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Event-by-event fluctuations of the average transverse momentum of produced particles near mid-
rapidity have been measured by the PHENIX Collaboration in

��������

sNN
p

� 200 GeV Au� Au, and p� p
collisions at the Relativistic Heavy Ion Collider. The fluctuations are observed to be in excess of the
expectation for statistically independent particle emission for all centralities. The excess fluctuations
exhibit a dependence on both the centrality of the collision and on the pT range over which the average
is calculated. Both the centrality and pT dependence can be well reproduced by a simulation of random
particle production with the addition of contributions from hard-scattering processes.
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The measurement of fluctuations in the event-by-event
average transverse momentum of produced particles in
relativistic heavy ion collisions has been proposed as a
probe of phase instabilities near the QCD phase transition
[1–3], which could result in classes of events with differ-
ent properties, such as the effective temperature of the
collision. Fluctuation measurements could also provide
information about the onset of thermalization in the
system [4]. The resulting phenomena can be observed by
measuring deviations of the event-by-event average pT ,
referred to here as MpT

, of produced charged particles
from the expectation for statistically independent particle
emission [5,6] after subtracting contributions from fluc-
tuations arising from physical processes such as elliptic
flow and jet production.

Several MpT
fluctuation measurements have been re-

ported in heavy ion collisions [7–10], including a study
by PHENIX [9] in

��������

sNN
p

� 130 GeV Au� Au collisions,
which set limits on the magnitude of nonrandom fluctua-
tions in MpT

. Recently, STAR has reported fluctuations in
excess of the random expectation, within the PHENIX
limits, at the same collision energy [10]. For the first
results from

��������

sNN
p

� 200 GeV Au� Au and p� p colli-
sions reported here, upgrades of the PHENIX central arm
spectrometers [11] have expanded the azimuthal accep-
tance from 58:5� to 180:0� within the pseudorapidity
range of j�j< 0:35. Pad chamber and calorimeter detec-
tors have also been utilized for improved background
rejection. As a result, the sensitivity of the PHENIX
spectrometer to the observation of fluctuations in MpT

due to event-by-event fluctuations in the effective tem-
perature [9,12] has improved by greater than a factor of 2.

Minimum bias events triggered by a coincidence be-
tween the zero degree calorimeters (ZDC) and the beam-
beam counters (BBC), with a requirement that the colli-
sion vertex, which is measured with an rms resolution of
less than 6 mm in central collisions and 8 mm in the most
peripheral collisions, be within 5 cm of the nominal
origin, are used in this analysis. Event centrality for Au�
Au collisions, which is defined using correlations in the
BBC and ZDC analog response [13], is divided into
several classes, each containing an average of 244 000
analyzed events. These classes are associated to the esti-
mated average number of participants in the collision,
hNparti, which is derived using a Glauber model Monte
Carlo calculation with the BBC and ZDC detector re-
sponse taken into account [14].

Charged particle momenta are reconstructed in the
PHENIX central arm spectrometers with a drift chamber
and a radially adjacent pixel pad chamber. Nonvertex
track background rejection is provided by pixel pad
chambers and calorimeters located further outward radi-
ally from the collision vertex [15]. The momentum reso-
lution is �
p=p	 ’ 0:7% � 1:0%� p �GeV=c	.

MpT
is calculated for each event, which contains a

number of reconstructed tracks within a specified pT
092301-3
range, Ntracks. The pT range is always given a lower bound
of 200 MeV=c and a varying upper bound, pmax

T , from
500 MeV to 2:0 GeV=c. There is a minimum Ntracks cut of
three in both Au� Au events (removing 0%, 4.6%, and
29% of events in the 0%–50%, 50%–60%, and 60%–70%
centrality ranges, respectively, when pmax

T � 2:0 GeV=c)
and p� p events (removing 59% of the events).

