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Abstract

PHENIX has measured the centrality dependence of charged hadronpT spectra from Au+Au collisions at
√

sNN = 130 GeV.
The truncated meanpT decreases with centrality forpT > 2 GeV/c, indicating an apparent reduction of the contribution fr
hard scattering to highpT hadron production. For central collisions the yield at highpT is shown to be suppressed compared
binary nucleon–nucleon collision scaling of p+ p data. This suppression is monotonically increasing with centrality, but
of the change occurs below 30% centrality, i.e., for collisions with less than∼ 140 participating nucleons. The observedpT and
centrality dependence is consistent with the particle production predicted by models including hard scattering and su
energy loss of the scattered partons in the dense matter created in the collisions.
 2003 Published by Elsevier Science B.V. Open access under CC BY license.
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1. Introduction

Particle production at large transverse momen
(pT ) provides a new tool to study hot and den

* Corresponding author.
E-mail address: brant@bnl.gov (B.M. Johnson).

1 Deceased.
2 Not a participating institution.
nuclear matter created in high energy nuclear c
lisions. In nucleon–nucleon collisions, hadrons w
pT � 2 GeV/c are believed to originate mostly from
the jet fragmentation of constituent partons, qua
and gluons, that were scattered with large momen
transferQ2 [1]. In nuclear collision these hard scatte
ing processes between constituent partons occur e
compared to the lifetime of the strongly interacti
matter. Thus the hard scattered partons may trav
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the highest energy density matter produced. Theo
cal studies of the propagation of partons in high d
sity matter suggest that they lose a significant frac
of their energy through gluon bremsstrahlung [2] a
that the energy lost reflects the density of color char
in the matter through which they pass [3]. The ene
loss reduces the momenta of the partons, which res
in a corresponding reduction of the momenta of
fragmentation products [4], observable as a redu
yield of highpT hadrons.

The first measurements of hadron spectra at
Brookhaven National Laboratory Relativistic Hea
Ion Collider (RHIC) facility indicate a suppressio
of high-pT hadron production in central Au+ Au
collisions relative to a binary collision scaling
p + p andp̄ + p data [5,6]. No suppression is foun
for peripheral Au+ Au collisions. So far no uniqu
explanation of this apparent absence of the expe
jet contribution to thepT spectrum above 2 GeV/c
has been identified.

Models of parton energy loss can reproduce
observed suppression in central Au+ Au collisions
[7–9]. Other final state effects such as rescatterin
hadrons originally produced via the jet fragmentat
have been proposed to explain the suppression [10
should be noted that models invoking thermal had
production combined with collective transverse e
pansion of the reaction volume successfully desc
the transverse momentum distributions of identifi
hadrons up to 3 GeV/c [11,12]. However, the mecha
nism of equilibration, which requires a reduction of t
highpT particle yield, is not specified in these mode

Alternatively, the initial state may be modified su
that the number of hard scatterings is reduced. I
well known that nuclear modifications of the part
distributions exist [13]. These modifications cann
explain the suppression, since in the kinematic ra
of the measurements anti-shadowing enhances the
ton distributions in nuclei [14–16]. However, mode
using a classical QCD picture of a highly relativ
tic nucleus [17,18] suggest that gluon distributions
saturated for momenta below a scaleQs and thus re-
duced compared to expectations based on perturb
QCD [19]. As a consequence, a considerable supp
sion of hadron production might be expected even w
aboveQs [20].

In this Letter we present the centrality depende
of the suppression of the high-pT hadron yield to
-

provide new experimental constraints on theoret
descriptions. These data are complementary to
previous study of the absolute yields [5] and ha
different systematic errors.

2. Experimental setup and data analysis

The results are obtained from 1.4 × 106 minimum
bias Au+ Au collisions at

√
sNN = 130 GeV recorded

by the PHENIX experiment during the Run-1 ope
tion of RHIC (August–September 2000). Details
the PHENIX detector and its configuration in Run
operation can be found in [5,21].

