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The PHENIX experiment at the Relativistic Heavy lon Collider has measured charged hadron yields at
midrapidity over a wide range of transverse momefit&< p;<10 GeV/c) in Au+Au collisions atysyy
=200 GeV. The data are compareds#® measurements from the same experiment. For both charged hadrons
and neutral pions, the yields per nucleon-nucleon collision are significantly suppressed in central compared to
peripheral and nucleon-nucleon collisions. The suppression sets in gradually and increases with increasing
centrality of the collisions. Above 4-5 GeW¥in py, a constant and almost identical suppression of charged
hadrons and's is observed. The; spectra are compared to published spectra from Au+Alsgi=130 in
terms ofx; scaling. Central and peripheraf as well as peripheral charged spectra exhibit the sansealing
as observed ip+p data.
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I. INTRODUCTION Systematic_measurements of the, centrality, particle

Lattice quantum chromodynami©CD) calculations pre- SPecies, and'syy dependence of the suppression can con-
dict a new state of matter of deconfined quarks and gluons &frain competing descriptions of high-hadron production.
an energy density exceedingl GeV/ fn? [1]. It has long N this paper, we present new data on inclusive charged had-
been suggested that such a “quark gluon plasma” may b&@n production for 0.5 pr<10 GeV/c, measured over a
produced in collisions between ultrarelativistic heavy nucleibroad range of centrality in Au+Au collisions atsyy
[2]. Indeed, measurements of transverse energy produced #200 GeV by the PHENIX Collaboration at RHIC. These
high-energy Pb+Pb and Au+Au collisions suggest that endata are compared to data on neutral pion produdiiy
ergy densities above 3 GeV/fnat the CERN SP$3] and and to data from Au+Au collisions at/syy=130 GeV
5 GeV/fm? at the Relativistic Heavy lon Collide(RHIC) ~ [17,19, all measured within the same experiment.
[4,5] have been reached. However, this conclusion relies on The remainder of the paper is organized as follows. Sec-
model assumptiongs—9] to relate the properties of the had- tion Il gives a detailed account of the charged particle analy-
ronic final state to the initial state dynamics. sis. Centrality andgr dependence of the charged hadmn
The spectra of high transverse moment(mq) hadrons spectra are discussed in Sec. Ill A. Section Il B studies the
resulting from the fragmentation of hard-scattered partongharged hadron suppression and compares the resuit$ to
potentially provide a direct probe of the properties of thedata. In Sec. Il C, we discuss thesy dependence of both
initial state. Theoretical calculations show that the outgoingcharged hadron and neutral pion production and test possible
highp; partons radiate substantially more energy whenXr scaling. A summary is given in Sec. IV.
propagating through dense matter than when propagating in

the vacuum, resulting in a softening of the hadmnspec- Il. DATA ANALYSIS
trum [10], with the energy loss of the partons depending on
the gluon density of the matt¢t1,13. Formation time con- A. PHENIX detector

siderations suggest that hard scattered partons are “pro- The PHENIX experiment consists of four spectrometer
duced” at the earliest stage of the collision, thus direct'yarms_two around m|drap|d|tyhe central arr@sand two at
probe the dense matter from the time of their creation. Thereforward rapidity(the muon arms—and a set of global detec-
fore, a detailed analysis of highy- hadron production may tors. The central arm and south muon arm detectors were
reveal information on the properties of the dense mediungompleted in 2001 and took data during Au+Au operation of
created early in the collisiond2-14. RHIC the same yeafRUN-2). The layout of the PHENIX

At the energies reached at RHIC, high-hadrons are experiment during RUN-2 is shown in Fig. 1. Each central
copiously produced. In nucleon-nucleon collisions, it hasarm covers|#<0.35° in pseudorapidity and 90° in azi-
been well established that hadrons witf=2 GeV/c result  muthal anglep. In each of the central arms, charged particles
primarily from the fragmentation of hard-scattered partonsare tracked by a drift chambébC) positioned from 2.0 to
and that thep; spectra of these hadrons can be calculate® 4 m radially outward from the beam axis and two or three
using perturbative QCOPQCD) [15,1§. Initial measure- |ayers of pixel pad chambef®C1, (PC2, PC3 located at
ments of hadrorpy spectra in Au+Au collisions ats\w 2.4 m, (4.2 m), 5m in radial direction, respectivélyPar-
=130 GeV led to the discovery of a substantial suppressioficle identification is provided by ring imaging Cerenkov
of hadron yields per nucleon-nucleon collision relativeptd  countergRICH), a time of flight scintillator wal{ TOF), and
data[17-19. Data from ysyy=200 GeV confirm these re- two types of electromagnetic calorimetetsad scintillator
sults[20-23. The suppression is observed in central but notand lead glass The magnetic field for the central spectrom-
in peripheral collisions. These observations are consisteréter is axially symmetric around the beam axis. Its compo-
with pQCD-inspired modeling of parton energy loss in densenent parallel to the beam axis has an approximately Gaussian
matter [24,25. However, alternative interpretations that do dependence on the radial distance from the beam axis, drop-
not assume the formation of a deconfined phase have begjhg from 0.48 T at the center to 0.096(0.048 T) at the
proposed based on the modifications of the parton distriblinner (outei radius of the DC. A pair of zero-degree calo-
tion functions in the initial stat¢26] or final-state hadronic rimeters(ZDC) and a pair of beam-beam count¢BBC)
interactions{27]. were used for global event characterization. Further details

In addition to hadron suppression, an unexpectedly larg@bout the design and performance of PHENIX can be found
fraction of baryons has been observed in central Au+Aun Ref. [34].

collisions forpy up to 4-5 GeV¢ [28-3(Q, which compli-
cates the interpretation of the high-results. The observed
baryon to meson ratio from PHENIX29] is inconsistent
with jet fragmentation inp+p [31] ande*e™ collisions[32]. During RUN-2, PHENIX sampled an integrated luminos-
While the origin of this effect is unclear, it could point to- ity of 24 ub™ for Au+Au collisions at ysy,=200 GeV.
wards bulk particle productioti'soft physics) contributing ~ Minimum bias events were selected by a coincidence be-
to the py spectra out to 4—5 Ge\¢/ It has been suggested tween the ZDCs and the BBCs. This selection corresponds to
that coalescence of thermalized quarks combining with en92.25:% of the 6.9 b Au+Au inelastic cross section. The
ergy loss of hard-scattered partons can account for the u@vent centrality is determined by correlating the charge de-
usual particle composition, which shifts the region domi-tected in the BBCs with the energy measured in the ZDCs.
nated by hard scattering to highgy [33]. Two sets of centrality definitions are used in this analysis: a

B. Event selection

034910-3
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FIG. 1. (Color onling PHENIX experimental
layout for the Au+Au run in 2001. The top panel
shows the PHENIX central arm spectrometers

Beam View viewed along the beam axis. The bottom panel
shows a side view of the PHENIX muon arm
Central Magnet spectrometers.
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“Fine” set of centralities, which corresponds to 0—5%, ...,planes are spaced at 0.6 cm intervals along the radial direc-
15-20%, 20—30%, ..., 80—92%, and a “Coarse” set of cention from the beam axis. Each wire provides a projective
tralities, which corresponds to 0—10%, 10—20%, 20—30%measurement, with better than 1afn spacial resolution in
..., 80—-92%. A Glauber model Monte Carlo simulationthe azimuthal ¢) direction. Eight additional wire planes in
[35-39 that includes the responses of BBC and ZDC givesthe DC provide stereoscopic projections, which together with
an estimate of the average number of binary collisionghe space point measured at the PC1 and the vertex position
(Ngon), participating nucleongNy., and nuclear overlap measured by the BBC determine the polar angle of the track.
function(Ta 4, for each centrality class. The calculated val- Trajectories are confirmed by requiring matching hits at both
ues of (Neon), (Npar, and(Tayay for each centrality class PC2 and PC3 to reduce the secondary background.
are listed in Table 1. Tracks are then projected back to the collision vertex

