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1. Introduction

From the inception of the relativistic heavy ion programhat Bevalac study of nuclear matter
at large energy density and the possibility of a transfoiona color-deconfined or QCD matter
have been the central goals. Au-Au collisions at RHIC mayegate a color-deconfined medium
(quark-gluon plasma or QGP) [1]. By analogy with the thergnaimics of ordinary matter critical
fluctuations have been viewed as a means to demonstratititasacross the QCD phase bound-
ary. In particular, critical fluctuations dfp;) or event-wise meam, as an analog to temperature
have been sought. In RHIC data we indeed observe excessatfiiocts. A measurement @fy)
fluctuations in Au-Au collisions at 130 GeV first revealedjeramplitude fluctuations compared to
independent-particlp; production [2]. Subsequent measurements have confirmedlahdrated
those observations [3, 4, 5, 6].

(pr) fluctuations observed at RHIC are not critical fluctuatianshie thermodynamic sense.
Excess fluctuations have been traced, through equivglesmgular correlations, to hadron frag-
ments from copious lov@? partons (minijets). Some theories describe abundantQéwarton
(gluon) production in the early stages of high-energy rarctmllisions and rapid parton thermal-
ization as the production mechanisms for the colored mediyrg, 9]. Given the demonstrated
connection between partons af@) fluctuations, exces§yx) fluctuations may thus help to reveal
both the production mechanism and the properties of the Q@Bium. From fluctuation and
correlation analysis we find strong evidence for minijetsolitare not fully thermalized. Final-
state minijet structure at full RHIC energy may actually @loe any QCD critical fluctuations.
Following the strategy of Penzias and Wilson when faced witimilar dilemma in the study of
microwave transmission, we conclude that if we can't getafidhe noise (minijets) we should
study the noise. In so doing we find ourselves rediscoveri@® Cfrom the bottom up.”

In this paper we describe the event-wise angular distoigtof transverse momentympro-
duced in relativistic nuclear collisions at RHIC. We presre algebraic relation between mean-
pe fluctuations andp; angular correlations. We compare angular autocorrelgtan(n, ¢) to
conventional leading-particle techniques for partonrinagt analysis. We present experimental
evidence from meamy fluctuations and corresponding angular autocorrelations for local tem-
perature/velocity structure in A-A collisions. We sugg#sdt such structure can be interpreted
in terms of parton fragmentation in the A-A medium amrdoil responsef the QCD medium to
parton stopping. Finally, we review the energy dependeficeeany; fluctuations from SPS to
RHIC and its implications.

2. What are (p) fluctuations?

(p) fluctuations were expected to reflect variations of globahé¥emperatur@ assuming
that each collision achieved a thermalized final state, aitifferent “temperature” for each event.
We have been forced by RHIC data to reconsider that pictoregevelop a model-independent
fluctuation analysis which can accommodate a variety of ticipated phenomena. More gener-
ally, (pt) fluctuations result from event-wise changes in theg) dependence of the shape of the
single-particlep, spectrum. The technical challenge is representing thoaeggs with minimal
distortion in a form which can be interpreted physically.
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Each hadrormp; samples docal parentspectrum shape depending on the sample location,
as shown by a cartoon of the sampling process in Fig. 1 (finsélpaVariation of the local par-
ent shape may be arbitrarily structured @n ). The angular acceptance is divided into bins
(dn,d¢), which may each contain one or many particles dependingmsibe. The totap in
a bin is a sample from the local parent spectrum for that amdaih and event. The event-wise
local-parent shape can be characterized schematicallpdayrete3(n, ¢). B can be interpreted
loosely as inverse slope/T or relative speed/c, a property of the local pre-hadronic medium
(the particle source). Variation of either or both parameetelative to an ensemble mean results in
(pr) fluctuations. Possible spectrum shape variations arelseio the second panel.
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Figure 1: Samplingp; spectra and shape paramefeon a binned angular acceptance; possible sources
of (pt) fluctuations; measurp; spectra for two multiplicity classes from 200 GeV p-p cadiiss; WMAP
CMB microwave power distribution on the unit sphere.

In Fig. 1 (third panel) we show measuredspectra for p-p collisions from two multiplicity
classes [10], revealing a real manifestation of the sket¢hé second panel. The spectrum can
be separated into soft componé&gtand hard componendy, because thély abundance relative
to & is simply proportional to the event multiplicity. The hardnsponent occurs as a minijet in
about 1% of NSD p-p collisions and is localized on (eta,piffecently in each event. In Au-Au
collisions at RHIC multiple minijet structures are distribd on(n, @) in each event and can be
interpreted as local variations of the velocity/tempematf the medium [2, 11].