In PHENIX semi-inclusive charged hadron spec
are measured over the range 0.5 < pT < 5.0 GeV/c

in the east central arm spectrometer using data f
a drift chamber (DC) and two segmented cathode
chambers (PC1 and PC3), located outside of an a
magnetic field at a radial distance of 2.2, 2.5 and 5
from the beam axis. The detectors cover an azimu
acceptance of 90◦ and a pseudo-rapidity range
|η| < 0.35. In this analysis an additional fiduci
cut |η| < 0.18 is applied to guarantee homogene
track acceptance for collisions within|zvtx| < 30 cm
of the nominal interaction point. About∼ 25% of
the azimuthal acceptance is covered by a time
flight system which allows proton identification o
to 3.5 GeV/c, where the measurement is limited
statistics [22].

A pair of beam–beam counters provides the ver
position along the beam direction(z). Each charged
track is reconstructed from the DC measurement
its projection into the bend plane of the magnetic fi
and two space points provided by PC1 and PC3.
unphysical background, resulting from false asso
tions of drift chamber projections with pad chamb
points, is estimated and subtracted by forming ar
cial events with the locations of pad chamber poi
inverted around the symmetry axis of the spectrome
Physical background from decays in flight and pho
conversions close to the DC, which only partially tr
verse the field and thus mimic high momentum trac
are removed by requiring the track to point back
the event vertex within|zvtx| < 2.5 cm. The remaining
background level is negligible below 4 GeV/c and less
than 40% at 5 GeV/c; this upper estimate is include
in the systematic errors.
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Fig. 1. Functions used to correct the charged particlepT spectra. Upper left panel shows the centrality dependent correctionc(Npart) and the
right panel shows thepT dependent correctionc(pT ). The systematic uncertainties are indicated by the dashed lines. The two corre
factorize, so that for any centrality the full correction function is given byc(pT ) × c(Npart). The accuracy of this factorization is demonstra
in the lower panel. The ratio of the full correction for central collisions (top 5%) to the correction for single particle events varies by l
2% above 1 GeV/c.
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Corrections of the data are determined by trac
individual particles through a full GEANT simulation
simulating the detector response, then merging this
sponse with that of all particles from a real event a
passing the composite event through the PHENIX
construction software. The average track reconst
tion efficiency in the active detector area is larger th
98% in peripheral collisions and decreases to 68± 6%
for central collisions. The corresponding correction
shown on the upper left-hand side of Fig. 1. The f
correction also depends onpT . It is plotted for periph-
eral collision on the upper right-hand side of the fi
ure. Between 0.8 and 2.5 GeV/c the correction facto
varies slowly withpT . Its value of∼ 25 corrects for
geometrical acceptance (�φ = π/4;�η = 0.36), dead
areas of the detectors (45% DC, 5% PCs), and lo
due to 2σ track matching cuts. At lowerpT the cor-
rection increases reflecting the gradual loss of acc
tance. At higherpT the observed particle yield is artifi
cially increased because of the finite momentum re
lution (δp/p � 0.6%⊕3.6%p (GeV/c)) and therefore
the correction function decreases. Since this correc
depends on the spectral shape of the truepT distribu-
tion it was determined iteratively. At 5 GeV/c the cor-
rection is reduced by a factor of∼ 2. The systematic
uncertainties are indicate by the dashed lines; they
also tabulated in Table 1. As shown in the lower par
Fig. 1 correction factorizes into functions of central
(i.e., detector occupancy) andpT within 2% system-
atic uncertainty in the range from 2 to 5 GeV/c.

Events are selected according to centrality follo
ing the procedure described in [5]. Six exclusive c
trality bins are established using the energy m
sured in two zero-degree calorimeters and the n
ber of charged-particles detected in the two bea
beam counters. A Monte Carlo simulation using m
sured nucleon density distributions calculated in
Glauber eikonal approximation was used to estim
the average number of binary nucleon–nucleon co
sions(Ncoll) and the corresponding average numbe
participating nucleons(Npart) for each bin. The result
are quoted in Table 2.