In addition to the event selection, the BBCs also allow usthrough the magnetic field to determine the momentim
to reconstruct the collision vertex in the beam directign ~ The transverse momentumpy is related to the deflection
with a resolution of 0.5cm. An offlinezvertex cut, anglea measured at the DC with respect to an infinite mo-
|z, <30 cm, was applied to the minimum bias events. Aftermentum trajectory. For tracks emitted perpendicular to the
this selection, a total of 27 10° minimum bias Au+Au Peam axis, this relation can be approximated by
events were analyzed to obtain the charged hadron spectra
presented in this paper. K

a=—, (1)

ZDC North
-
MulD

C. Charged particle tracking and momentum measurement

Charged hadron tracks are measured using informatiowhereK=87 mrad GeV¢ is the effective field integral.
from the DC, PC1, PC2, and PC3 detectors of the west cen- The momentum scale is verified by comparing the known
tral arm and the BBC. The projections of the charged particlgroton mass to the value measured for charged particles
trajectories into a plane perpendicular to the beam axis arielentified as protons from their time of flight. The flight time
detected typically in 12 wire planes in the DC. The wireis measured in the TOF detector, which cowefd of the
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TABLE |. Centrality classes, average number N#N colli-
sions, average number of participant nucleons, and average nuclegending on how close the conversion or decay point is to the

overlap function obtained from a Glauber Monte Carlo simulationDC, or depending on th® value of the decay, these tracks
of the BBC and ZDC responses for Au+Au asyn=200 GeV.

Each centrality class is expressed as a percentagg @f,=6.9 b.
Two sets of centrality definitions are used in this analysis: a “Fine"tyym. In this analysis, th@; range over which charged par-

set of centralities, which corresponds to 0-5%, ..

PHYSICAL REVIEW C 69, 034910(2004

of photons in materials between the vertex and the DC. De-

may have a small deflection angleat the DC. Thus, accord-
ing to Eq.(1), they are incorrectly assigned a large momen-

o 15-20%ic)q production is accessible in PHENIX is limited by this

20-30%,..., 80—92%, and a “Coarse” set of centralities whicrb -
e ' ' ackground. We exploit the track match to PC2 and PC3 to
corresponds to 0—10%, 10-20%, 20—30%, ..., 80—92%. 9 P

reject as much of the background as possible, then employ a
statistical method to measure and subtract the irreducible

Centrality (%) (Neon (Npary (Tauaw (Mb™) background.
0-5 1065+105.5 351.4+2.9 2537+1.77 For primary tracks, the distance in both the¢ and thez
5-10 854.4+82.1 299+3.8 20.13+1.3¢ direction b(.atwee.n_ th(_a track projection point. and_the mea-
10-15 672.4+66.8 253.9+4.3 16.01+1.15 sured PC hit .posmpn is approximately Gaussian with a mean
15-20 532.7£52.1 215.3%£5.3 12.68+0.86 of 0 and a width given by
0-10 955.4+93.6  325.2+3.3 22.75+1.56 gmateh) 2
— matclp ms
10-20 602.6+50.3 234.6+47  14.35:1.00 Tmatch™ \/"det +< 0B ) : (3
20-30 373.8439.6  166.6+5.4 8.90+0.72 atch - o _ o
30-40 2198+22.6 114.2+4.4 5234044 where o5 is the finite detector resolutiofwhich in-
40-50 120.3+13.7 24.4+3.8 2 8640.28 cIude_s DC pomtlng(or a) reS(_)Iutlon and_the PC2, I_3C3
DU o DA spacial resolutioh and o2 is the multiple scattering
50-60 61.0£9.9 455+3.3 1.45+0.23 contribution.
60-70 28.5£7.6 25.7£3.8 0.68+0.18 Despite being incorrectly reconstructed with lagge the
70-80 12.4+4.2 13.4£3.0 0.30+0.10 majority of the background particles have low momenta.
80-92 49+1.2 6.3+1.2 0.12+0.03 While traveling from the DC to the PC2 and PC3, they mul-
60—92 14.5+4 14.5+2.5 0.35+0.10 tiple scatter and receive an additional deflection from the
Minimum bias ~ 257.84+25.4  109.1+4.1 6.14+0.45 Iringe field. This causes a correlated deflection between the

measured positions at PC2, PC3, and the projections calcu-
lated from tracks measured by the DC and PC1. The dis-

azimuthal acceptance in the east arm. The absolute value Bfacéments i —¢ and z directions are represented iy,

the momentum scale is known to be correct to better tha@NdDz Since the residual bend depends onzltemponent
of the fringe field, which decreases rapidly at laigg, a

0.7%. L :
The momentum resolution is directly related to the fiducial cut of |7/<0.18 was applied to ensure that the re-
resolution, sidual bend due to the fringe field is almost independeut of
1 2 = . , , , . ‘ . .
dplp=Sela= "1/ ("—mS> +(o,p)?, @ E° 20
K B T 3

pc2

<

D

where S« is the measured angular spread, which can be de-~ 2
composed into the contribution from multiple scattering
and the contribution from the intrinsic pointing resolutiop
of the DC. At highpy, o, is the dominating contribution, i.e., 0
o,=0c,. We measurar,~0.84+0.05 mradGeV/c) using
zero field data, where we select high-momentum tracks by
requiring energetic hadronic showers in the electromag- -2
netic calorimeters. The width of the proton mass as func-
tion of py independently confirms the momentum resolu-
tion. In summary, the momentum resolution is determined ;5 5 & 5 -+ 3 s 4 °
to be op/p=0.7%® 1.0%p (GeV/c). Further details on Db*(cm)
track reconstruction and momentum determination can be
found in Ref.[39].

T [ T | T | T | T I T l T | T

FIG. 2. D‘;CZ (the difference between projection and hit location
in r-¢ direction at PC2 vs DgC3 in centimeters for tracks with
reconstructedo; >4 GeV/c. PC2, PC3 matching differences are
correlated, with signal tracks peaked around 0 and background

Approximately 95% of the tracks reconstructed by the DCiracks extend along th®)}, direction. The double-peak structure
originate from the event vertex. The remainder have to belongDy, is related to the finite granularity of PC2 and PC3 pads.
investigated as potential background to the charged particlehe positive directions ob}, and D are indicated by the arrow.
measurement. The main background sources include second+2¢ cut on these variables is illustrated by the box region inside
ary particles from decays amle™ pairs from the conversion the dashed lines.

D. Background rejection and subtraction
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FIG. 3. (Color onling Background contamination due to electrons, illustrated by the track mamg for tracks with associated RICH
PMTs and 6< p;<7 GeV/c. The matching distributions are shown for minimum bias events and separately for p@sitivand negative
(right) charged tracks. The first three distributions represent the raw counts for all tracks with RICH ass@itiatkosolid line), estimated
conversion backgroundslashed ling and charged pion&ot-dashed lingthat were obtained by subtracting the dashed line from the solid
line. The thin solid line represents the matching distribution of background electrons from Monte Carlo simulation, arbitrarily scaled to
match the data. The ¥2matching windows are illustrated by the vertical dashed line. S#i@nde™ are deflected in opposite directions
by the fringe field, they are shifted to positive and negative directions, respectively.