A similar situation emerges in studies of the cosmic micnaaackground (CMB), as shown
in Fig. 1 (fourth panel) [12]. The microwave power densitycdl spectrum integral rather than
mean) represents the temperature distribution (iny@jysm the unit sphere. Th&(60, @) structure
for that single event is directly observable due to the Iggeton flux. In contrast, for a single
Au-Au collision the parent spectrum is sparsely sampled-liy000 final-state hadrons, and parent
properties are not accessible on an event-wise basis. Howerv an ensemble of many heavy ion
collisions the two systems are comparable at the level afcautelations/power spectra.

Interpretation of(p;) fluctuations is achieved by two complementary routes: 1)tont
number correlations ofip;, pt) or (W, Y:) which include the two-particle parton fragment distri-
bution [11, 13, 14]; 2) invert thecale or bin-size dependenoé (p;) fluctuations to obtairp;
angular autocorrelations dna, ¢n) [4, 15]. Those methods, applied to Au-Au collisions at RHIC,
have revealed partially-dissipated minijets or equivélyethe structure of the event-wigg(n, )
distribution on the prehadronic medium.
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3. (pt) fluctuation measures

Initial fluctuation measures assumed that a few global evarables could fully character-
ize thermalized heavy ion collisions. Comparing the varéaaf a global variable to a statistical
reference should then extract all available informatign) was intended to estimate a global tem-
perature. It should fluctuate with a ‘statistical’ componand a component reflecting collision
dynamics in some way to be determined. Compadfbg to agt/rTas a central-limit reference (in-
dependenp; samples from a fixed parent spectrum) should then consttatenplete fluctuation
measurement and reveal ‘dynamical’ collision details.

Several fluctuation measures defined at the SPS and RHIC waseel lon those expectations,
€.9.,05 dynamical= O(p) — 04 /N[16] andFy, = 0(p) data/ O(p) mixed— L, With O(p) mixea~ 05 /N[3,
17]. Becausép;) = pt/nis a ratio of random variables its variance becomes anorabidarge
for smalln, an example of measure bias. Both the above measures regporillictuations as
well as truep fluctuations and are dominated by a term proportionai3gn? ~ 1/n for small
n. Avariant of 0F g namicar (0Pt - Opj) = {Zi#j(pthznﬁi)l()p”*ﬁt)} [5], substantially reduces bias,
but at the expense of playing a role intermediate betweetufition and correlation measurement
which makes its interpretation difficult. Further addingcmnfusion are approximate relations
among fluctuation measures which may be valid in a largjerit but fail for small multiplicities.
Attempts to ‘simplify’ the statistical measure landscagéwsuch approximations have impeded
progress in fluctuation/correlation analysis.

Dy, = /(P —np)%/n— /05t tests invariance ofp;) fluctuations under superposition of
independent systems [18], e.g., p-p linear superpositimnpared to A-A collisions [2, 4, 20].

2
A closely-related measure is based on Pearson’s normatiaeariance [21]ran = Zazbaz

a b
%ﬂ?nﬁm)b which has the same property. We drgp from the denominator to be consis-

Pt E—
tent with other measures (discussed below), takeb and obtainAalgt:n = (pr —npt)2/n— Géw

a comparison between a normalized variance and its cdimial(CLT) reference [2, 22].Aa§t:n

is a variance difference whereds, is a difference between rm.s. terms. In general, variances
and covariances obey a linear algebra, Angm is simply related to two-particle correlatiore.(
Sec. 5).

>, was motivated by a specific model of global temperature fatanos in thermalized events.
There are two version&p, = \/A03.,/np? [24] andZ), = \/(3pii - Opyj)/PE [5]. If the hypothesis
of global thermalization underlying these definitions i¢ walid the meaning of eithex, is not
clear. We find plentiful evidence that global thermalizatis not satisfied in RHIC collisions. We
return to the interpretation af,, in Sec. 10 on the energy dependencemf fluctuations.