There are several measures by which the magnitude of
nonrandom fluctuations can be quantified, namely �pT

[16,17], 
dynamic [18], and FpT
[9]. The calculation of FpT

is
based upon the magnitude of the fluctuation, !pT

, defined
as

!pT
�

�hM2
pT
i 
 hMpT

i2	1=2

hMpT
i

�
�MpT

hMpT
i
: (1)

FpT
is defined as the fractional deviation of !pT

from a
baseline estimate defined using mixed events,

FpT
�

�!�pT;data	 
!�pT;mixed	�

!�pT;mixed	
: (2)

Mixed event MpT
distributions are validated by com-

parisons to a calculation of MpT
assuming statistically

independent particle emission using parameters extracted
from the inclusive pT distributions of the data [19]. For
the 0%–5% centrality class, which suffers the most from
tracking inefficiency, the effects of two-track resolution,
and background contributions, the mixed event MpT

dis-
tribution yields a value of FpT

� 0:04% with respect to
the calculation. The results of this comparison are in-
cluded in the estimates of the systematic errors. Further
details on the mixed event procedure and a discussion of
contributions to the value of FpT

from detector efficiency
and resolution effects can be found in the description
of the data analysis of

��������

sNN
p

� 130 GeV Au� Au colli-
sions [9].

Comparisons of the data and mixed event MpT
distri-

butions for the 0%–5% and 30%–35% centrality classes
are shown in Fig. 1. Any excess fluctuations are small and
are difficult to distinguish by eye in a direct overlay of the
MpT

distributions. Therefore, the comparison is also
shown as residuals of the difference between the data
and mixed event distributions in units of standard devia-
tions of the individual data points. The double-peaked
shape in the residual distributions is an artifact of the fact
that the mixed event distributions, which always have a
smaller standard deviation in MpT

than the data, are
normalized to minimize the total �2 of the residual
distribution.

Figure 2 shows the magnitude of FpT
, expressed in

percent, as a function of centrality for Au� Au collisions
with pmax

T � 2:0 GeV=c. The error bars are dominated by
time-dependent systematic effects during the data taking
period due to detector variations, which are minimized
using strict time-dependent cuts on the mean and
standard deviations of the inclusive pT and Ntracks
092301-3
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FIG. 1. Comparisons between the data and mixed event MpT
distributions for the representative 0%–5% and 30%–35% centrality

classes. Plots (a) and (c) show direct comparisons of the data (points) and normalized mixed event (solid line) MpT
distributions.

Plots (b) and (d) show the residuals between the data and mixed events in units of standard deviations of the data points from the
mixed event points.
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distributions. Statistical errors are below FpT
� 0:05% for

all centralities. The systematic errors are determined by
dividing the entire dataset into ten separate subsets for
each centrality class and extracting the standard deviation
of the FpT

values calculated for each subset. From Fig. 2, a
significant nonrandom fluctuation is seen that appears to
peak in midcentral collisions. However, the magnitude of
the observed fluctuations are within previously published
limits [9]. In addition, the value of FpT

for the most
peripheral Au� Au collisions is consistent with, albeit
slightly below, the value measured by the same PHENIX
apparatus in minimum bias

��������

sNN
p

� 200 GeV p� p col-
lisions. If the magnitude of FpT

is entirely due to fluctua-
tions in the effective temperature of the system [12], this
measurement corresponds to a fluctuation of �T=hTi �
1:8% at 0%–5% centrality and 3.7% at 20%–25%
centrality.

To further understand the source of the nonrandom
fluctuations, FpT

is measured over a varying pT range
for which MpT

is calculated, 0:2 GeV=c < pT < pmax
T .

Figure 3 shows FpT
plotted as a function of pmax

T for the
20%–25% centrality class. A trend of increasing FpT

for
092301-4
increasing pmax
T is observed for this and all other central-

ity classes. The majority of the contribution to FpT
ap-

pears to be due to correlations of particles with
pT > 1:0 GeV=c, where FpT

increases disproportionately
to the small increase (only 14%) of Ntracks in this region.