3. Results

Fig. 2 presents charged hadronpT spectra for the
six centrality bins. For peripheral collisions the spec
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Table 1
Upper bounds of the systematic error on thepT dependent single particle correction function

pT (GeV/c) δtrack (%) δdecay(%) δreso(%) δbgr (%) Total

1 ±13.5 +10 ±0 0 −13.5+16.4
2 ±13.5 +5 ±1 0 −13.7+14.4
3 ±13.5 +2.5 ±4 −1.6 −14.2+14.2
4 ±13.5 +1.25 ±9 −11.5 −20+ 16
5 ±13.5 +0.6 ±15 −40 −45+ 16

Here δtrack includes the uncertainties of the acceptance, dead areas, track matching cuts and the track reconstruction efficiency. Theδdecay
term accounts for the uncertainty of the decay correction. The effect of the momentum resolution contributes withδresoto the systematic error.
Uncertainties due to potentially unsubtracted background are quantified byδbgr. The total systematic error given in the last column is calculated
as quadrature sum of the individual contributions. It is calculated separately for positive and negative errors.

Table 2
Number of participants and binary collisions and their systematic errors for the individual centrality selections used in this analysis

Bin Relative fraction (%) Npart Ncoll Ncentral
coll /Ncoll 2Ncoll/Npart

1 80–92 5.5±2.6 4.1±1.7 246± 98 1.5± 0.5
2 60–80 19.5±3.5 20± 6 50.4± 13 2.1± 0.5
3 30–60 79± 4.6 131± 23 7.68± 1.1 3.4± 0.6
4 15–30 180± 6.6 406± 46 2.49±0.13 4.5± 0.5
5 5–15 271± 9 712± 72 1.41±0.03 5.2± 0.6
6 0–5 348± 10 1009± 101 1 5.8± 0.6

Also given is the ratio of the number of binary collisions for the most central sample relative to the one for each sample. The last column
quantifies the ratio of binary collisions to participant pairs.

Fig. 2. The left panel showspT spectra of charged hadrons from six Au+Au centrality selections. Error bars indicate statistical errors only. The
pT dependent systematic errors are independent of centrality and not shown, they are given in Table 1. The centrality dependent errors are less
than 10% and small compared to the symbol size. The right panel shows the ratio of each of the centrality selectedpT spectra to the minimum
bias spectrum. Ratios for peripheral selections are scaled for clarity. Dotted lines indicate the average ratios for each centrality selection.
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Fig. 3. The ratio p/h represents the proton plus anti-proton yie
relative to the total charged hadron multiplicity. The top pa
shows thepT dependence of p/h for minimum bias events. In
the bottom panel we show the centrality dependence of p/h for
pT > 1.8 GeV/c. Only statistical errors are shown.

are more concave than those for central collisio
This shape difference is seen more clearly by tak
the ratio of the spectrum for each centrality bin
the minimum-bias spectrum, as shown on the rig
hand side of Fig. 2. In these ratios most system
errors cancel or affect the overall scale only. T
ratios for the central bins are almost independen
pT since central collisions dominate the minimu
bias yields. The peripheral bins show a decreas
ratio between 0.5 and 1.5 GeV/c thus in periphera
collisions the yield in this region decreases m
rapidly with increasingpT than in central collisions
ForpT above 1.5 GeV/c this trend is inverted.

Before analyzing the centrality dependence in m
detail we demonstrate that the observed suppres
of the yield at highpT does not result from a reduce
yield of protons and anti-protons [22]. To evaluate
effect of the (anti-)protons, we plot in the top panel
Fig. 3 thepT dependence of p/h, the ratio of proton
plus anti-proton yields to the total charged had
Fig. 4. Centrality dependence of〈ptrunc
T

〉, the averagepT of charged

particles withpT above a thresholdpmin
T minus the thresholdpmin

T .