Can we isolate a “best” fluctuation measure for a particupgoliaation? Yes, if sufficient
constraints are applied to design. The relation betweerlations and fluctuations must be un-
derstood. The algebra of random variables, different frodinary variables, must be respected.
A carefully-designed statistical reference must be incoated, as well as the capacity to test a
linear-superposition hypothesis. Unambiguous separatiwl identification of different physical
mechanisms is the ultimate goal. Given those constraint@mum fluctuation measure for each
application can be defined.
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4. (p) fluctuation measurements

The first(p;) fluctuation measurement, made by NA49 at the SPS for certir@icollisions
at 17.3 GeV, is shown in Fig. 2 (first panel) [26]. A frequenéstbgram orM(py) = (pt) (points)
is compared to a mixed-pair reference (histogram). A qteinie comparison between data and
reference was made with, [18]. No significant non-statistical fluctuations were alvse in the
rapidity acceptance,; =[4,5.5]. NA49 has subsequently obtained nonzero resultg.8tGeV for
more peripheral Pb-Pb collisions [27].
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Figure 2: Frequency distribution oM (p;) = (p;) measured by NA49 at 17.3 GeYf; scale (bin-size)
dependence of three quantities measured by CERES: mdittyph the angular acceptanc®y, and>p, .

A second measurement at the SPS was carried out by CERESe3tiésrare shown in the
last three panels of Fig. 2 [24]. A significant fluctuation &g was observed within a rapidity
acceptance centered at the CM. That result is also notaleedsst measurement of the scale or
bin-size dependence of fluctuations (ph Fig. 2 (second panel) shows multiplicity as a function
of n scale, the third panel shows, as a function of) scale, and the fourth panel shollg. The
data in the third panel permit partial reconstruction of gp@ngular correlations which produce
(pr) fluctuations at the SPS, an important SPS result.

In [24] it was argued that the similarity between the secarditaird panels implies thak, is
“proportional to” multiplicity, apparently a design deteaf that measure, wheremﬁ.dynamicalw
20p, Py, /n supposedly eliminates the offending factoin fact,n and®y, are running integrals on
scale of one- and two-particle momentum space and corneftgct the structure of those spaces.
O-st.dynamical the ratio of two running integrals, is thereforegunning averageof the underlying
two-particle correlation (autocorrelation) which thenef presents a distorted picturemfangular
correlations and suppresses localipedtructure such as minijets.

After an initial null result [17], measurements by PHENIXopided the first indication of
nonzero(p;) fluctuations at RHIC [3]. Extensive measurements of sexaspécts of p;) fluctua-
tions have subsequently been carried out by the STAR catigion [2, 4, 5, 6]. Fig. 3 (first panel)
presents a STAR measurement of the frequency distributigfirg (p:) — px) /oy, (histogram) for
Au-Au collisions at 130 GeV compared to a central-limit refece in the form of a gamma distri-
bution (narrower curve) [2]. The variance excess is obvfouthis measurement in the full STAR
angular acceptance. The second panel shows the differetwedn data and reference in the first
panel relative to the statistical err¢fN. The large statistical significance of the variance excess i
indicated by deviations of up t80 standard deviations each histogram bin. That STAR result
suggested that unexpected phenomena might be present i &ilisions and initiated an era of
precision differential measurementsmffluctuations and correlations.



Review of pfluctuations and correlations Duncan J. Prindle

3 W | 1
L—] \_
2 oy | 1 A o 3 I + 4
<400/ a1 |
) %
| STAR Au-Au s, = 130/GeV *oe
-ZOEA B e bt bt A X3 Q----pr-------=] i i é
a R
gotido bt bbb b bl b L . > o o
0 01 02 03 04 05 06 07 08 09 1 obius
N/N 50 100 150 200 250 300 350
0 Npm

Figure 3: Frequency histogram og/n({p:) — ft)/0p for 130 GeV central Au-Au collisions measured
by STAR; corresponding difference between data and statiseference in the first panel in units of the
statistical error; the centrality dependencéof, .n = @y, for 130 GeV Au-Au collisions as in the first panel;
comparable centrality dependencengf(dp: - dpr) for several energies measured by STAR.

The third panel shows the variation of difference fadoy,.n ~ ®, with centrality, measured
by particle multiplicityN relative to referencély (for b = 0, central collisions)Agy,.n, defined
by AU&:n = 2043, A0p:n [2], facilitates comparison witl®, [18]. The centrality dependence is
smooth, inconsistent with discontinuities expected by esdmsignal traversal of the QGP phase
boundary. Measurementsiofdp; - op;) (fourth panel) show similar behavior for several collision
energies [5].