We focus on the displacement ir- ¢, D4, which are large sociated with the track. For reconstructed electrons
for low momentum tracks due to the residual bend. Diys (pr>150 MeV/c), the average number of associated PMTs
at PC2 and PC3 are correlated with each other, as shown ia (Npy)=4.5. The probability to find at least one PMT
Fig. 2. Most of the tracks lie in a narrow window around the above threshold is more than 99%. For pions, the Cherenkov
diagonal line. The width of this window is given by the PC2 threshold is 4.8 GeW), and the number of associated PMTs
and PC3 detector resolutions, which are of the order of a feweaches its asymptotic value only well above 10 GeV/
millimeters. Multiple scattering and residual bend broaden(Npy1) increases from 1.4 at 6 Gevto 2.8 at 8 GeV¢ and
the matching distribution along the diagonal line. To opti-3.6 at 10 GeV¢.
mize background rejection, we define two orthogonal projec- Tracks(Ng) with at least one associated RICH PMT con-
tions, tain both conversion electrons and real pions. Their matching
distributions inD?, are presented in Fig. 3 for a sample range
of 6<p;<7 GeV/c. Also shown is the matching distribu-
tion for conversion electrons from Monte Carlo simulation.
The contributions from pions and electrons are clearly dis-
1 tinguishable. For pions witpr<<10 GeV/c, (Npy7) has not
D,=-=(D}?-D®). (4)  reached its asymptotic value. A requiremeniNgf, =5 re-

V2 jects most of the pions while preserving a well-defined frac-
tion (R,) of the electrons. To measuR from the data, we

. 1 .
direction normal tdi):;,. A+20 cut on these variables is ap- select tracks with an apparep¢>10 GeVic. ~ The fraction

plied in the data analysis. In the remaining discussion, unles&f tLacks with NFI’Mng’diS meﬁsured to 339:0.45813\/._05.
stated otherwise, only tracks satisfying these cuts are inpoth Monte Ca.foan. ata show a sma var|.at|omg I
cluded. pr and centrality. This variation is included in the error on

After matching cuts, the background level is less than 6°/<B<?' The total electron background is calculated _using tracks
for pr<4 GeV/c, but increases rapidly at highgr. For  With Newr=5(Ne) as,Ne/Re. The number of real pions in the
4<p;<10 GeV/, the most significant remaining back- RICH-associated sample for eaghbin is then calculated as
ground sources are'e” from conversion of photons close to Ne
the DC and particles from weak decays of long lived par- SR=Nr- R (5)
ticles, mainly ofK* and KE. These backgrounds are esti-
mated and subtracted separately from Iﬂi@distribution for  With this method, a small fraction of genuine pions, which
all tracks, as will be discussed in the rest of this section. satisfy Npy,7=5, is subtracted. This fraction is negligible

To separate the two background sources, we take advan-

tage p_f the RICH to tag electrons. Charged particles with 1, his pr range, the background yield decreases slowly \with
velocities above the Cherenkov threshglg=35 (CO, ra- il the truer yield decreases rapidly a5 increases. By com-
diaton will emit Cherenkov photons, which are detected byparing the measured® spectrum from PHENIX[21] with the
photon multiplier tubegPMTs) in the RICH[40]. We char-  charged hadron spectrum before background subtraction at
acterize the Cherenkov photon yield for a charged particle by, > 10 GeV/c, the integrated signal yield is estimated to be less
Npmt the number of PMTs with signals above threshold asthan 3% and thus may be neglected.

1
Dy = ,—E(Dz’f2+ D),
\!

D; is the variable along the correlated directid, is the
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FIG. 4. (Color onling Background contamination due to decays, illustrated by the track matbli fior tracks without an associated
RICH PMT and with 6< py<7 GeV/c, shown for minimum bias events and separately for positafe) and negativéright) charged tracks.
The first three distributions represent the raw counts for all tracks without RICH assog¢tatznsolid line), estimated decay backgrounds
(dashed ling and signal track&dot-dashed lingthat were calculated as the difference of the two. The thin solid line represents the matching
distribution of decay background from Monte Carlo simulation, arbitrarily scaled to match the data. The dwnatéhing windows are
illustrated by the vertical dashed line. Outside the signal window, the shape of the dashed line matches the solid line rather well, the
difference of 10% level is taken into account in the error estimatioRygf,,

below 7 GeVE, but increases rapidly towards highpy. background increases with increasipg At 4 GeV/c the
This loss is corrected using the PHENIX Monte Carlo signal-to-background ratio is about 10, and decreases to 1 at
simulation. In this case, 400%error on the correction is 7.5 GeVk and to~0.3 at 10 GeV¢. o
assigned. Weak decays of short lived particles, mait§, A, andA

The sample of track§Nyr) with no associated RICH within the magnetic field provide an additional source of
PMT contains a mixture ofr,K,p, contaminated by the de- background. A significant fraction of this background is sub-
cay background. Their matching distributions B, are tracted using thdRy..., method described above. However,
shown in Fig. 4 for 6<pr<7 GeV/c, together with the Secondary particles from decays close to the event vertex are
matching distribution for decay particles from MC simula- Not subtracted since they are nearly indistinguishable from
tion. A Monte Carlo study shows that the apparent momenPrimary particles. This “feed-down” contaminates the track
tum of these tracks is nearly uncorrelated with true momensample without the associated RICH PM¥gr (about 40%
tum and therefore the distribution of this backgroundDify of all charged particles at highy), and needs to be sub-
is nearly independent of the apparent momentum. We seleffacted from the data.

. : To estimate the feed-down contribution we generate Au
a nearly pure background sample using tracks with recon- .
structedp; > 10 GeV/c and measure the ratio of the number /U Events with HIJING41], reconstruct them through the
. A . ; PHENIX Monte Carlo simulation, and count the secondaries
of tracks passing 4Dy <20 cut to tracks in the interval

which survive all analysis cuts. The secondaries frorand

30<|D}) <90 Wi
o< ¢| 7 A decays are counted relative to the reconstru¢tetp),
_ Nur(pr> 10 GeVt, DY) < 20) and correspondingly, those frok? relative to(K*+K")/2.
Rieea™ ) lpr > 10 GeVE, 30 < D}y < 90) We tune the(A+A)/(p+p), K/[0.5K'+K7)] ratios by
weighting the particle distributions generated according to
=0.424+0.05. (6)  HIJING such that they reproduce the negplyindependent

experimentally observed ratios from Au+Au collisions at
The error quoted takes into account the small variation OfV'SNN: 130 GeV[42,43.
Ruecay With pr and centrality. Since the average yield of  The final feed-down contribution depends on the choice
real hadrons in this interval is small, we estimate the deof the A andK? p; spectra and of their yields in the high-
cay contribution as a function ofpr to be range where they are not measured. Both yields and spectral
NNR(30'<|D;|<90')X Riecay Finally, the signal is calcu- shapes are varied within limits imposed by the spectrum for

lated as tracks that do not fire the RICH. The average feed-down
contribution depends op; and varies between 6% to 13%
S\,R:NNR(|D;;| < 20) — Nyr(8o < |D;| < 90) X Ryecay relative to the total charged hadron yield; it is subtracted

@) from the charged spectra. The systematic uncertainties are
estimated from the spread of the feed-down contributions
Figure 5 gives the total signal, obtained &g+ Syg, with obtained with different assumptions. The uncertainties are
the decay and conversion background subtracted. On thepproximately 60% of the subtraction, and depenghpand
right hand side, the signal-to-background ratio is shown. Theentrality.
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Table 1l summarizes the systematic errors on the back2 GeV/c, the correction decreases only slowly with. For
ground subtractiof All errors are correlated withr and are  pr>4 GeV/c, the correction varies by less than +5%.
presented as relative errors to the charged hadron yield. The The data are also corrected for efficiency losses due to
uncertainty on the pion oversubtraction correcti@®oss detector occupancy. Though this is negligible for peripheral
was rescaled by the fraction of signal tracks with RICH as-collisions, these losses are important in central collisions,
sociation, i.e.Sz/(Sx+Syr)- Errors on the scaling facto®,  and are evaluated by embedding simulated tracks into real
and Ryecay Were individually folded with the signal-to- events. The average track reconstruction efficiency in the
background ratios in the two samples. The resulting unceractive detector area is larger than 98% for peripheral colli-
tainties on the charged yields were then added in quadratugions, but decreases (@0+3.5% for central collisions. As
(RyoRyqc,) The uncertainty of th&?, A, and A feed-down zgg‘évgn't”c}fgf mﬁeirr] F;ﬁ%‘g/‘; Z')‘fls-tz;rfggce;fr']‘zg:‘t‘;’n'tzsf%?n 'f‘ldg'
subtraction is denoted brecadonn to 10 GeVk. Based on this observation, the full correction
can be factorized into centrality-dependérg., detector oc-
cupancy dependent correction function ¢(Npa), and