The behavior of FpT
as a function of centrality and pT

is similar to trends seen in measurements of elliptic flow
[20]. The contribution of elliptic flow to the magnitude of
FpT

is investigated using a Monte Carlo simulation
whereby events are generated with a Gaussian distribution
of Ntracks particles determined by a fit to the data and a
random reaction plane azimuthal angle, �, between 0 and
2�. Independent particles within an event are generated
following the inclusive pT distribution with azimuthal
angles, �, distributed according to collective elliptic flow
described by the function �dN=d��
�	� � 1�
2v2 cos�2��
�	�. The values of the v2 parameter are
linearly parametrized as a function of pT and centrality
using PHENIX measurements of inclusive charged had-
rons [20]. Only generated particles that lie within the
PHENIX azimuthal acceptance are included in the cal-
culation of MpT

. This simulation estimates that the
092301-4



 (GeV/c)max
Tp

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

 (
%

)
T

p
F

0

0.5

1

1.5

2

2.5

3

3.5

4

PHENIX Au+Au

PYTHIA-based Simulation

FIG. 3. FpT
(in percent) of nonrandom fluctuations as a func-

tion of the pT range over which MpT
is calculated,

0:2 GeV=c < pT < pmax
T , for the 20%–25% centrality class

(Npart � 181:6). The curve is the result of a Monte Carlo
simulation with hard-scattering processes modeled using
PYTHIA with Sprob�Npart	 � 0:075 and RAA � 0:41 [23]. The
error bars include statistical and systematic errors and are
dominated by the latter. The contribution of elliptic flow is
estimated to be negligible at this centrality.

part
N

0 50 100 150 200 250 300 350 400

 (
%

)
T

pF

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

PHENIX Au+Au

PHENIX min. bias p+p

Simulation, min. bias p+p, PYTHIA

)
part

(N
prob

Simulation, Au+Au, constant S

)
part

(N
prob

-scaled SAASimulation, Au+Au, R

FIG. 2. FpT
(in percent, 0:2 GeV=c < pT < 2:0 GeV=c) as a

function of centrality, which is expressed in terms of the
number of participants in the collision, Npart. The solid squares
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bility factor, and include the estimated contribution due to
elliptic flow.
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contribution of elliptic flow to FpT
is largely canceled out

by the symmetry of the PHENIX acceptance, and is
negligible for central collisions. The estimated elliptic
flow contribution to the value of FpT

is less than 0.1%
for Npart > 150, increasing to about 0.6% for Npart < 100.
Note that FpT

measured for minimum bias p� p colli-
sions, where collective flow is not expected to contribute,
is nonzero (1:9� 0:6%), implying that a nonflow contri-
bution may also be present in peripheral Au+Au
collisions.

Figure 3 illustrates that a large contribution to the
observed nonrandom fluctuations is due to the correlation
of high pT particles, such as might be expected from
correlations due to jet production [21]. In order to esti-
mate the contribution due to jets, a Monte Carlo simula-
tion is again applied. Events are generated with a
Gaussian distribution of Ntracks particles as independent
particles that follow an mT exponential fit to the inclusive
data pT distribution. Hard processes are defined to occur
at a uniform rate per generated particle, Sprob�Npart	, for
each centrality class. This is the only parameter that is
allowed to vary in the simulation. As Au� Au events are
being generated, single

��������

sNN
p

� 200 GeV p� p hard-
092301-5
scattering events generated by the PYTHIA event genera-
tor [22] and filtered by the PHENIX acceptance are
embedded into the event. The addition of the PYTHIA
events affects the mean and standard deviation of the
inclusive pT spectra by less than 0.1%. The value of FpT

has been extracted from 100 000 PYTHIA events for
minimum bias p� p collisions, yielding FpT

� 2:06%
within the PHENIX acceptance, which is consistent with
the measured value of FpT

� 1:9� 0:6%.
Two scenarios are considered for studies of the central-

ity dependence of jet contributions to the value of FpT
:

