄. Because 〈pt〉= pt/n is a ratio

of random variables its variance becomes anomalously

large for small n̄, an example of measure bias. Both

the above measures respond to n fluctuations as well

as true pt fluctuations and are dominated by a term

proportional to σ2
n/n̄2 ≈ 1/n̄ for small n̄. A variant of

σ2
pt,dynamical,

〈δpti
•δptj〉=

{

Σi6=j(pti− p̂t)(ptj− p̂t)

n(n−1)

} [14]

,

substantially reduces bias, but at the expense of play-

ing a role intermediate between fluctuation and cor-

relation measurement which makes its interpretation

difficult. Further adding to confusion are the approx-

imate relations among fluctuation measures which

may be valid in a large-n limit but fail for small mul-

tiplicities. Attempts to ‘simplify’ the statistical mea-

sure landscape with such approximations have im-

peded progress in fluctuation/correlation analysis.

Φpt
≡

√

(pt−np̂t)2/n̂−
√

σ2
p̂t

tests invariance of

〈pt〉 fluctuations under superposition of independent

systems[15], e.g., p-p linear superposition compared

with A-A collisions[16—18]. A closely-related measure

is based on Pearson’s normalized covariance[19]

rab ≡
σ2

ab
√

σ2
aσ

2
b

→ (pt−np̂t)a(pt−np̂t)b
σ2

p̂t

√
n̄an̄b

which has the same property. The STAR Collabora-

tion drops σ2
p̂t

from the denominator to be consistent

with other measures, takes a = b and obtains

∆σ2
pt:n

≡ (pt−np̂t)2/n̄−σ2
p̂t

a comparison between a normalized variance and its

central-limit (CLT) Refs. [16, 20]. ∆σ2
pt:n

is a vari-

ance difference whereas Φpt
is a difference between

r.m.s terms. In general, variances and covariances

obey a linear algebra, and ∆σ2
pt:n

is simply related to

two-particle correlations.

Σpt
is motivated by a specific model of global tem-

perature fluctuations in thermalized events. There

are two versions:

Σpt
≡

√

∆σ2
pt :n

/n̄p̂t
2

[17]

and

Σ′
pt
≡

√

〈δpti.δptj〉/p̂t
2

[14]

.

If the hypothesis of global thermalization underlying

these definitions is not valid the meaning of either Σpt

is not clear. The STAR Collaboration finds plentiful

evidence that the global thermalization is not satis-

fied in RHIC collisions.

2.3.2 〈pt〉 fluctuation measurements

The first 〈pt〉 fluctuation measurement, made by

NA49 at the SPS for the central Pb+Pb collisions at

17.3 GeV[21], is shown in Fig. 8. A frequency curve on

M(pt) = 〈pt〉 (points) is compared with a mixed-pair

reference (histogram). A quantitative comparison be-

tween data and reference was made with Φpt

[15]. They

got Φpt
= 0.6±1.0 MeV/c, compatible with zero. This

means that no significant non-statistical fluctuations

were observed in the rapidity acceptance.
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Fig. 8. Frequency distribution on M(pt) = 〈pt〉
measured by NA49 at 17.3 GeV.

The second measurement at the SPS was carried

out by CERES. The results are shown in Fig. 9[22]. A

significant fluctuation excess was observed within a

rapidity acceptance centered at the CM. That result

is also notable as the first measurement of the scale

or bin-size dependence of fluctuations (on η). The

data in the middle panel permit partial reconstruc-

tion of the pt angular correlation which produces 〈pt〉
fluctuation at the SPS, an important SPS result.

In Ref. [22] it was argued that the similarity be-

tween the first and second panels implies that Φpt

is “proportional to” multiplicity, apparently a de-

sign defect of that measure, whereas σ2
pt,dynamical ≈

2σp̂t
Φpt

/n̄ supposedly eliminates the offending fac-

tor n̄. In fact, n̄ and Φpt
are the running integrals

on scale of one- and two-particle momentum space

and correctly reflect the structure of those spaces.

σ2
pt,dynamical, the ratio of two running integrals, is

therefore a running average of the underlying two-

particle correlation (autocorrelation) which therefore

presents a distorted picture of pt angular correlations

and suppresses the localized pt structure such as mini-

jets.

Fig. 9. The mean charged particle multiplicity 〈N〉 (left) and the fluctuation measures Φpt (middle) and Σpt

(right) in central Pb+Au event at 40,80, and 158 A GeV/c as a function of the pseduorapidity bin size ∆η.
The center of the ∆η window is always fixed at η = 2.45.

Fig. 10. The Mpt distribution for all centrality classes. The curves are the random baseline mixed event
distributions.



406 Chinese Physics C (HEP & NP) Vol. 32

An initial null result was given by PHENIX[12].

Distributions of event-by-event fluctuations of the

mean transverse momentum and mean transverse

energy near mid-rapidity have been measured in

Au+Au collisions at
√

sNN=130 GeV at the RHIC. By

comparing the distributions with what is expected for

statistically independence particle emission, the mag-

nitude of nonstatistical fluctuation in mean trans-

verse momentum is determined to be consistent with

zero (see Fig. 10).