Shown are values for twopmin
T

cuts, one atpT > 0.5 GeV/c

representing all data presented in Fig. 2 and the other on
pT > 2 GeV/c. Only statistical errors are shown; see the t
following Eq. (1) for a discussion of the systematic errors.

yield for minimum bias collisions, which increas
steadily. Above 1.5 GeV/c the ratio seem to satura
reaching a value of∼ 0.5 around 3 GeV/c. In the
bottom panel of Fig. 3 we show p/h for pT above
1.8 GeV/c as a function of centrality. Since the
is clearly no significant decrease of the p/h ratio
with either centrality orpT , the observed hadro
suppression is not due to a larger suppression
the (anti-)proton component than that of the meso
On the contrary, within the range of the presen
measurement the apparent slight increase in p/h with
Npart could indicate a larger suppression of the me
component relative to all charged hadrons.

To evaluate the change of the hadron spectra m
quantitatively we calculate the truncated averagepT :

(1)
〈
ptrunc

T

〉 ≡
∫ ∞
pmin

T
pT dN/dpT∫ ∞

pmin
T

dN/dpT

− pmin
T

for pmin
T = 0.5 GeV/c and forpmin

T = 2.0 GeV/c for
each centrality selection.3 In Fig. 4 〈ptrunc

T 〉 is plot-
ted as a function ofNpart. The value of〈ptrunc

T 〉 is

3 The value of〈ptrunc
T 〉 is closely related to the local inverse slo

which is slightly smaller. The conversion to local slope depends
the spectral shape and also onpmin

T
. For an exponential spectrum
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for the
int are
data points.
Fig. 5. Nuclear modification factor(RAA) for the 60–80%, 30–60%, 15–30%, and 5–15% centrality selections compared to the one
most central sample (0–5%). Due to insufficient statisticsRAA is not shown for the 80–92% sample. The solid error bars on each data po
statistical. The systematic error between the more peripheral and the central sample are given as brackets for the more peripheral
The error bar on the left-hand side of each panel indicates the overall systematic error on theRAA scale.
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insensitive to the normalization of the spectra. S
tematic uncertainties of∼ 20(50) MeV/c for pmin

T =
0.5(2.0) GeV/c result from an 1–2% uncertainty o
the momentum scale and thepT dependent uncertain
ties on the correction function. Since the centrality a
pT dependence of the correction factorize the e
on 〈ptrunc

T 〉 is independent of centrality to better th
2 MeV/c.

The 〈ptrunc
T 〉 for pmin

T = 0.5 GeV/c increases with
Npart similar to the averagepT of identified charged
hadrons [22]. For higherpmin

T = 2.0 GeV/c the
〈ptrunc

T 〉 drops by∼ 60 MeV/c with Npart, distinctly
different from the expected increased role of h
particle production in the more central collision
Absent any collective effects, the hard scatter
contribution should increase relative to soft product
by the factorNcoll/Npart which grows from 1.5 to∼ 6
from peripheral to central collisions. Since the relat
contribution of the hard component to the spectr
increases withpT , this should lead to a rise of〈ptrunc

T 〉

with an inverse slope of 350 MeV/c the conversion is approximatel
−80(−60) MeV/c for pmin

T
= 0.5(2.0) GeV/c.
for sufficiently largepmin
T . The drop of〈pT 〉 therefore

indicates the suppression of the highpT relative to the
low pT hadron yield independent of systematic err
associated with the absolute normalization of
spectra or any nucleon–nucleon reference distribut

Changes of the hadron spectra at highpT are of-
ten presented in terms of the nuclear modification f
tor RAA. This measure relies on the absolute norm
ization and a reference and therefore has intrinsic
larger systematic uncertainties, but it allows to qu
tify the suppression. We have calculatedRAA for each
centrality bin as:

RAA(pT ,η) =
(

1

Nevt

d2NA+A

dpT dη

)

(2)×
( 〈Ncoll〉

σN+N
inel

d2σN+N

dpT dη

)−1

.