(i) with Sprob�Npart	 set at a constant rate for all centrality
classes, and (ii) with Sprob�Npart	 scaled for each centrality
class by the PHENIX measurement of the suppression of
high pT charged particles, which is characterized by the
nuclear modification factor, RAA, integrated over pT >
4:5 GeV=c [23]. The pT value at which RAA is extracted
has little effect on the simulation results, which change by
less than 0.2% for 0%–5% centrality if the RAA measure-
ment at pT � 2:0 GeV=c is used instead. The latter sce-
nario is intended to model the effect of the suppression of
jets due to energy loss in the nuclear medium [24] on the
fluctuation signal. The initial value of Sprob�Npart	 for both
scenarios is normalized so that the FpT

result from the
RAA-scaled simulation matches that of the data for the
20%–25% centrality class. The results of the simulation
092301-5
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as a function of pmax
T , with Sprob�Npart	 scaled by RAA, are

represented by the dashed curve in Fig. 3 for the 20%–
25% centrality class, The trend of increasing FpT

with
increasing pmax

T observed in the data is reproduced by the
simulation reasonably well.

The results of the two hard-scattering simulation sce-
narios are shown in Fig. 2 as a function of centrality. The
model curves include the small contribution estimated
from the elliptic flow simulation. The dotted curve is
the result with Sprob�Npart	 fixed for all centralities. The
dashed curve is the result with Sprob�Npart	 scaled by RAA

as a function of centrality. Within this simulation, the
decrease of FpT

for the more peripheral events is ex-
plained as a decrease in the signal strength relative to
number fluctuations from the small and decreasing value
of Ntracks. If Sprob�Npart	 remains constant, the value of FpT

decreases only slightly when going from midcentral to
central collisions, in contradiction with the large decrease
seen in the data over this centrality range. When
Sprob�Npart	 is scaled by RAA as a function of centrality,
the trend in the simulation of decreasing FpT

with in-
creasing centrality is more consistent with the data.

To summarize, the PHENIX experiment has observed
a positive nonrandom fluctuation signal in event-by-event
average transverse momentum, measured as a function of
centrality and pT in

��������

sNN
p

� 200 GeV Au� Au and p�

p collisions. The increase of FpT
with increasing pT

implies that the majority of the fluctuations are due to
correlated high pT particles. A Monte Carlo simulation
that includes elliptic flow and a PYTHIA-based hard-
scattering description can consistently describe contribu-
tions to the signal as a function of centrality and pT with a
simple implementation of jet suppression.

We thank the staff of the Collider-Accelerator and
Physics Departments at BNL for their vital contributions.
We acknowledge support from the Department of Energy
and NSF (USA), MEXT and JSPS (Japan), CNPq and
FAPESP (Brazil), NSFC (China), CNRS-IN2P3 and
CEA (France), BMBF, DAAD, and AvH (Germany),
OTKA (Hungary), DAE and DST (India), ISF (Israel),
KRF and CHEP (Korea), RMIST, RAS, and RMAE
(Russia), VR and KAW (Sweden), U.S. CRDF for the
FSU, U.S.-Hungarian NSF-OTKA-MTA, and U.S.-
Israel BSF.
092301-6
*Deceased.
†PHENIX Spokesperson.
Email address: zajc@nevis.columbia.edu

[1] H. Heiselberg, Phys. Rep. 351, 161 (2001).
[2] M. Stephanov et al., Phys. Rev. Lett. 81, 4816

(1998).
[3] M. Stephanov et al., Phys. Rev. D 60, 114028 (1999).
[4] S. Gavin, Phys. Rev. Lett. 92, 162301 (2004).
[5] L. Stodolsky, Phys. Rev. Lett. 75, 1044 (1995).
[6] E. Shuryak, Phys. Lett. B 423, 9 (1998).
[7] NA49 Collaboration, H. Appelshäuser et al., Phys. Lett. B
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