Those results demonstrated that large-amplitygdefluctuations are present in RHIC data and
the fluctuation excess is smoothly varying with centrahityt the physical mechanisms responsible
are not apparent. By studying teeale dependena# (p;) fluctuations we can learn much more
about their physical origins.

5. (pt) fluctuation scale dependence and inversion

To answer the question “what phenomena prodygg fluctuations” we define the relation
between fluctuations and correlations. Fig. 4 (first partub)/\s;Aogt:n(c‘in, 0 ¢)—the p; variance
excess distributed on angular sca|é$), d @). A fluctuation measurement at the full STAR TPC
acceptance (Fig. 3, first panel) corresponds to the singid pbthe apex (upper endpoint) of the
distribution on scale. Other points on the surface cornedo divisions of the acceptance into
successively smaller bins (or detectors with smaller aarqadceptances). The surface is structured
and contains information on underlyipg correlations, but the meaning is still not clear.

f

Ap /P (GeVic

Figure 4: (p) fluctuation scale dependence @n ¢) for 200 GeV mid-central Au-Au collisions measured
by STAR; corresponding: angular autocorrelation obtained by inversion; the santecaurelation after
subtracting the elliptic flow contribution; the same datatygd in cylinder format.
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Fluctuations in bins of a given size or scale are determinetivb-particle correlations with
characteristic lengths less than or equal to the bin scalemBasuring fluctuation magnitudes
as a function of bin size one can recover some details of tdenlying two-particle correlation
structure—those aspects which depend onstiygarationof pairs of points, not on their absolute
positions. The relation between fluctuations and corm@atis given by the integral equation [15]

il Dp(pr:miKen, | &p)
Ac?. (me,ns):4Zss Kkl R/ R Ty
Pt e oo VPret(n;ken, 1 &)

with kernel Kmpk = (m—k+1/2)/m- (n—1+1/2)/n representing the 2D macrobin system.
Ad?.,(8n,8¢) is a variance excess, adgb(p; : n;)/+/Pref(n) is a normalized covariance den-
sity. That equation can be solved (inverted numericallygktain thep; angular autocorrelation.

In Fig. 4 (second panel) we show the angular autocorrelatiodifference axe§ia, g ) (e.9.,
na = N1 — np) obtained by inverting the fluctuation scale dependencdénfitst panel. There
are two major features: a sinusoid corresponding to “édlifiow” and nonsinusoidal structure
called “nonflow” in conventional flow terminology. This isdHirst observation of flow as g
correlation or velocity structure [4]. We can precisely oe the sinusoid, leaving the structure
in the third panel which is dominated by minijet correlaspaspecially a same-side positive peak
(jet cone) [4]. In the fourth panel we plot the same anguléoearrelation or{na, gn) in a cylinder
format.

From the example in Fig. 4 we see that inversiompgofluctuation scale dependence to an au-
tocorrelation provides direct physical interpretatiorppfluctuation mechanisms. Parton fragment
distributions (minijets) are visualized as event-wise ierature/velocity structures dim, ¢). A
comprehensive picture of parton scattering, dissipathafeagmentation in heavy ion collisions is
thereby established. In effect, we have determined thetsimeiof the3(n, @) temperature/velocity
distribution on the prehadronic medium as promised. Fhtobn inversion is a Rosetta stone for
fluctuation measurements, relating fluctuations to numhdrp@ angular autocorrelations. The
newly-revealed structure of minijg correlations in A-A collisions is further explored in Se@s.
and 8.

(5.1)

6. Comparison: p; angular autocorrelations by inversion and by pair counting

We have shown thagty angular autocorrelations can be obtained from fluctuatiwarsion.
They can also be obtained directly by pair counting [15]. degision comparison tests the agree-
ment between pair counting and inversion is excellent. Téraputation time for the former is
O(n?), whereas for the latter it ©(n). Thus, fluctuation inversion, especially for heavy ion ioll
sions with very large data volumes, is the preferred roufg Bmgular autocorrelations, offering a
typical time saving of 1@ for minimum-bias RHIC Au-Au data at 200 GeV.