For the N+ N charged hadron cross section w
use a power-law parameterization 1/π d2σ/dp2

T =
A/(1 + pT /p0)

n, with A = 330 mb/(GeV/c)2, p0 =
1.72 GeV/c, andn = 12.4. The parameters were o
tained by interpolating p+ p andp̄+ p data to

√
s =

130 GeV as described in [5]. In Fig. 5 theRAA(pT )
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values for all centrality bins excluding the most p
ripheral one are compared to the central (0–5%)
The systematic uncertainties in the normalization
the data, inNcoll, and in the N+ N reference (20%
result in overall systematic errors of about 41%, 34
31%, 31% and 30% for centrality bins 2–6, resp
tively. The errors are quoted for the range from 1
3.5 GeV/c; they increase somewhat towards high
pT . ComparingRAA for a given centrality bin to the
most central bin, the systematic errors reduce to∼ 6%
for bin 5 (5–15%) and nearly 27% for bin 2(60–80%
They are dominated the uncertainty inNcoll listed in
Table 2.

For the 60–80% centrality bin,RAA increases with
pT and reaches unity at highpT . In comparison to
the 60–80% bin, theRAA values for the most centra
bin remain significantly below unity at a value
0.55 for pT > 2 GeV/c. At high pT approximately
constantRAA values are detected in all centrali
bins. The highpT values decrease monotonically wi
centrality, clearly indicating that the magnitude
the suppression of highpT hadrons increases wit
centrality. This is shown clearly in the upper part
Fig. 6, which presentsRAA obtained for the three
pT bins 1.6 to 2.6 GeV/c, 2.6 to 3.6 GeV/c, and
above 3.6 GeV/c as a function of centrality. Fo
central collisions we observe a suppression of abo
factor of 2± 0.6 compared to binary collision scalin
Relative to peripheral collisions the suppression fac
in central collisions increases withpT from 1.25±
0.2 to 1.5 ± 0.2 to 1.8 ± 0.3 for the threepT bins,
respectively.

We note that for peripheral collisions the data
not indicate a significant increase ofRAA above unity,
unlike data at lower energies [23]. However, su
an increase, attributed to initial state scattering,
Cronin effect [24], may well be consistent with the p
ripheral data due to the large systematic uncerta
of the RAA scale. While the relative difference b
tween the peripheral and central spectra increases
pT , the roughly constant nuclear modification facto
largepT suggests an approximatelypT independen
suppression of hard scattering contributions over
range 2< pT < 4.5 GeV/c.

The physics that controls the production of hig
pT particles or the suppression of the hard scatte
yields in the measuredpT range may not depen
directly onNcoll. Thus, we have calculated a differe
Fig. 6. The top panel gives the nuclear modification factorRAA

for three exclusivepT regions as a function of the centrality
the collision. The lower panel shows essentially the same qua
but normalized to the number of participant pairs rather than
the number of binary collisions. The dotted line indicates
expectation for scaling with the number of binary collisions (to
or with the number of participants (bottom). Only statistical err
are shown. The systematic error on the scale and the cent
dependence are identical to the errors shown in Fig. 5. T
errors are correlated, i.e., take their maximum or minimum va
simultaneously for all centrality andpT selections. In addition
there are alsopT dependent systematic errors, which are given
Table 1. The systematic errors do not alter the trends in the dat

ratio, R
part
AA , defined similarly toRAA but with Ncoll

replaced by the number of participant pairs,Npart/2.
If particle production increases proportional to t
number of participants,Rpart

AA = 1.
The obtainedR

part
AA values are shown in Fig.