After background subtraction, we have determined &-dependent correction functiom(p;). The centrality-
single, pr-dependent correction function to correct the had-gependent correction function is shown on the upper right
ron spectra for acceptance, decay in flight, reconstructiopanel of Fig. 7. Most of the efficiency loss is due to hit
efficiency, and momentum resolution. This function is deter-yerlaps, which can shift the hit positions in the DC or PC'’s
mined using aGEANT [44] Monte Carlo simulatior[45] of  outside of the matching windows. The ¢2natching win-
the PHENIX detector in which simulated single tracks aregows are |arger at |0vp.|_ to account for mu|tip|e Scattering
reconstructed using the same analysis chain applied to theee Eq(3)], thus the tracks are less vulnerable to the effect
real data. Because of decays and multiple scattering, the cogf hit merging. This effect has been taken into account by
rection function depends on the partiCIe SDECies. This is reapp|y|ng a S||ght|y Sma”erp_l__dependent, occupancy correc-
flected in Fig. 6, where the correction functions averagedijon atp,;<1.5 GeVck.
betweens* and #~, K* andK™, p* andp™ are shown sepa-  Fjgure 7 also shows systematic errors on the correction
rately. At pyr<-3 GeV/c, the kaon correction function is sig- functions. These errors include not only the errors on the
nificantly larger than those for pions and protons. Forcorrection itself, but also the uncertainty due to the back-
p-|->3 GeV/C, this difference is less than 15%. To take into ground subtraction procedure_
account this species dependence, we determine the correction Finally, the inclusive charged hadron yield is obtained by
function separately for pions, kaons, protons, and their antimyltiplying the p;-dependent correction functioe(p;) and
particles. The final correction function is then obtained bycentrality-dependent correction functios(Npa) with the
combining the correction functions for the different particle background subtracted spectra and dividing by the number of

species weighted by the measurpg-dependent particle oyents for every centrality class as
composition from Ref[46]. Above 2 GeVE, where kaon

data are not available, we assume Kver ratio is constant

E. Corrections and systematic uncertainties

within +10% from the value observed at 2 Ged/IThis as- 1 dNn - _

_ _ : . = X ¢(pr) X ¢(Npar)
sumption leads to a 2.5% systematic error in the correction Nepts 2PrdPrdn  Neyts
function. The resulting correction function is plotted in the dN  \bor-subtracted
upper left panel of Fig. 7. The sharp rise below 2 GeW <—) (8)
due to loss in acceptance and decays in flight. Above prdprdn

The systematic errors on the spectra, which are common

“We should emphasize that, in the remaining discussion unles® all centrality classes, are listed in Table Ill. Sources of
stated otherwise, all systematic errors listed in tables have beesyStematic uncertainties are the matching ¢dlg,cn, nor-
adjusted to & errors. malization (Syorm), Particle composition(s,;,), momentum
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TABLE 1l. Systematic errors on background subtraction. All = T ' T T T T T T —
errors are given in percent and are quoted@ertors. These errors ks C o o™+ T ]
are correlated withpr. S 6o _ -
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resolution( e, Momentum scal€d,.,9, and background % 1 2 3 4 5 6 7 8

subtraction(&,g,) from Table Il. The normalization error is p; (GeV/c)
independent ofpr. All other errors vary withpy but are _ . ) .
highly correlated bin-to-bin, which means that points in _FIG. 6. (Color onling Ayeraged correction functions fer™ and
neighboringp; bins can move in the same direction by simi- 7+ P @ndp, andK® andK".

lar factors.
The centrality-dependent systematic errors are quantified lll. RESULTS
in terms of the central-to-peripheral ratR,,, as given in A. Inclusive charged hadronpr spectra

1_'ab|e V. Besi(_des the un_cert'ainty on the occupancy correc- Figure 8 shows the inclusive charged hadmnspectra

tion (Soceupancy illustrated in Fig. 7, the background subtrac- o yarious centrality classes. All spectra exhibit power-law
tion procedure has a centrality-dependent uncertainty. As digajls at highp;. But for peripheral collisions, the power-law
cussed in Sec. Il D, the errors % andRyecayreflect thepr  shape is more concave than for central collisions. More de-
and centrality dependencies. The centrality-dependent pagiils of the centrality dependence of the spectral shape can be
contributes about half of the error on bd®@ andRyecay and  seen from Fig. 9, which shows for each centrality class the
hence does not cancel R;, Since the errors o, and ratio of the spectra to the minimum-bias spectrum. In these
Riecay @re independent, the uncertainty &g, is approxi- ratios, most systematic errors cancel or affect the overall
mately equal tog or,, . from Table Il. Finally, SiecaqonniS  scale only. The characteristic centrality dependence of the
the centrality-dependent error from feed-down subtraction. shape already observed syy=130 GeV Au+Au collisions
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g tions used to correct the charged
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panel shows ther-dependent cor-
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panel shows the centrality depen-
dent correctionc(Nya). System-
E z atic uncertainties are indicated by
01 2 3 4 5 6 7 8 9 10 100 150 200 250 300 350 400 the dashed lines. The two correc-
tions factorize ap;>1.5 GeVL,
PGeVic) Npert so that for given centrality the full
1.8 : : i : : : : : : correction function is given by
c(pr) X c(Npar). The accuracy of
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TABLE lll. Systematic errors on th@r spectra. All errors are given in percent and are quotedeas 1
errors. They are either normalization errors or pyrecorrelated errors.

Pr(GeVIo  Omach(%)  Snorm (%) Smix (%) Sreso (%) Fscaie (%) Spgr (%) Total (%)
<1 35 3.2 24 0.6 0.6 5 7.3
1-5 3 3.2 2.4 0.6 3 5 7.6
5-6 3 3.2 1.8 0.6 3.6 53 7.9
6-7 3 3.2 1.8 0.6 3.3 9.5 111
7-8 3 3.2 1.8 0.6 3.1 115 12.8
8-9 3 3.2 1.8 0.9 3.1 211 21.9

9-10 3 3.2 1.8 5.3 3.1 311 321

[18,19 is more apparent at”%FZOO GeV. In peripheral the trend is significantly different. For peripheral collisions,
collisions, the ratio decreases upge~2 GeV/c and then  (p["" is substantially larger than the value obtained with

rises up to about 4 Ge\/ The trends are reversed in the p?i”:O.S GeVk due to the presence of the power-law tail.
With increasingNyan, (pT'"9 for pf'"=2 GeV/c decreases

most central collisions. In the range above 4-5 Gg\All ‘
ratios appear to be constant as a functiopgfwhich would  and the values obtained withf""=0.5 and 2 GeVé ap-

imply that they have a similar centrality independent shapeproach each other, which indicates an almost exponential
Based on the different trends observed in Fig. 9, we carspectrum in central collisions between 0.5 and 2 Ge\Fbr
distinguish three p; regions: 0.5-2, 2-4.5, and the highestp; range(pf""=4.5 GeVk), (pf"" is approxi-
>4.5 GeVk. The different centrality dependence of the mately constant. This implies that the shape of the spectrum
spectral shape in these regions can be quantified by a truis nearly independent of centrality, as would be expected if

cated averager:
8 GeVk
f ~ prdNdpy
p?m min

8 Gevk “pPr
J ~ dNdp;
p_lnjln

(pr'") = 9)

this region is dominated by hard scattering.

However, the yields at highy do not scale with the num-
ber of nucleon-nucleon collisions; they are suppressed com-
paring to the binary collision scaling expected for hard scat-
tering processes. This can be clearly seen from Fig. 11,
which showsR,, the ratio of yields for central and periph-
eral collisions normalized to the average number of nucleon-
nucleon collisions in each event sample. The ratio is below

which is insensitive to the normalization of the spectra. Theunity for all pr. The threepy regions show different trends as

upper bound of 8 GeW in the integral is given by the

outlined in the discussion of Fig. 10.

limited p; reach for peripheral centrality classes as shown (1) In the “soft” region withpr<2 GeV/c, the ratio in-

in Fig. 8. In Fig. 10, the values dpi'"% for the threep™"

values are plotted as a function of centrality, represented

by the average number of participating nucledNs,) for
each centrality class.

creases as a function of.