In Fig. 5 we show angular autocorrelations from fluctuatioversion (left panels) and pair
counting (right panels). The left panels compare 200 Ge\PAperipheral collisions from RHIC
data [4] and the Hijing Monte Carlo [20]. There are qualitatsimilarities but strong quantitative
disagreements, even for peripheral collisions. The firdtsatond panels are autocorrelations from
80-90% central Au-Au RHIC collisions and correspondingmtjjdata respectively. The third and
fourth panels are autocorrelations from 200 GeV p-p NSD mimn-bias anahcy > 18 collisions
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Figure 5: Left panels:p; angular autocorrelations by fluctuation inversion fromiieeral 200 GeV Au-
Au collisions respectively for data and Hijing; Right pasiehngular autocorrelations by pair counting from
minimum-bias (NSD) 200 GeV p-p collisions and from collisgovithne, > 18.

respectively. Those results represent the first deterinmaff p; angular autocorrelations in p-p
and Au-Au collisions.

Angular autocorrelations either from fluctuation inversir from pair counting provide pre-
cise results in peripheral A-A and p-p collisions. Small tiplicities present no problem for op-
timized fluctuation measures, as shown in Fig. 5. The armalexibility of properly designed
measures coupled with well-defined centralities for all &Adlisions (including 90-100% central-
ity) [19] insure precise comparisons between A-A and p-fisiohs and access to rapidly-evolving
collision dynamics in mid-peripheral A-A collisions.

7. Model fits to Au-Au data

We established thak angular autocorrelations reveal underlying physical pihggna (mini-
jets and elliptic flow). We now characterize Au-Am autocorrelations quantitatively by fitting
them with a model function, first subtracting sinusoid(@gs) (independent of pseudorapidity)
associated with elliptic flow. A simple three-peak modelaligges the resulting data.

Ap 1Vp,, (GeVicy
Ap 1 Tp, (GeVic)

Figure 6: prangular autocorrelation for mid-central 200 GeV Au-Au itins; a model fit; the fit residuals;
the data autocorrelation (first panel) with the positive sasidle model peak subtracted.

In fig. 6 (first panel) we show the; angular autocorrelation for 20-30% central 200 GeV
Au-Au collisions with the flow sinusoid subtracted. The #v@mmponent model function (second
panel) includes a same-sidg\ (< 711/2) positive peak, a same-side negative peak and an away-side
(en > 1/2) positive peak [4]. The model describes the data very aslshown in the third panel.
The vertical scale for the residuals is 3he first two panels, and the residuals are at the percent
level.

A unique feature of these data is the negative regions orresile of the same-side postitive
peak. Such structure has never been observed in angulafataoms associated with jets. The
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fourth panel shows the first panel (data) minus the samepsiditive model peak. The resulting
same-side negative peak is very different in shape from tisétigpe peak—there is negligible sys-
tematic coupling in the fit procedure. That new feature of Adllisions suggests an interesting
interpretation presented in Sec. 9.

8. Datavs Hijing Monte Carlo

What does pQCD theory predict fp fluctuations and correlations? Applying the same tech-
niques to Monte Carlo data we compare pQCD to RHIC data. InF{teft panels, respectively)
we compare results from 20-30% central 200 GeV Au-Au datav(fimusoid subtracted) [4] with
corresponding Hijing quench-on data [20]. Hijing does n&idictp broadening of the same-side
(SS) peak or the negative structure adjacent to the SS peak.

n Tg1

Dp I Vp,y (GeVicy

Figure 7: Left panels: a comparison @ angular autocorrelations from mid-central 200 GeV Au-Ateda
and corresponding quench-on Hijing; Right panels: thereéity dependence of the fit parameters from the
three-peak model function.

The centrality dependence of peak amplitudes and widthlsds/s in Fig. 7 (right panels).
Centrality is measured by path lengthestimating the mean number of N-N collisions per partic-
ipant pair [19]. The SS peak amplitude for RHIC Au-Au colliss in the third panel (solid dots)
increases to more than £Ghe p-p amplitude before falling toward zero for the mostarcolli-
sions. The SS negative peakB,) first rises above zero at~ 2 and thereafter follows a pattern
similar to the positive peak. In the fourth panel the posit8S azimuth width falls from p-p to
central Au-Au, while the width om increases sharply. Hijing trends represented by the $ifraig
dashed and dotted lines [20] are very different. Hijing qurenn (dotted line) predicts a decrease
of the positive SS peak amplitude with centrality, whereasolvserve a dramatic increase in the
data. Quench-off Hijing (dashed line — transparent A-Ais@hs) predicts a modest 10% increase
from peripheral to central collisions. The Hijing width mieis in the fourth panel are also very
different from data, especially the azimuth width.