After an initial null result[12], measurements by

PHENIX provided the first indication of nonzero 〈pt〉
fluctuations at RHIC[13](see Fig. 11 and Fig. 12). The

increase of Fpt
with increasing pt implies that the ma-

jority of the fluctuations are due to correlated high pt

particles. A Monte Carlo simulation that includes el-

liptic flow and a PYTHIA-based hard-scattering de-

scription can consistently describe contributions to

the signal as a function of centrality and pt with a

simple implementation of jet suppression.

Fig. 11. Fpt (in percent, 0.2 GeV/c< pt <
2.0 GeV/c) as a function of centrality, which
is expressed in terms of the number of partici-
pants in the collision, Npart. The solid squares
represent the Au+Au data. The solid triangle
represents the minimum bias p+p data point.
The open triangle is the result from an anal-
ysis of PYTHIA minimum bias p+p events
within the PHENIX acceptance. The error
bars include statistical and systematic errors
and are dominated by the latter. The curves
are the results of a Monte Carlo simulation
with hard processes modeled using PYTHIA
with a constant (dotted curve) and RAA-
scaled (dashed curve) hard-scattering proba-
bility factor, and include the estimated con-
tribution due to elliptic flow.

Extensive measurements of several aspects of

〈pt〉 fluctuations have been carried out by the

STAR Collaboration[14,16,17,23]. Fig. 13 (upper panel)

presents a STAR measurement of the frequency dis-

tribution on
√

n(〈pt〉−p̂t)/σp̂t
(histogram) for Au+Au

collisions at 130 GeV compared with a central-limit

reference in the form of a gamma distribution (narrow

curve)[16]. The variance excess is obvious for this mea-

surement in the STAR angular acceptance. The lower

panel shows the difference between data and refer-

ence in the upper panel relative to the statistical error√
N . The large statistical significance of the variance

excess is indicated by deviations of up to 20 stan-

dard deviations in each histogram bin. That STAR

Fig. 12. Fpt (in percent) of nonrandom fluctu-
ation as a function of the pt range over which
Mpt is calculated, 0.2 GeV/c< pt < pmax

t , for
the 20%—25% centrality class (Npart=181.6).
The curve is the result of a Monte Carlo sim-
ulation with hard-scattering process modeled
using PYTHIA with Sprob(Npart)=0.075 and
RAA =0.41. The error bars include statistical
and systematic errors and are dominated by
the latter. The contribution of elliptic flow is
estimated to be negligible at this centrality.

Fig. 13. Upper panel: Event frequency distri-
bution on

√
n(〈pt〉−p̂t)/σp̂t for 80% of primary

charged hadrons in |η| < 1 for 183K central
events (histogram) compared with gamma ref-
erence (dashed curve). Monte Carlo reference
(solid curve underlying gamma reference), and
broadened distribution (solid curve underly-
ing data, not a fit). Lower panel: difference
in upper panel between data and gamma ref-
erence (histogram) or between broadened dis-
tribution and gamma reference (solid curve)
normalized by the Poisson error

√
Nevt in each

bin.



No. 5 ZHOU Dai-Mei et alµCorrelations and fluctuations in high energy heavy ion collision experiments 407

result suggests that the unexpected phenomena might

be present in RHIC collisions and the initiated an era

of precision differential measurements of pt fluctua-

tions and correlations.

Figure 14 shows the variation of difference fac-

tor ∆σpt :n ≈ Φpt
with centrality, measured by par-

ticle multiplicity N relative to reference N0 (for

b=0, central collisions). ∆σpt :n, defined by ∆σ2
pt:n

≡
2σp̂t

∆σpt:n
[16], facilitates comparison with Φpt

[15].

The centrality dependence is smooth, inconsistent

with discontinuities expected by some to signal

traversal of the quark-gluon plazma (QGP) phase

boundary.

Fig. 14. Mean-pt difference factors ∆CI
pt;n and

∆CD
pt;n for 205K minimum-bias Au+Au events

at
√

sNN = 130 GeV vs relative multipli-
city N/N0, which is approximately Npart/
Npart,max, the relative fraction of participant
nucleons. Charge-independent (CI) (solid tri-
angular points) and charge-dependent (CD)
(open triangular points, multiplied by 3
for clarity) difference factors include sta-
tistical errors only (smaller than symbols).
Parametrization (dashed curves), extrapola-
tion of parametrization to true primary par-
ticle number (solid curves), and systematic
uncertainties (bands) are discussed. Differ-
ence factors for the 15% most-central collision
events are shown by the solid circle and open
circle symbols.

Figure 15 shows the energy dependence of the

transverse momentum correlations, 〈∆pt,i∆pt,j〉 (top

panel), the correlations multiplied by the multiplicity

density (middle panel) and the square root of the cor-

relations divided by the event-wise average transverse

momentum per event (bottom panel), as a function

of event centrality for Au+Au collision[14].