(bottom) for the threepT bins used above. The valu
of R

part
AA are larger thanRAA by a factor equal to

2Ncoll/Npart the average number of nucleon–nucle
collisions suffered by each participant. For allpT

bins the yield per participant is consistent with un
for peripheral collisions as expected since periph
collisions should closely resemble N+ N collisions.
For central collisionsRpart

AA increases to approximate
three. Most of this change occurs in the range ofNpart
from 40 to 140. For largerNpart the yield in the highes
pT bin is approximately constant while in both low
pT bins it increases by 20 to 30%.
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4. Concluding discussion

In this Letter we have presented the centrality
pendence of charged hadronpT spectra focusing on
the behavior of the spectra at highpT . A striking
change of the spectral shape is observed when com
ing spectra from different centrality selections. For p
ripheral collisions the spectrum exhibits a pronoun
concave shape which is modified towards a more
ponential spectrum as the centrality increases. The
served lack of variation with centrality in the proto
to charged ratio at large transverse momenta indic
that the modification is not due to a change in the
ative yields of protons.

We observe a decrease of〈ptrunc
T 〉 for pT >

2 GeV/c with increasing centrality, which is distinctl
different from the increase of〈pT 〉 and demonstrate
the suppression of the highpT hadron yield indepen
dent of systematic errors associated with the abso
normalization of the spectra. The data are not c
sistent with binary collision scaling of hard scatte
ing processes, which would results in an increase
〈ptrunc

T 〉. If the pT spectra above 2 GeV/c are strongly
affected by collective motion of matter before freez
out, we would also expect an increase〈ptrunc

T 〉 since
the corresponding flow velocities should increase
more central collisions [25]. Similarly, if gluon satu
ration is important for particle production in thepT

range above 2 GeV/c, 〈ptrunc
T 〉 should increase with

increasingNpart due to the predicted logarithmic in
crease ofQs [26]. In contrast, the data are consiste
with models assuming energy loss of hard scatte
partons, which results in an increasing reduction
the hard scattering contribution to the hadron spect
with increasing centrality of the collisions [7–9]. It re
mains to be seen whether this explanation is uniqu

Comparing the measured differential yields in fi
centrality bins to anNcoll scaling of the N+ N
reference yields we see a suppression of the yi
in central collisions at highpT , consistent with the
results in [5,6]. In the 0–30% centrality range (bi
1–3) the suppression is approximately independ
of pT for 2 < pT < 5 GeV/c at a value ofRAA ∼
0.6 and simultaneously nearly independent wit
20% of centrality. The suppression sets in gradu
with the largest change occurring over the 30–6
centrality range. This centrality bin covers a bro
range of collision geometries. Whether the cha
-

is continuous or exhibits a threshold behavior,
predicted in [27], cannot be judged from the pres
data. The observed suppression is consistent
parton energy loss scenarios. In these models,
value ofRAA and itspT dependence are very sensiti
to the actual energy loss prescription. Due to the la
systematic errors on theRAA scale, the contribution
from the protons and the limitedpT reach of the
data presented here, we cannot distinguish betwee
different energy loss prescriptions on the basis ofRAA.

In summary, a detailed analysis of the centrality
pendence of charged particle data from Au–Au c
lisions at

√
sNN = 130 GeV measured by PHENI

reveals interesting features of the observed highpT

hadron suppression. The decrease of the averagpT

with increasing centrality seems to favor models
particle production that consider energy loss effe
rather than saturation- or hydrodynamics-based
proaches for thispT range. The suppression sets
gradually with the largest changes occurring for
ripheral collisions with less than about 140 particip
ing nucleons. From there on it does not change s
stantially towards more central collisions.

Note added in proof

After submission of our manuscript, data fro
Au–Au collisions at

√
sNN = 200 GeV were presente

by the PHOBOS Collaboration [28,29], with an em
phasis on the lack of variation in the scaled yields w
Npart for Npart> 65. Keeping in mind that results from
different energies are not directly comparable, we n
that the broader range inNpart presented here show
that this effect does not apply over the entire range
centralities, and that when normalized with the app
priate p–p yields, is simply an aspect of the smo
variation ofRpart

AA visible in Fig. 6.
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