To the extent that Hijing represents pQCD in A-A collisiohe tRHIC data in Fig. 7 are
remarkably different from pQCD, albeit understandable iorengeneral terms. Aside from the
issue of jet quenching the disagreement between the sdiédadave in the third panel and the
dashedjuench-ofHijing line represents a major problem for QCD theory. Theamged minijet
yield from heavy ion collisions with aopaque central regiofe.g., disappearance of the away-side
jet) isfour times largetthan a pQCD prediction fdransparent nuclefquench-off Hijing).
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9. Recolil response of the QCD medium

In Fig. 8 we provide a possible interpretation of the negastructure in they angular au-
tocorrelations. In the first panel we repeat the angularitigion of the 200 GeV Au-Aup
autocorrelation componentsmplementary tthe same-side positive peak. In the second panel we
repeat the centrality dependence of the three peak amesititle interpret the negative same-side
peak in terms of red shifts and blue shifts of the local papespectrum and recoil of the medium.
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Figure 8: p; angular autocorrelation from 200 GeV mid-central Au-Adisabns with elliptic flow and the
postitive same-side model peak subtracted; centralitgni@gnce of model peak amplitudes; illustration of
parton scattering and fragmentation including data froefitist panel replotted in cylinder format.

The pr angular autocorrelation is a covariance distribution. Aate value for a given
(nNa, @) means thap; sums in pairs of bins with that angular separation typic8ligtuate in
opposite directions (positive or negative deviation retato the ensemble mean). A positive co-
variance means bins fluctuate in the same direction. Froeid#&tig. 4 we observe thatin a region
near the location of a minijet (positive covariance nearghgular origin)p; samples tend to be
less than the ensemble average. In terms of spectrum shseslocalp; spectra tend to beed-
shiftedrelative to the ensemble mean, whereas local spectra hélaeesiinijet center tend to be
blue-shifted relative to the mean.

“Blue shift” implies that parton fragmentation is desciitees hadron production from a source
moving toward the observer, which is literally correct. tRehift” implies that detected hadrons
are apparently emitted from a source movavgay fromthe observer relative to the average radial
motion of the bulk medium. A spectrum red shift can theretoednterpreted as a consequence
of local recoil of the bulk medium which has stopped the ingoing parton garifi the outgoing
observed parton (positive same-side peak). Given thatprgtation the centrality dependence is
notable. The recoil amplitude-@,) in the second panel deviates from zero only above 2.
There is no recoil until the average participant interadth at least two projectile nucleons.

The last panel sketches the complete recoil picture. Thieayminimum-bias outgoing par-
ton (energy scal® ~ 4 GeV) fragments to two hadrons (inferred freme~ fragmentation stud-
ies [23]). It's ingoing partner is stopped by the medium whédsorbs the parton momentum as a
recoil. The recoiling medium then emits or fragments to oirig hadrons from a local spectrum
red-shifted to lowep; due to the ingoing recoil momentum. The cylinder (real diliagtrates the
recoil distribution. The details of parton fragmentatiordatopping in A-A collisions, including
recoil response of the QCD medium suggested in the last pamehccessed for the first time with
p; angular autocorrelations. The initial promiseppfiutocorrelations—the local velocity structure
of the hadron source am, ¢)—is thus realized.

10
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10. Energy dependence ofp;) fluctuations/correlations and low-Q? partons

Given the close connection between parton scattering@hfluctuations at RHIC the collision-
energy dependence @fy) fluctuations could reveal previously inaccessible partgnaghics at
lower (e.g., SPS) collision energies. In Fig. 9 (first panet) show the centrality dependence of
(pt) fluctuations for four RHIC energies [6] and a summary (crassed region) of SPS fluc-
tuation measurements at 12.6 and 17.3 GeV [24], all in theRSTRC acceptance (the CERES
measurements are extrapolated). In the second panel thdgrapidity scale (bin size) depen-
dence of fluctuations at full azimuth acceptance is showrcémtral collisions at six energies.
Extrapolation of CERES data for the first panel is illustddby the dashed lines at the bottom of
the second.
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Figure 9: Centrality, pseudorapidity scale and energy dependenge Yofluctuations for Au-Au collisions
in the STAR acceptance; energy dependence for the Hijingt&iGarlo.