Given the close connection between parton scat-

tering and 〈pt〉 fluctuation at RHIC the collision en-

ergy dependence of 〈pt〉 fluctuation could reveal pre-

viously inaccessible parton dynamics at lower (e.g.,

SPS) collision energies. The STAR Collaboration

gives the first study of the energy dependence of pt

angular correlations inferred from event-wise mean

transverse momentum 〈pt〉 fluctuation in heavy ion

collisions[23]. They compare their large-acceptance

measurements at CM energies
√

sNN= 19.6, 62.4, 130

and 200 GeV with SPS measurements at 12.3 and

17.3 GeV[22]. In Fig. 16 Top the pseudorapidity scale

(bin size) dependence of fluctuations at full azimuth

acceptance is shown for central collisions at six en-

ergies. In the Bottom they show the centrality de-

pendence of 〈pt〉 fluctuation for four RHIC energies

and a summary (crosshatched region) of SPS fluc-

tuation measurements. Φpt
was used for the CERES

fluctuation measurements[22]. To good approximation

∆σpt:n ≈ Φpt
and both are per particle fluctuation

measures which test linear superposition. For either

measure we observe a dramatic increase in 〈pt〉 fluc-

tuation from SPS to RHIC energies. The scale depen-

dence in the first panel illustrates how measurements

with different detector acceptances are related. The

centrality dependence in the second panel suggests

that fluctuations in p-p and peripheral A-A collisions

saturate at and above 60 GeV, whereas there is mono-

tonic increase for the more central collisions.

At the higher RHIC energies 〈pt〉 fluctuations are

dominated by fragments from low-Q2 parton colli-

sions. The energy dependence of ∆σpt:n or Φpt
is

shown in Fig. 17, plotted vs
√

sNN
[23]. The 〈pt〉 fluc-

tuation in cental collisions varies almost linearly as

log{√sNN/10 GeV} (solid line in the panel), suggest-

ing a threshold for abservable transverse parton scat-

tering and fragmentation near 10 GeV.

Fig. 15. 〈∆pt,i∆pt,j〉 (left), (dn/dη)〈∆pt,i∆pt,j〉 (middle) and
√

〈∆pt,i∆pt,j〉/〈〈pt〉〉 (right) as a function of
centrality and incident energy for Au+Au collisions compared with HIJING results.



408 Chinese Physics C (HEP & NP) Vol. 32

Fig. 16. Top: Per-particle fluctuation depen-
dence on pseudorapidity scale δη in central
collisions. STAR measurements are solid sym-
bols, CERES measurements are open symbols.
The inset shows details at small δη. Bottom:
Centrality dependence for four energies. ν is

the mean participant path length
[24]

. The ver-
tical line at right estimates ν for b = 0. The
upper hatched band estimates the uncertainty
in ν for 130 GeV data. There is an overall
14% systematic error in the corrected ampli-
tudes. SPS measurements of Φpt at 12.3 and
17.2 GeV (the lower-right hatched region, with
errors and centrality range) are included for
comparison.

Fig. 17. Energy dependence of 〈pt〉 fluctuation
for Au+Au collisions in the STAR acceptance.

2.3.3 〈pt〉 fluctuation scale dependence and inver-

sion

To answer the question “what phenomena pro-

duce 〈pt〉 fluctuations” The STAR Collaboration de-

fines the relation between fluctuations and correla-

tions. Fig. 18 (top left panel) shows ∆σ2
pt:n

(δη,δφ)-

the pt variance excess distribution on angular scales

(δη,δφ). A fluctuation measurement at the full STAR

TPC acceptance corresponds to the single point at

the apex of the distribution on scale. Other points

on the surface correspond to divisions of the accep-

tance into successively smaller bins. The surface is

structured and contains information on underlying pt

correlations, but the meaning is still not clear.

Fluctuations in bins of a given size or scale are

determined by two-particle correlations with charac-

teristic lengths less than or equal to the bin scale. By

measuring the fluctuation magnitudes as a function

of bin size one can recover some details of the under-

lying two-particle correlation structure-those aspects

which depend on the separation of pairs of points,

not on their absolute positions. The relation between

fluctuations and correlations is given by the integral

equation

∆σ2
pt:n

(mεη,nεφ) = 4

m,n
∑

k,l=1

εηεφKmn;kl

∆ρ(pt : n;kεη, lεφ)
√

ρref(n;kεη, lεφ)
,

with kernel Kmn;kl ≡ (m−k+1/2)/m. (n−l+1/2)n rep-

resenting the 2D macro-bin system. ∆σ2
pt :n

(δη,δφ)

is a variance excess, and ∆ρ(pt : n; )/
√

ρref(n) is a

normalized covariance density. That equation can be

solved to obtain the pt angular autocorrelation.

Figure 18 (top right panel) shows the angular au-

tocorrelation on different axes (η∆,φ∆) (e.g., η∆ =

η1−η2) obtained by inverting the fluctuation scale de-

pendence in the first panel. There are two major fea-

tures: a sinusoid corresponding to “elliptic flow” and

non-sinusoidal structure called “non-flow” in conven-

tional flow terminology. This is the first observation

of flow as a pt correlation or velocity structure[17].