(i) In the “hard” region withpy>4.5 GeV£k, the sup-
pression appears to be constant-é.3, which again indi-
cates that the spectra have a similar shape, but with the yield
in central collisions being suppressed by a constant factor

For p™"'=0.5 GeVk, where particle production is ex-
T from 4.5 to 10 GeV¢.

pected to be governed by soft physigsy'"® increases with
Npar- This trend is also seen for the averggeof identified

(i) In the transition region from 2 te-4.5 GeVLk, the
ratio decreases as a function @f.

charged hadrons, and reflects the increased radial flow of soft

particles in more central collisior{g6]. For pi""=2 GeV[c,

TABLE IV. Systematic errors on the central-to-peripheral ratio. |

All errors are given in percent and are quoted asetrors. Most of

B. Suppression of highpr hadrons in Au+Au
at Vsyy=200 GeV

At finite Q2 nuclear modifications of the parton distribu-
tion [26,47 and initial [48] and final statg10] interactions

the systematic errors listed in Table il cancel in the central-to-Of the scattering partons can modify the highhadron pro-
peripheral ratio. Only those errors that are uncorrelated with cendUction rates in hard scattering processes. Medium modifica-

trality are shown here.

Pr (GeV/C) 5occupan(:)(%) 6feedd0wr(%) 6Re@Rdecay(%) TOtaI(%)

<6 5 5 1.8 7.3

6-7 5 5 4.1 8.2

7-8 5 5 7.1 10

8-9 5 5 17.6 19
9-10 5 5 235 24.6

tions of hadron spectra are often quantified by the “nuclear
modification factor’R,,, which we calculate for each cen-
trality class as the ratio of the yield per nucleon-nucleon
collision in Au+Au to the yield in nucleon-nucleon colli-
sions:

1 d2NA+A> <<NCO||> d20_N+N)
R )= — , (10
Aa(PTs 77) <Na;tded77 Um;,l\j dp.dy (10)
(Neon/ oeN is the average Glauber nuclear overlap function,

ine
(Tauaw, for each centrality class. In order to calcul&g,,
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we need a reference spectrum for nucleon-nucleon collialso observed for quark and gluon jet fragmentatioe'ier
sions. Due to the lack of charged hadron data with suffi-collisions at LEP by the DELPHI CollaboratigB2]. Finally,
cient reach inpy from our own experiment, we construct charged hadron data measured by PHENIX#p collisions
the N+N reference for charged hadrons from th€spec- agd data measured by UASQ] in p+p collisions, both at
tra in p+p collisions at Vs=200 GeVt measured by s=200 GeVk, give consistenh/ ratios when compared
PHENIX [16], and the charged hadron to pion ratio ob-to the PHENIXp+p #° data.
served in other experiments, as described below. Based on these findings, we assume that is constant
The PHENIX 7° spectra fromp+p collisions are mea- above 1.5 GeVd in p+p collisions at RHIC and that we can
sured out to 14 GeW. These data can be parametrized by ascale up then® cross sectiofEq. (11)] by this factor to

power-law function, obtain a reference for charged hadron production. To be con-
sistent with the data described above, we correct this refer-
1 dzUﬁiN ( Po )n ence below 1.5 GeW using an empirical function,
= : (11)
2mpr dprd7 Pot Pr f(pr) = {Rh/w - a(pmax_ pT)2 for pr < Pmax (12)
o) =
with A=386 mb{GeV/c)2, p,=1.219 GeVt, andn=9.99 Ry fOF P> Pras

[16]. whereR,,=1.6, pmax=1.6 GeVk, anda=0.28(GeV/c)2
In p+p experiments at the ISR, the 7 ratio was mea- The charged hadron reference used in this analysis is then
sured to be 1.6+0.16, independent pf from 1.5 to  given by the product of the power-law function from Eq.
5 GeV/c, and independent ofs from 23 to 63 GeV[31].  (11) and the empirical correction from E@¢12) as
Below 1.5 GeV¢, h/ decreases towards lowpt. The ISR

data are consistent with data_anK,P production from 1 d%ﬂ:ﬁ_ P \"
FNAL E735 experimenf49] at ys=1.8 TeV. Theh/ = ratio 2mpr dpydly = bo+p xr(pr). (13
T T

computed from these data increases withand reaches a
value of 1.6 at the end of the measurgg range, The systematic errors on the charged hadxarlN refer-
~1.5 GeVk. At high momentum, &/ ratio of ~1.6 is  ence are summarized in Table V. The main sources of uncer-
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EL S Y P o pawy
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§1 = -+ b — — ] tios for peripheral classes are
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[ ey, ot *‘7"++ il w“f*** et +_+ : atic errors cancel in the ratio. The
; X 2 24 _|_ 4+ remaining systematic errors that
-y _:_-;‘- | | — r w‘%% "%’ i can change the shape are less than
. o I R _|_ Wx 2 + 10% (see Table I\ and are corre-
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I INT (ST (N TR ENAN N YN I ST T I N T I TR N T ST S i R
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FIG. 10. (Color onling Centrality dependence dpi"®), the
averagepr of charged particles aboves threshold as defined in
Eq. (9). Shown are(pi"") values for threepT" cuts, with pI""

=0.5, 2, and 4.5 Ge\W, respectively. The errors shown are statis-

tical only. The systematical errors for all data points are less than

3%.

tainties include(i) the systematic errors on the absolute nor-

malization of the PHENIX7° data (a;’;f,’mg, which are

independent opy; (ii) uncertainties due to the power-law fit
to the #° data (87,); and (i) uncertainties orRy,, (&),
which are estimated from the spread Ry, obtained from
different data sets used to constrainm®.

Figure 12 shows the nuclear modification facRyx(pr)
for charged hadrons from minimum bias and nine centralit
classes. The systematic errors Bp, are described in the

1 T v T T T
'© 0ol Au+Au 200 GeV |
2 08~ Yield®"%%/<N_,>*""*
g‘ 0.7— Yield®®92%/<N__ 60-92% |
[ oo coll i
D o6 g iy _
g- I .-. *s .
('_U 0.5_ ... o __
= 04 *++ +
c r i
© 03— ++ ’
o . )
0.2(— _
01— _
0
0 1 2 3 4 5 6 7 8 9 10

p; (GeVic)

FIG. 11. (Color online Ratio of charged hadron vyields per
nucleon-nucleon collision between centt@t10% and peripheral
(60-92% Au+Au collisions. The solid error bars on each data
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TABLE V. Systematic errors on the charged hadMfN refer-
ence spectrum. All errors are given in percent and are quotedas 1
errors. Positive and negative errors are given separately where ap-
propriate. Most of the errors are correlated with

PrGeVI)  Slom (%) S (%) S, (%)  Total (%)
0.75 £104  -39+9.1 -151+59 -18.7+15.0
1.00 £104  -41+89 -144+59 -18.3+14.9
1.50 £104  -46+83 -11.6+59 -16.3+14.6
2.00 £104  -51+7.7 -7.9+459 -14.0+14.2
2.50 £104  -55+72 -59+59 -13.1+13.9
3.00 £104  -59+67 -59+59 -13.3+13.7
3.50 £104  -6.4+64 -59+59 -135+135
450 £104  -75+65 -59+59 -14.1+13.6
5.50 £104  -89+47.9 -59+59 -14.9+143
6.50 £104  -10.7+105 -59+59 -16.0+15.9
7.50 £104  -12.9+4143 -59+59 -17.6+18.7
8.50 £104 -158+194 -59+59 -10.8+22.8
9.50 £104  -19.3+259 -59+59 -22.7+285

figure captions. At lowpr, the charged hadroR,, increase
monotonically up to 2 GeW for all centrality classes. At
pr>2 GeV/c, Rys remains constant and close to unity for
the most peripheral centrality class. However, in central col-
lisions, it decreases at highpf, down to an approximately
constant value of 0.2—-0.3 fqr>4-5 GeVEk. This is con-
sistent with Fig. 11, where the central to peripheral ratio also
saturates above 4—5 Ged//This approximately indepen-

Ydent suppression pattern has been interpreted as a result of

the detailed interplay between the Cronin effect, nuclear
shadowing, and partonic energy |J&d].