®,, was used for the CERES fluctuation measurements [24]. To appbximatiomA\op, :n =~
®,, and both arger particlefluctuation measures which test linear superposition. Foeemea-
sure we observe a dramatic increaségy) fluctuations from SPS to RHIC energies. The centrality
dependence in the first panel suggests that fluctuationpiarqt peripheral A-A collisions saturate
at and above 60 GeV, whereas there is monotonic increadesfondre central collisions. The scale
dependence in the second panel illustrates how measuremihtdifferent detector acceptances
are related. Measurements over common scale interval$dsagree.

At the higher RHIC energies we have demonstrated ¢patfluctuations are dominated by
fragments from low@? parton collisions. The energy dependencadgf,., or dy, is shown in the
third panel of Fig. 9, plotteds ,/Syn [6]. We observe thatp) fluctuations in central collisions
vary almost linearly as log,/syn/10 GeV} (solid line in that panel), suggesting a threshold for
observableransverse parton scattering and fragmentation near 10 @ea¥e fourth panel we
encounter very different behavior for the Hijing Monte @arlThe main difference is the strong
contribution from lowg; correlations representing longitudinal (‘string’) fragmation in central
Hijing collisions (all the correlations in “jets off” Hijig) which do not survive in central Au-Au
collisions at RHIC [25]. Ironically, Hijing represents ti@CD medium inconsistently, modeling
high-p; ‘jet quenching’ in the medium but not elimination of backkack longitudinal fragment
correlations at lowp.

Fluctuation measurements based X ~ /A02 ./ (NenP?) [24] appear to contradict the

strong energy dependence(@) fluctuations, implying instead negligible energy deperndeof
(pr) fluctuations from SPS to RHIC with a nearly constant value.61(1%) [24]. That conclu-
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sion begs the question what afg) fluctuations and how should they be measured? As noted,
2, is based on the assumption that each collision is thernthlidth event-wise temperaturg,

that o) 4ynamical™ A05n/N €stimates temperature fluctuations as variasfceand that the event-
ensemble-average = [} estimates the ensemble mehn If those assumptions were valkg,
would indeed estimater /Tp, with the implication that temperature fluctuations areeipendent
of collision energy.

However, we observe that nuclear collisions at RHIC are dated bylocal velocity structure
from hard parton scattering. Events are not globally théimed according to the assumptions used
to suppork, . That measure averages the lggatorrelation structure dominating RHIC collisions
over the entire detector acceptance, resulting in appaednttionof correlations with increasing
A-A centrality (as ¥ Nparticipant) @nd consequent insensitivity to hard scattering.

In our analysis we make no assumptions about thermalizafierstudy separately the changes
in py production T) and in thecorrelation structureof producedp; (8T) prior to hadronization
We find that RHIC collisions are highly structured at kinediecoupling, but differ qualitatively
from a p-p superposition hypothesis. Our observationsyirtipt equilibration or thermalization
in heavy ion collisions is a quantitative issue requirintpdled measurements.

11. Summary

We have reviewed severg@l fluctuation measures and discussed their accuracy and inter
pretability. We described the relation betwagrfluctuations and event-wise variationspnspec-
trum shape over the angular spdce ¢). We made an analogy betwepnfluctuation measure-
ments and measurements of the cosmic microwave backgrdtirsd. measurements at RHIC re-
vealed thatp;) fluctuations at 130 GeV are large, suggesting the need fopeaudicality of more
differential methods. We then presented the integral égquathich connects fluctuation scale de-
pendence and angular autocorrelations. Results of fligtuliversion have led to unambiguous
interpretation of p) fluctuations at RHIC.

p: angular autocorrelations from Au-Au minimum-bias dataesdvminijet correlations and
elliptic flow. The minijet structure changes rapidly withlligion centrality. We observe for the
first time a large negative same-side peak under the posiiinget peak. The negative peak can
be interpreted as recoil of the medium in response to stgpyhi@ in-going parton. Observation
of recoil is possible only witlp; correlations. The Hijing Monte Carlo, representing pQCDhwi
minijets as the dominar; correlation mechanism, is dramatically different fromadat he in-
crease ofx fluctuations and correlations from SPS to RHIC is large. Tii¢/5/10 GeV) energy
dependence is consistent with QCD expectations. Thattralsol suggests that minijets also play
a significant role at SPS energies.

This work was supported in part by the Office of Science of th&.UDoE under grant DE-
FG03-97ER41020.
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