The sinusoid can be removed precisely, leaving the

structure in the bottom left panel which is dominated

by mini-jet correlations, especially a same-side posi-

tive peak[17]. In the bottom right panel they plot the

same angular autocorrelation on (η∆,φ∆) in a cylin-

der format.

From the example in Fig. 18 we can see that in-

version of pt fluctuation scale dependence to an auto-

correlation provides direct physical interpretation of

pt fluctuation mechanisms. Parton fragment distribu-

tions (mini-jets) are visualized as event-wise temper-

ature/velocity structures on (η,φ). A comprehensive

picture of parton scattering, dissipation and fragmen-

tation in heavy ion collisions is thereby established.
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Fig. 18. 〈pt〉 fluctuation scale dependence on (η,φ) for
√

sNN=200 GeV mid-central Au-Au collisions measured
by STAR (top left); corresponding pt angular autocorrelation obtained by inversion (top right); the same
autocorrelation after subtracting the elliptic flow contribution (bottom left); the same data plotted in cylinder
format (bottom right).

2.4 HBT

The experimental technique of using two-particle

interferometry to relate the momentum space sepa-

ration of particles to their separation in space-time

is well established[25]. In the case of identical bosons,

e.g. π+ mesons, quantum interference among the par-

ticles leads to an enhancement of pairs with small mo-

mentum difference q (Bose-Einstein enhancement).

To isolate the small set of correlated pairs that un-

dergo this quantum interference from the enormous

amount of uncorrelated pairs in an event, a corre-

lation function C(q) is formed in which pairs from

real events are divided by pairs from different events.

In heavy-ion collisions, C(q) is often constructed in

three dimensions and fit to a three-dimensional Gaus-

sian:

C(q) =
real−pairs

mixed−pairs
=

N [1+λe−q2
outR2

out−q2
sideR2

side−q2
longR2

long ],

where the subscripts indicate the long (parallel to

beam), side (perpendicular to beam and total pair

momentum K) and out (perpendicular to qlong and

qside) decomposition of q. N is a normalization con-

stant. The R’s in the above equation, known as the

HBT radii, quantify the widths of the Gaussians and

represent the apparent size of the particle source,

which may depend on the transverse momentum slice

under study. In practice, the final-state effect such as

Coulomb also contributes to C(q) and needs to be

accounted for.

The purpose of HBT studies in heavy-ion colli-

sions is to explore the space-time evolution and freeze-

out of the system, This can be thought of as three-

fold: the spatial distribution of the emission points,

the time length of emission, and the dynamical prop-

erties of the system as it evolves. HBT serves as a

tool for disentangling these contributions, and the

out-side-long decomposition of q is chosen for that

reason. Experimentally, HBT radii are studied as

differentially as statistics and detector configurations

allow; see Table 1[26].

Table 1. Some of the HBT differential studies
underway recently in heavy-ion collisions.

Diff. quantity what it investigates

beam energy onset effects,
transition phenomena

transverse momentum dynamics,
collective expansion

particle type hydrodynamic
mT scaling

collision system origin of Bose-
Einstein enhancement

azimuthal angle spatial anisotropy,
system evolution

We will highlight these five differential studies

here.

2.4.1 Beam energy

CERES Collaboration had presented a system-

atic study of two-pion interferometry data at SPS

energies[27]. A detailed study of the Bertsch-Pratt

BHT radius parameters has been performed as func-

tion of the mean pair transverse momentum kt and
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Fig. 19. Compilation of HBT radius parameters near midrapidity in central Pb(Au)+Pb(Au) collisions at

AGS
[28]

, SPS
[27]

and RHIC
[29]

energies.

in bins of the centrality of the collision. Pion inter-

ferometry data published by experiments at AGS and

RHIC together with the SPS data can be combined to

perform a systematic study of the source parameters

over a wide range of beam energies. Fig. 19 are shows

the kt-dependence of Rlong, Rside, and Rout in central

Pb(Au)+Pb(Au) collisions near midrapidity[28, 29].

No dramatic variation of the source parameters can

be observed. However, a closer inspection reveals in-

teresting features. The parameter Rlong is approxi-

mately constant from AGS to the lower SPS ener-

gies, but starts to increase significantly within the

SPS regime and towards RHIC, indicating a smooth

increase of the lifetime. Rside is gradually decreasing

at small kt up to top SPS energy, connected with a

continuous flattening of the kt-dependence. At RHIC,

Rside is again larger than at the SPS while the shape

is not yet well measured. The parameter Rout shows a

rather weak energy dependence and a slight minimum

around the lowest SPS energy, where Rout/Rside < 1.

An investigation of the freeze-out conditions can

be performed by relating the measured source param-

eters to an effective freeze-out volume:

Vf = (2π)3/2RlongR
2
side ,

computed for Gaussian density distributions in all

three spatial dimensions. In the presence of collec-

tive expansion, Vf does not comprise the total volume

of the pion source at freeze-out but rather reflects a

volume of homogeneity. If thermal freeze-out would

occur at constant density, a linear scaling of Vf with

the charged particle multiplicity would be expected.