Also shown in Fig. 12 ar®, for neutral pions from Ref.
[21]. The neutral piorR,, values also seem to reach maxi-
mum around 2 GeW, but the changes are smaller than
those for charged hadrons. Except for the most peripheral
bin, the neutral piorR,, are always below the chargét),
in the range of 2Zp;<4.5GeVk. However, at
pr>4.5 GeVL, Rya for both neutral pions and hadrons satu-
rate at roughly the same level, indicating a similar suppres-
sion for neutral pions and charged hadrons at lggh

The fact that the neutral pioRa, values are smaller than
inclusive  charged hadron Ry, at intermetLate
pr(2<py<4.5 GeVk) has already been observed &y
=130 GeV [17]. This difference can be explained by the
large p/ 7 ratio observed in the samg; range in central
Au+Au collisions[28,29. This large relative proton and an-
tiproton yield indicates a deviation from the standard picture
of hadron production apy>2 GeV/c, which assumes that
the hadrons are created by the fragmentation of energetic

point are statistical. The error bar on the left hand side of the figurd@rtons. Such a deviation has led to models of quark coales-
is the overall scale error relative to 0.5, which is the quadrature surgence[33] or baryon junctiong52] as the possible mecha-

of (i) the uncertainty ofN.) (see Table)land(ii) the uncertainty
on the occupancy correctia@,ccypancy- The shaded error band on
each data point is ther-dependent systematic error frofg s ecay
and centrality dependent feed down correctiéfeqdows @S given
in Table IV.

nisms to enhance the proton production rate at medigm
Both models predict that baryon enhancement is limited to
pr<5 GeV/c, beyond which jet fragmentation should even-
tually become the dominant production mechanism for all
particle species. In that case, one would expect a similar
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m§1 Au+Au 200GeV

} m(h*+h")/2 min. bias 0-10%

I x0 I
ost 1 I
0.6} ﬁ"‘hng -
0 B O g m.?ﬁmg Z FIG. 12. (Color onling Raa for (h*+h7)/2

- - - : ————t——t————t——+ and 7 as a function opy for minimum bias and

1 10-20% | 20-30% nine centrality classes according to the “Fine”
1

1 1 type of centrality classes defined in Table I. The
! ' error bars on ther® data points include statistical
] m"ﬂ'ﬁ & '\ﬁ' 0og n"g"aﬂ.s-,ﬁ-g—ﬁ*i and systematical errors on the Au+Au data and
& S 3 the N+N reference. The error bars ofh*
R L +h7)/2 data points are statistical errors only. The

[=f=)=)=)

1 f 0
] 30-40% 1 40-50% common normalization error& .. from Table
: | } 1 V) on the references for charged hadrons and
3 =, 0, : . .
o6 ﬁ?-“ s é P il el & : «%s are added in quadrature with the uncertainly
g 0 o oy 2 " on (N.o» and are indicated by the black bar on
— ' N S S S S the left side of each panel. This error ranges from
50-60% | 60-70% 15% to 36% from central to peripheral collisions

JErQurgry

and can shift all points in the charged and neutral

| L] l ;
' pion Raa up and down together. The shaded band
Wﬁ 5 !Miﬂ+ on chargedR,a includes the remaining system-

L.

ococoo
ONPOX=NPD OVPo=Nbo OVbo=Nho OVvbo—=Mro Chhox=bo

atic errors on the chargedN+N reference
summed in quadrature with the systematic errors
70-80% 80-92% from the Au+Au spectra. This error amounts to
-12.5% +18% at lowpr and changes to +12.5%

;ﬁ?wﬁmﬁ ;

i gurgy

I Lo .
0 l—-ﬁ'ﬂ?ﬂmi%# wﬁf?‘gﬁ##* % at pr=4.5 GeVL and +18.5% ap;=8 GeV/c.
0
: t
0 1 2 3 4 5 6 7 0 1 2 38 4 5 6 7
pt(GeV/c) py(GeV/c)
suppression factor for charged hadron arfiin agreement Since Ry, values for charged hadrons and’s are ap-

with the data ap;>4.5 GeVL. Recently, the difference of proximately constant gi;>4.5 GeVk, we can quantify the
Raa between charged hadrons and pions was also argued @gntrality dependence of thiy, value by calculating it from
the consequence of centrality and particle species dependefb|ds integrated above 4.5 Ged/The upper panel of Fig.
(kr) broadening effecf53]. 14 showsRy, for pr>4.5 GeVk as a function 0N, The

If hard-scattering dom_lnates charg_e_d hadron production %AA values for charged hadrons anf agree for all central-
pT.>4'5 GeV/g, the partlcle_compos_ltmn _Sh9UId be deter- ity classes within errors. In peripheral collisions with
mined by the jet fragmentation function, similar to nucleon—Npan<50, Raa iS consistent with binary collision scaling.

- ) 0 X
T L N 1ot S CeTUal i TSy, Ry cecreases monctoncly, esching
' y P g B value of 0.23+0.080—-5% most centralfor charged had-

tions. In the most peripheral collisions, théz” ratio is con rons and 0.24+0.080—10% most centrafor 7°s. There is

sistent with thep+p values down tgp;~2 GeV/c . In cen- .
tral collisions, then/ 7° ratio is enhan(T:ed by as much as 509 21 add|t_|ona|_14% error common to c_:harged hadrons and
' s, which originates from the uncertainty on tNe-N ref-

above thep+p value in the region £ p;<4.5 GeVLk. This fence and,g.

enhancement gradually decreases towards more periphet% . . .
collisions and reflects the difference &,, between the . To address_ suggestions that the_yleld of hp;rhadrons
in Au+Au collisions may be proportional t, instead of

charged hadrons ana’s, which is due to large baryon con- . : : )
tribution. The enhancement also strongly depend-erit Neoi [26,54, we have investigated a different ratio,

reaches a maximum between 2.5 and 3.5 Ge\tllen de-

creases. Apr>4.5 GeVL, the h/#° ratios for all centrali- N

ties reach an approximately constant value of 1.6, which is RaR" = 2(Neoi/(Nparp X Raa- (14)
consistent with thénh/ 7 value observed ip+p [31] colli-

sions and in jet fragmentation ie"e” [32] collisions. The

similarity of the spectral shape and of the particle composiR,T;gart for pr>4.5 GeVk is shown in the lower panel of
tion between Au+Au ang+p collisions suggest that frag- Fig. 14, together with solidor dasheglbands representing
mentation of hard-scattered partons is the dominant mechahe allowed range if the data follow binary collisiqor
nism of particle production in Au+Au collisions abope of ~ participanj scaling. As discussed above, for peripheral
4-5 GeVk, regardless of the fact that the yields do notcollisions, Ry follows more closely the binary collision
scale withNgg. scaling. Above 50 participantﬁﬁﬁgart varies by only +20%.
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0 PR R S S S ratios for minimum bias events and nine central-
25 30-40% . | 40-50% ity _classes accoro_ling t_o the “Fine” type of cen-

" ' b U ] % °l ° trality classes defined in Table 1. The error bars

______ *+*++ +{¢_¢+++*+ e E T represent the quadratic sum of statistical and

13 + #i ++ + + point-by-point systematic errors frofh*+h~)/2

1 3 and 7°. The shaded band shows the percent nor-
0.5 ] malization error [dominantly from (h*+h7)/2

] e I S T P SN B datg common to all centrality classes. The
25 50-60% | 1 60-70% dashed line at 1.6 is thle/ ratio measured in

N " ' ] ' p+p [31] ande*e™ [32] collisions.
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[
o