Fig. 20 shows Vf , computed at 0.15 < kt < 0.25 GeV/c,

as a function of the number of participants at 40, 80,

and 158 AGeV. The centrality dependence of the ef-

fective freeze-out volume Vf is consistent with the as-

sumption of pion freeze-out at constant particle den-

sity. However, this simple picture breaks down if dif-

ferent beam energies are compared. The key to un-

derstand this effect is the consideration of the cross

sections of different particle species with pions, as the

relative abundances change with beam energy.

Fig. 20. The freeze-out volume Vf calculated at
0.15 < kt < 0.25 GeV/c as a function of the
centrality expressed here in terms of the num-
ber of participants at 40, 80, and 158 AGeV.

The STAR Collaboration at RHIC shows the

result[29] that the pion interferometry excitation func-

tion for the heaviest ions spans nearly two decades in√
sNN

[30—32]. No sudden jumps in HBT radii were

observed (see Fig. 21), but lower energy RHIC mea-

surements were needed to complete the search for a

predicted increase in emission time scale related to

the possible onset of QGP formation.

2.4.2 Transverse momentum

The transverse momentum (kt) dependence of the

HBT radii for identical pions probably is studied most

often, under the model-dependence view that space-

momentum correlations in the source are due mostly

to collective expansion[25]. As the source expands,

radial flow pushes higher pt particle more at surface.

Within this picture, analytical expressions have been
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derived to extract the expansion velocity and emis-

sion duration from the mt(mt =
√

p2
t +m2) depen-

dence of the HBT radii.

The hydrodynamical approach to understanding

HBT is motivated at RHIC by the model’s demon-

strated ability to describe soft pt spectra and elliptic

flow consistently for several particle species[33]. “Hy-

dro” calculations for these observables point to fast

thermalization in a partonic phase, followed by hy-

drodynamic expansion for ∼15 fm/c with an inter-

mediate phase transition. However, these calculations

yield strong disagreement with HBT radii[34]:Rout and

Rlong are overpredicted by as much as a factor of 2,

and Rside is somewhat underpredicted. In particular,

the measured kt dependence of Rside is in contrast

to hydro and other models that predict little (if any)

kt dependence. This disagreement, and the lack of

energy dependence of the BHT radii for a fixed kt

bin[29], is known as the “HBT Puzzle”.

Collective flow generates a characteristic fall-off

of the pion source radii with kt, which is ubiquitously

observed in data. Final results for the kt-dependence

of Gaussian radii from central Au+Au (Pb+Pb) col-

lisions exist at the AGS[28, 35], SPS[30, 36—39], and

RHIC[29, 40—43]. As is clear from Fig. 22, aside from

a small variation in overall scale, the kt dependence

is startlingly similar for all energies[44].

Fig. 21. The energy dependence of π− HBT
parameters for central Au+Au (Pb+Pb)
collisions at midrapidity and pt ≈
0.17 GeV/c

[28, 30—32]
. The SPS data are offset

slightly in
√

sNN for clarity.

Fig. 22. World data set of published mt dependence of pion Bertsch-Pratt radii near mid-rapidity from
Au+Au (Pb+Pb) collisions. Centrality selection is roughly to 10% of cross-section, but varies somewhat
with experiment. Lines represent parameterized fits.

2.4.3 Particle type

Systematic studies for different mass particles pro-

vide additional controls probing the space-time evo-

lution of the source. Particularly for kaons, the in-

terpretation may be simplified owing to the reduced

effects of resonance feed-down[45] and a reduced scat-

tering cross-section for K+ in nuclear matter, and

raising the possibility that kaon correlations could

peer farther back to earlier stages of the collision[46].

Indeed, the first kaon measurements[47—50] reported

smaller source radii for kaons. However, the observa-

tion shown that the radii for K+ and K− were very

similar[48] was an early experimental indication that

different cross-sections were not the driving physics

behind these smaller radii. In this case, the smaller

radii for kaons results from their increased mass in a

flow field, not in different cross-sections.

If indeed the flow is generated in matter suffi-

ciently dense that individual cross-sections are unim-

portant, then all particles participate equally in col-

lective transverse flow. In this case, their source

radii should approximately follow a common mt

scaling[51—54]. Within uncertainties, the first re-

sults on koan interferometry by NA44 at the SPS

in S+Pb[55] and Pb+Pb[56] collisions were consistent
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with a 1/
√

mt scaling.

Figure 23 collects the mt dependence of ho-

mogeneity lengths for several energies. The left

panels show the results for Si+Au collisions at√
sNN=5.4 GeV, measured by E802 for pions[57] and

kaons[47, 49]. Femtoscopic radii for pions[30, 37, 39, 58],

kaons[56], protons[59], and photons[60] measured in

Pb+Pb collisions at the SPS are shown in the center

panels. The right panel shows the one-dimensional

radius parameter Rinv measured at RHIC for pi-

ons,charged kaons,and protons[61], neutral kaons[62],

and with Λ-p correlations[63]. To compare across ener-

gies, Rinv results are included for the AGS and also for

the SPS, where the Rinv values were calculated from

3D fit results by accounting for the boost along the

outwards direction from the LCMS (in which Pz = 0)

to the PCOM (pair center-of-mass, in which |P |= 0)

frame, R2
inv = R2

long +R2
side +γ2R2

out, where γ is given

by mt/m of the pair. Note that for massless particles,

such as photons, γ is given by kt/Qinv.

This consistency between different particle types

may carry an important message. It calls into ques-

tion theoretical scenarios which appear to explain

Ri(Mt) for particle type only. Further, the consis-

tency with emission from a common flow-dominated

source may also support freeze-out scenarios in which

the last scattering in the dense phase determines the

homogeneity region, instead of milder rescatterings in

the more dilute stage, which are dominated by parti-

cle species-dependent cross-section.

Fig. 23. Transverse mass dependence of homogeneity lengths from correlations between particles of identical mass.

Fig. 24. The transverse mass dependence of the 3D Bertsch-Pratt radii in p+p, d+Au, and Au+Au at STAR.
Three centralities are displayed for Au+Au.
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2.4.4 Collision system

One of the advantages of the RHIC experimental

program is the ability to collide different systems with

the same center-of-mass energy, allowing for identical

analysis of these different systems. The STAR Col-

laboration was given the preliminary results of pion

HBT in p+p and d+Au collisions at
√

sNN=200 GeV,

for comparison with the centrality-binned Au+Au

analysis[64]. Like the heavy-ion case, the three HBT

radii in p+p exhibit a characteristic decrease with in-

creasing kt (see Fig. 24), thought for p+p it has been

attributed to string and multistring fragmentation in

earlier studies.

A somewhat surprising result comes about when

dividing the Au+Au and d+Au radii by the p+p

radii. The divided trends are roughly flat with kt

for all radii that indicating an apparent scaling in

the kt dependence of the HBT radii for these three

systems. Given that the kt dependence presumably

arises in very different ways, these results also are a

bit puzzling[26].

2.4.5 Azimuthal angle

HBT studies relative to the reaction plane in non-

central collision allow the possibility to compare the

expanded system’s transverse eccentricity at freeze-

out with its initial eccentricity from a nuclear overlap

model calculation.

STAR had completed an analysis of the azimuthal

dependence of HBT radii relative to the reaction

plane at
√

sNN=200 GeV[41]. Azimuthally sensitive

HBT was suggested[65, 66] as a probe of how spatial

anisotropy evolves in non-central collisions. The rea-

soning is straightforward: (a) The initial almond-

shaped geometry gives rise to anisotropies in pressure

gradients, the same gradients responsible for elliptic

flow. (b) The pressure gradients drive a preferential

expansion in the reaction plane that decreases the

spatial anisotropy. (c) HBT provides a measure of

the freeze-out source shape,which in principle could

change its orientation from out-of-plane to in-plane

extended depending on the amount of pressure built

up and the expansion time.

STAR results had shown an intuitive centrality

dependence of the system’s eccentricity at freeze-out

(see Fig. 25). Near-central collisions showed final

eccentricity consistent with zero. When going from

central to peripheral collisions, the final eccentric-

ity increased, reflecting the greater initial eccentric-

ity while retaining some of its initial out-of-plane al-

mond shape. Given the strong evidence for signif-

icant pressure build-up in the system from elliptic

flow measurements, the results point to short evo-

lution times as the dominant cause for out-of-plane

freeze-out shapes.

Fig. 25. Source eccentricity obtained with az-
imuthally sensitive HBT (εfinal) vs initial ec-
centricity from a Glauber model (εinitial). The
most peripheral collisions correspond to the
largest eccentricity. The dash line indicates
εinitial = εfinal. Uncertainties on the precise
nature of space-momentum correlations lead
to 30% systematic errors on εfinal.

2.5 Forward backward multiplicity correla-

tion

The study of correlations among particles pro-

duction in different rapidity regions may provide

understanding of the mechanisms of particle pro-

duction. Forward-backward multiplicity correlations

have been measured in several experiments, mainly

in hadron-hadron collisions, to study short and long

range correlations[67—73]. The correlation strength is

defined by the dependence of the average charged par-

ticle multiplicity in the backward hemisphere 〈Nb〉,
on the event multiplicity in the forward hemisphere

Nf , 〈Nb〉=a+bNf , where a is a constant and b mea-

sures the strength of the correlation[74, 75]:

b =
〈NfNb〉−〈Nf〉〈Nb〉

〈N 2
f 〉−〈Nf〉2

=
D2

bf

D2
ff

D2
bf and D2

ff are the backward-forward and forward-

forward dispersions respectively. The correlation

strength has the contribution both from short and

long range sources. The short range correlation comes

from mainly from sources such as resonance decay,

cluster formation and jets. The long range part can

be obtained by giving a large gap in rapidity between

the forward and backward hemisphere.

Figure 26 shows the centrality dependence of

backward-forward and forward-forward dispersions

measured in Au+Au collisions at
√

sNN=200 GeV[76]

(0.8 < |η|< 1.0).

The STAR Collaboration gave the first work

on the measurement of the long-range correlation

strength (b), in ultra relativistic nucleus-nucleus

collisions[77].