However, it peaks atN,, =100 and decreases monotoni- yield does not scale with the number of binary collisions.
cally towards more central collisiors. Gluon saturation scenarig®R6] also suggest approximate
The decrease dRyg could be a natural consequence of participant scaling, with a 30% increase R, over thepr
energy loss of hard scattered partons in the medib4h If range 4.5—-9 GeW in central collisions. This increase can-

the energy loss is large, hard scattered partons may onkot be excluded by the data.
escape near the surface of the reaction volume. In a cylindri-

cal collision geometry, for which the number of collisions . .
d 4 The inclusive charged hadron amdp; spectra andh/ 7°

from the surface is proportional tbl,.., binary collision . ) .
scaling is reduced to an approximate participant scaling. Defatios suggest that fragmentation of hard scattered partons is

tailed calculations show that in this cas&ien slightly de- the dominant production mechanism of highhadrons not

; S : only in p+p but also in Au+Au collisions. Fop+p colli-
creases WithN,,, depending in details on how the energy sions this fact was demonstrated on general principles well

Ioss is mode_lec[54]. This.interpretation is also consistent before the advent of QCD by the method of; “scaling.”
with our previous conclusion that, above 4.5 GeMtadron  This method does not depend on whether the initial projec-
production is dominated by hard scattering although thgjles are protons or Au ions, so it should be directly appli-
cable to Au+Au collisions. Since our data show a suppres-

3n the py range from 3-4 GeW, R\t for charged hadrons is sion of highp; particles in central Au+Au collisions with
approximately constant, which is consistent with earlier measurereéspect to pointlike scaling fronp+p and peripheral Au
ments atysyy=130 GeV[19] and ysyy=200 GeV[20]. To inter-  +AuU collisions, it is important to investigate whether the
pret this constancy as participant scaling is misleading, since pioroduction dynamics of higpy particles in centrajand pe-
and proton yields change differently with centrality in tisre-  riphera) Au+Au collisions are the same or different from
gion, andR\pt accidentally appears constant for inclusive chargedthose in p+p collisions. We first review thex-scaling
hadron. The data above 4.5 Ga\ghown in Fig. 14 are free of this method inp+p collisions and then apply it to the present
effect. Au+Au data.

C. Energy dependence andy scaling
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electromagnetically from each other jprp collisions, a
general formula for the cross section of the single-particle
inclusive reaction

1 T T T
s (h"+h)2

Au+Au 200GeV
k o gm0

p+p—C+X (17)

0.8

R,.(p; > 4.5 GeV/c)

was derived 57] using the principle of factorization of the

reaction into parton distribution functions for the protons,

fragmentation functions to particlé for the scattered par-

tons, and a short-distance parton-parton hard scattering cross
section.

o vy The invariant cross section for the single-particle inclu-

0 %0 T o200 2500 300 3% sive reactior{Eq. (17)], where particleC has transverse mo-

mentump; near midrapidity, was given by the general scal-

ing form [58]

d30' 1 <2p‘|’) ~
E—==—F|—=| where x:=2p{/ys. 18
dp3 p? s T= ZPr (19

0.6

]

0.4

0.2

-4

H

25

o ]
O

The cross section has two factors: a functierwhich de-
pends only on the ratio of momenta, and a dimensioned fac-
tor p;", wheren depends on the quantum exchanged in the
hard-scattering. For QED or vector gluon exchahgg], n
=4. For the case of quark-meson scattering by the exchange
of a quark[58], n=8. The discovery of higlp; pions inp

0 50 100 150 200 250 300 350 +p scattering at the CERN-ISR, in 19729-61], at a rate

N much larger than predicted by electromagnetic scattering, but
with the scaling form of Eq(18), proved that the partons of

FIG. 14. (Color onling Au+Au vyield integrated for DIS strongly interact with each other.

pr>4.5 GeVi over theN+N yield, normalized using eithe¥ Inclusion of QCD[62] into the scaling fornjEq. (18)] led
(Raa in the top panglor Npa (Rt in the bottom pang) plotted o the x-scaling law,

as a function of(Ny,p. The bands represent the expectation of

binary collisions(solid) and participant paitdashegl scaling. The do 1

width of the bands gives the systematic errors\ag (N, added d_p3 = m G(x7), (19
in quadrature with the common normalization errors on KhieN v

references for charged hadrons and neutral pions. For charged had-here the %-scaling power’n( *’5) should equal 4 in
rons, the statistical errors are given by the bars. The systemati‘él T g pow X7 u qu ;

errors, which are not common with the errors for neutral pions and®West order(LO) calculations, analogous to the o/
which are correlated ipr, are shown as brackets. The shaded bard0rm 0f Rutherford scattering in QED. The structure and
around each neutral pion point represent the systematic and stati@’agmentatlon. functions, which scale as the ratios of mo-
tical errors; these errors are not correlated with the errors shown fdgnenta are all in th&(xy) term. Due to higher order effects
the charged hadron data. such as the running of the coupling constami(Q?), the
evolution of the structure and fragmentation functions,

The idea of hard scattering N+N collisions dates from and the initial state;, measured values af(xr,s) in p
the first indication of pointlike structure inside the proton, in *P collisions are in the range from 5 to 8.
1968, found in deep inelastic electron-proton scatteft, The compilation of single particle inclusive transverse
i.e., scattering with large values of four-momentum transfefmomentum spectra at midrapidity frop#p andp+p colli-
squaredQ? and energy loss. The discovery that the deep Sions at center-of-masgc.m) energy vs from 23 to

R.."(p, > 4.5 GeV/c)

inelastic scatteringDIS) structure function 1800 GeV [31,50,63,6% is shown in Fig. 16 for (h*
5 +h7)/2, and in Fig. 16a) for #° [16,65-68. The spectra
Fo(Q2v) = F2<—> (15) exhibit a characteristic shape: an expongntial part atpew

=<1 GeVk which depends very little on's (soft physics,

and a power-law tail fopr=2 GeVkt which depends very
strongly onys (hard physics The highpy part of the spectra
Q? shows a characteristic scaling behavior indicative of frag-
X= My (16) mentation of jets produced by hard scattering of the quark
and gluon constituents of the proton as described by QCD
independent of)? as suggested by Bjorkd®6], led to the  [69-71.
concept of a proton being composed of pointlike “partons.” The x; scaling of the single particle inclusive data is
Since the partons of DIS are charged, and hence must scatteicely illustrated by a plot of

“scales,” or in other words, depends on the ratio
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FIG. 15. (Color onling (a) Transverse momentum dependence of the invariant cross section at seven center-of-mass energies from
different experiment$31,50,63,6% (b) The same data multiplied bys®-3 plotted as a function ofr=2p;/ys.

s A RHIC to obtain data in thix; range to see whether the
VST Ed_pg =G(xy), (200 value ofn~5 is the asymptotic limit for inclusive single
particle production or whethem reaches thg€LO) QCD

_ value of 4.x; scaling has also been studied in jet produc-
as a function ok, with n(xr,Vs)=6.3. The(h*+h7)/2 data  tion at \s=630 and 1800 Ge\[73], wheren=4.45 is ob-
[Fig. 18b)] show an asymptotic power law with increas- served in the jek; range0.15-0.3.

ing x;. Data at a givenys fall below the asymptote at In Au+Au collisions,x; scaling should work just as well
successively lower values of with increasingys, corre-  as in p+p collisions and should yield the same value of
sponding to the transition region from hard to soft physicsn(xy, vs) if the highp; particles are the result of hard scat-
in the pr range of 1-2 GeW. The #° data[Fig. 16b)]  tering according to QCD. This is because the structure and
show a similarx; scaling but without the deviation at low fragmentation functions in Au+Au collisions should scale,
X1, since all available data are fop; larger than sothat Eq(19) applies, albeit with a differer®(x;). Thus, if
1-2 GeVk. For largerx;=0.3, avalue ofn=5.1[66,72  the suppression of high particles with respect to pointlike
improves the scaling for the three lower c.m. energiesscaling fromp+p collisions is due to shadowing of the struc-
Vs=38.7,52.7, and62.4 GeV. It will be achallenge at ture functions[47] or gluon saturatiorj26], which are basi-