The centrality of the collision plays an impor-

tant role in the growth of long range component of

the total correlation strength. Data from 10%—20%,

20%—30%, and 30%—40% most central Au+Au col-

lisions have been analyzed, following the same pro-
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cedure as for 0%—10% centrality, to determine the

evolution of the LRC strength.

Figure 27(a) shows the total correlation strength

b. The LRC is shown in Fig. 27(b). The magnitude of

the LRC is quite large for the most central collisions

when ∆η > 1.0. From Fig. 28(b) it is clear that the

magnitude of the LRC increases from peripheral to

central collisions. The SRC portion of the correlation

strength is shown in Fig. 28(a) for mid-central bins.

Fig. 26. D2
bf , D2

ff as a function of centrality for Au+Au collision at
√

sNN=200 GeV. Data are compared with
PSM calculations with and without string fusion.

Fig. 27. Correlation strength b as a function of ∆η. (a) for Au+Au at four centrality bins; (b) for p+p;
(c) for 40%—50% Au+Au.

Fig. 28. (a) Short range correlation strength obtained from the scaled b from p+p as a function of pseudora-
pidity gap; (b) Growth of long range correlation for mid central Au+Au events.
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2.6 Fluctuations of elliptic flow

Recently v2 fluctuation was measured by

PHOBOS[78—81] and STAR collaborations[82]. El-

liptic flow (v2) is one of the key observables in under-

standing the dynamics of heavy ion collisions. The

observation of a significant azimuthal anisotropy in

the momentum and/or spatial distributions of the

detected particles relative to the reaction plane, is

direct evidence of interactions between the initially

produced particles in heavy ion collisions. These in-

teractions must occur at relatively early time, since

expansion of the source rapidly reduces the magni-

tude of the spatial asymmetry.

Typically, the connection between the initial and

final-state anisotropy is provided by hydrodynamical

models that related a given, initial source shape to

the distribution of produced particles. In such calcu-

lation, it is common to use smooth, event-averaged,

initial conditions. However, event-by-event fluctua-

tions in the shape of initial interaction region must

not be neglected. As a means to quantify the effect

of initial-state eccentricity fluctuation, PHOBOS has

introduced the “participant eccentricity”[83, 84]. The

magnitude and shape of εpart as a function of cen-

trality were found to be robust to variations of the

Glauber parameters.

Figure 29 shows first results on event-by-event

elliptic flow fluctuations in Au+Au collisions at√
sNN=200 GeV obtained with the PHOBOS detec-

tor.

Fig. 29. Relative flow fluctuations, σv2/〈v2〉,
as a function of centrality, for

√
sNN=200 GeV

collisions at mid-rapidity, compared with the
prediction, σε/〈ε〉, form the participant eccen-
tricity, and to an estimate of Npart induced
fluctuations using a fit of 〈v2〉(Npart).

The participant eccentricity picture accounts for

nucleon-position fluctuations in the participating nu-

cleon distributions by calculating the eccentricity,

event-by-event, with respect to the principal axes of

the overlap ellipse in a MC Glauber (MCG) simula-

tion. In a hydrodynamical scenario, such fluctuations

in the shape of the initial collision region would lead

naturally to the corresponding fluctuations in the el-

liptic flow signal. To estimate their magnitude, it is

assumed that v2 ∝ ε event-by-event. This leads to

σv2
/〈v2〉 = σε/〈ε〉, where σv2

(σε) is the standard de-

viation of the event-by-event distribution v2(ε), pro-

vided there are no other sources of elliptic flow fluc-

tuations.

2.7 Jet-medium interaction

Jets are produced early, by hard parton-parton

scatterings. The scattered partons traverse the dense

medium being created in heavy-ion collisions. They

are coupled to the medium via strong interactions,

lose energy, and fragment into hadrons, likely in-

side the medium. The fragment hadrons are pre-

dominantly soft, but possess characteristic jet-like an-

gular correlations. The degree of energy loss and

the changes in jet-like correlations depend on, and

thus provide information on the gluon density of the

medium[85]. The STAR detector with large accep-

tance, full azimuth coverage is ideal for jet correlation

measurements[86].

2.7.1 Soft-soft correlations

STAR measured the angular correlations between

two p⊥ particles without coincidence requirement

with a high p⊥ particle. Fig. 30 shows the angular cor-

relations in 130 GeV Au+Au collisions between two

soft particles of 0.15 < p⊥ < 2 GeV/c[87]. The first and

second harmonic terms have been subtracted. The

small-angle correlation peak, characteristic of (mini-)

jets, narrows in φ with centrality, and more dramat-

ically, broadens in η by a factor of 2.3 from periph-

eral to central collisions[87]. The results demonstrate

the strong coupling between these correlated particles

and the medium.

2.7.2 Hard-soft correlations

Jets can be more cleanly selected by triggering on

high pt particles; A high pt particle likely selects di-

jets from hard parton-parton scatterings. The hard-

scattered partons lose energy in the medium, emerg-

ing as lower p⊥ particles than expected from fragmen-

tation in vacuum. Due to energy loss, the measured

high p⊥ particles come preferentially from jets pro-

duced on the surface of the collision zone and directed

outward. The partner jet, directed inward, suffers

maximal energy loss resulting in the observed deple-

tion of high p⊥ particles and enhancement of low p⊥

particles[88, 89]. The low p⊥ particles are broadly dis-

tributed and appear not much harder than the inclu-

sive hadrons from medium decay[89]. This illustrates

that experimentally, the thermalization processes in

heavy ion collisions: particle from two distinctively

different sources, jets and medium, approaching equi-

libration via parton-parton interactions.
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Fig. 30. Angular correlations between soft par-
ticle pair of 0.15 < p⊥ < 2 GeV/c for (a) cen-

tral to (d) peripheral collisions
[87]

. The η∆

independent first and second harmonic terms
in φ∆ have been subtracted.

STAR has further studied the azimuthal depen-

dence of associated 〈p⊥〉. Fig. 31 shows the num-

ber and p⊥-weighted correlation functions in pp,

d+Au, and Au+Au collisions[86]. The subtracted

background is obtained from mixed-events, modu-

lated by elliptic flow and normalized to the signal in

the 0.8 < |∆φ|< 1.2 region, and is the major source of

systematic uncertainties. The pp and d+Au data are

similar, and the Au+Au correlation is significantly

broader.

Fig. 31. Background subtracted number (up-
per) and p⊥-weighted (lower) correlation func-
tion in p+p, central 20% d+Au and 5%
Au+Au collisions.

Figure 32 shows the 〈p⊥〉, obtained from the ratio

of the correlation function, as a function of ∆φ on

the away side. The inclusive hadron 〈p⊥〉 is shown as

straight line. The 〈p⊥〉 for pp and d+Au are peaked

at ∆φ = π, as expected from jet fragmentation, and

are much larger than the inclusive ones. For central

Au+Au collisions, however, the 〈p⊥〉 is the smallest

at ∆φ = π for two low trigger p⊥ selections, and ap-

pears to be equal to the inclusive 〈p⊥〉, while at other

angles it is between the values for the simpler systems

(p+p and d+Au) and the inclusive data.

Fig. 32. The 〈p⊥〉 of associated hadrons on
the away side for the three systems (upper)
and three trigger p⊥ selections (lower). The
shaded areas are systematic uncertainties.

2.7.3 Three-particle correlations

Two-particle correlations have shown the modifi-

cation to the away-side shape in central Au+Au col-

lisions relative to p+p, d+Au and peripheral Au+Au

collisions. Different scenarios can explain this mod-

ification including: large angle gluon radiation, jets

deflected by transverse flow, path length dependent

energy loss, Cerenkov gluon radiation of fast mov-

ing particles, and conical flow generated by hydro-

dynamic Mach-cone shock-waves. Three-particle cor-

relations have the power to distinguish the scenarios

with conical emission, conical flow and Cerenkov ra-

diation, from other scenarios. In addition, the de-

pendence of the observed shapes on the pt of the as-

sociated particles can be used to distinguish conical

emission from a sonic boom (Mach-cone) and from

QCD-C̆erenkov radiation. Very recently, The STAR

Collaboration has measured 3-particle azimuthal cor-

relations for a high pt trigger particle with two softer
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particles[90, 91]. Results are shown for pp, d+Au and

high statistics Au+Au collisions at
√

sNN=200 GeV.

An important aspect of the analysis is the subtraction

of combinatorial backgrounds, see Fig. 33.

Fig. 33. Background subtracted jet-like 3-particle correlations for p+p (top left), d+Au (top middle), and
Au+Au 50%—80% (top right), 30%—50% (bottom left), 10%—30% (bottom center), and ZDC triggered
0%—12% (bottom right) collisions at

√
sNN=200 GeV/c.

The pp and d+Au results are similar with peaks

clearly visible for the near-side, (0,0), away-side,

(π,π), and the two cases of one particle on the near-

side and the other on the away-side, (0,π) and (π,0).

The away-side peak displays on-diagonal elongation

is present in the Au+Au results, possibly due to the

deflected jets or large angle gluon radiation. The

more central Au+Au collisions display an off-diagonal

structure, at about π± 1.45 radians, that is consis-

tent with conical emission. This structure increases

in magnitude with centrality and is prominent in the

high statistics top 12% data provided by the online

zero degree calorimeter (ZDC) trigger.

3 Outlook

The construction of the LHC machine and the

part of the ALICE detector are well under way.

ALICE is now in a challenging period in which all the

detectors have to be completed, tested and placed in

their final position in the ALICE cavern. A detailed

installation and commissioning plan, endorsed by the

LHC Committee, has been established so that ALICE

will be complete and ready in time to measure the

first p+p collisions in November 2007. Many physics

working groups are preparing and testing the software

tools which will permit to analyze the huge quantity

of expected data using the GRID technologies.

LHC will explore new aspects of the strongly-

interacting matter. Many of them will be investigated

by the so called “soft” probes. The characteristics of

the ALICE detector (i.e. particle identification, low

pt cut-off, excellent tracking and vertexing capability)

will permit to study the nature of the bulk, its col-

lective behavior and the influence of the hard process

on its properties.
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