1 [ T 0| ™ ] 16:””| — ”%”l T ——rrr
4F 1 T barp 540 GeV 10 °F 4
Ty @ ue T amgptsp B R ]
2 - A%% pp 200 GeV @1014» % 3
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610 ¢ = © 10°F 3
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FIG. 16. (Color onling (a) Transverse momentum dependence of the invariant cross_sectiaﬁ &arfive center-of-mass energies from
different experiment§16,65—68. (b) The same data multiplied bys®-3, plotted vsx;=2p+/s.
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FIG. 17. (Color onling x; scaled spectra for central collisions and peripheral collisionsat=130 and 200 GeV. The left figure shows
the 70 x; spectra, and the right figure shows tte+h7)/2 x; spectra. The centrd0—10% x; spectra are represented by triangular
symbols, and the peripheré60—80% x; spectra are represented by square symbols. The open symbols repiespettra fromysyy
=130 GeV scaled by a factor 6£30/2006-2. The solid symbols represext spectra fromysyy=200 GeV The error bars are statistical only.

cally scaling effecté, rather than due to a final state interac- While the #° data in central and peripheral collisions and
tion with the dense medium, which may not scale, the crossharged hadron data in peripheral collisions seem to favor a
sections[Eqg. (19)] at a givenx; (and centrality should all
exhibit the same suppression. The initial state shadowingions require a larger value af
may causeG(xy) to change with centrality, bub(xy,vs)
should remain constant. In the case of the interaction wittgiven centrality and hadron selection are fitted simulta-
the dense mediunx; scaling may or may not hold, depend- neously forysyy=130 and 200 GeV to the form

ing on the details of the energy loss, for instance, whether or

not the energy loss of the hard-scattered parton scales with

its energy. It is also conceivable that the highparticles
observed in Au+Au collisions at RHIC have nothing to do

with QCD hard scattering27,33,52. In this case, striking where we have approximated EG.9) by using a constant
differences from Eq(19) and the systematics observed in power n(x,vs) and a power lawx;™, for G(x;) over a

p+p collisions should be expected.

similar powern, the charged hadron data from central colli-

For a more quantitative analysis, the Au+Au data for a
(22)

A n
(7) (xp™,
\S

limited range inxy. The fit results and errors are quoted in

To testxy scaling in Au+Au collisions, we plot the quan- Taple VI. The corresponding ratios of yields are presented

tities defined by Eq(20) in Fig. 17 for charged hadron and py Jines in Figure 18, where the fit range®.03<x;
70 data from \sy\=130 GeV and 200 GeV for central

(0-10% and peripheral60—-80% collisions. For the power
n, we use the same valugxy, \'s)=6.3 that was used for the

p+p data shown in Fig. 1) and Fig. 16b). The data are aren=6.33+0.54 anah=6.12+0.49, fors° and charged had-
consistent withk; scaling over the range 0.683x;=0.06 for

79 and 0.04<x;=<0.075 for(h*+h")/2.

<0.06 for 7% and 0.04<x;=<0.074 forcharged hadrons
are indicated by the length of the line.
For peripheral collisions the fitted values for the power

rons respectively, which are in quantitative agreement with
the expectation fronp+p collisions. Approximate; scaling

According to Eq(19), the ratio of inclusive cross sections in peripheral Au+Au collisions with the same power as ob-
at fixed x; equals(200/13Q". Thus, the powen(xs, Vs) is
related directly to the logarithm of the ratio of invariant had- dominating production mechanism for high-particles. In

ron yield at fixedx; as

log [yield(x, 130 GeVlyield(x, 200 GeV ]

nixr) = log(200/130

(21)

served inp+p collisions indicates that hard scattering is the

central collisions, neutral pions also exhikjtscaling with a
similar power,n=6.41+0.55. Thus, it seems that high-7°
production is consistent with hard scattering, with scaling
structure and fragmentation functions, for all centralities.
For charged hadrons, the power found for central colli-
sions isn=7.53+0.44. Most of the systematic errors are

The powern’s for both neutral pions and charged hadrons.ommon and cancel between centrai and peripheral colli-
for central and peripheral collisions are shown in Fig. 18-sions, thus the difference of the two powers found for

“There is a slight nonscaling effect of the structure functiehg
since for fixedxr, Q? changes by a factor of 2.4 between the two

VSuN-

charged hadronsAn=ngenNperiph=1.41+£0.43 compared
with that for neutral piomn=0.09+0.47, is significant.

This difference is consistent with the large proton and
antiproton enhancement in central Au+Au collisions for in-
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n(x,) for n°
F ar 0-10%
[ 60-80%

n(x;)

PR IS T AT N TR SN SO NN S S

LA LI T AL AL I B

n(x,) for
- 2r0-10%
I~ [0 60-80%

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

0 001 0.02 003 0.04 0.05 0.06 0.07

FIG. 18. (Color onling The x; scaling powem [according to Eq(21)] plotted as a function ok calculated forz® (left) and (h*
+h7)/2 (right) in central(0—10% and periphera(60—80% collisions. The solidand dashegdlines indicate a constant fit along with the
fitting ranges to the centrgand peripheraln(xy) functions. The error bars at each data point include statistical and point-to-point systematic
errors fromysyy=130 and 200 GeV. The scale errors ppaspectra are 20.7%5.9% for #° x; spectra ratio in centralperiphera)
collisions, and 18.6%45.7% for (h*+h™)/2 x; spectra ratio in centralperipheral collisions. These type of errors propagate into the

systematic errors ory scaling powem listed in Table VI.

termediatep; seen at\e’%=130 and 200 GeV, which ap-

pears to violatex; scaling. Thex; range 0.04<x;=<0.074
corresponds to 4 p;<<7.4 GeVt at Vsy=200 GeV, but it
corresponds to 28 p;<4.8 GeVt at \syy=130 GeV. If
protons are enhanced atr<4.5 GeVf in central colli-
sions at both/syy=130 GeV and 200 GeV, than,Wwill be
larger thann,epn in the measured; range. Sincey’%

|7| <0.18 at Vsyn=200 GeV. The yields per nucleon-
nucleon collision in central collisions are significantly sup-
pressed compared to peripheral and nucleon-nucleon colli-
sions. The suppression is approximately independen;of
above 4.5 GeVe for all centrality classes, suggesting a simi-
lar spectral shape between Au+Au apép collisions. At
pr>4.5, charged hadron suppression is the same as for neu-

=200 GeV data indicate that the proton enhancement is limtral pions; the ratich/ #° is ~1.6 for all centralities, similar

ited to the mediunp; range, based on the equalityRf, for
charged hadrons and® at py>4.5 GeVk (Fig. 12, this
difference should go away at largey.

IV. SUMMARY

We have presented a systematic study ofghand cen-

to the h/ 7 value measured ip+p ande*e™ collisions. The
similar spectral shape and particle composition at Ipighre
consistent with jet fragmentation as the dominating mecha-
nism of particle production in Au+Au collisions for
pr>4-5 GeVk. For both charged hadrons and neutral
pions, the suppression sets in gradually from peripheral to

trality dependence of charged hadron production atentral collisions, consistent with the expectation of partonic

TABLE VI. Results of the simultaneous fit tasy=130 and 200 GeV data using E&2). The fit ranges
are 0.03<x;=<0.06 for 7° and 0.04<x;=<0.074 for charged hadron. Only statistical and point-to-point
systematic errors on the data points are included in the fit, which gives the statistical ermorToe
normalization errors and othgy; correlated systematic errors are not included in the fit but are directly

translated into a systematic error on

Fitting results forn® over 0.03< x;< 0.06

Parameters 0-10% centrality bin 60—80% centrality bin

A 0.973+0.232 0.843+0.3

m 8.48+0.17 7.78+0.22

n 6.41+0.2%stad 6.33+0.39stad
+0.49sy9 +0.37(sys

Fitting results forn*+h™ over 0.04& x;<0.074

A 2.30+£0.44 0.62+0.27

m 8.74+0.28 8.40+£0.43

n 7.53+0.18stad 6.12+0.33stab
+0.40Q(sy9 +0.36(sy9
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