
VOLUME 84, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 27 MARCH 2000
Bombarding Energy Dependence of p2 Interferometry at the Brookhaven AGS
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We present the first excitation function of p2 intensity interferometry at Alternating Gradient Syn-
chrotron (AGS) energies (2–8 A GeV). The sensitivity of the multidimensional correlation functions to
the geometry and dynamics of the pion-emitting system provides a stringent test of transport models of
heavy ion collisions. Detailed comparisons with a realistic transport model, both with and without an
explicit nuclear mean field, suggest that the beam energy evolution in the reaction dynamics is different
in the model than in the data. A significantly increased p2 emission time scale, which has been sug-
gested as a signal of the onset of the transition to quark-gluon plasma, is not observed.

PACS numbers: 25.75.Gz, 25.75.Ld
Intensity interferometry (aka HBT) techniques have
been used extensively to probe the space-time structure
of heavy ion collisions (see, e.g., [1]). Multidimensional
analysis of two-pion correlation functions has been shown
to be sensitive to the geometry of the pion-emitting source
[1], the duration of pion emission [2–5], and the details
of resonance decay contributions [4,6–8]. The depen-
dence of the correlations on kinematic variables displays
sensitivity to the dynamics of the collision, including
collective flow [4,9,10]. Further, the interplay among
these physical effects evolves with collision energy.
Therefore, correlation functions—and especially HBT
excitation functions—are a powerful tool to stringently
test the dynamics in microscopic transport models [7,11].

In this Letter, we compare the data to the relativistic
quantum molecular dynamics (RQMD) model (v2.3) [12],
which incorporates known and calculated hadronic cross
sections and resonances, relativistic kinematics, rescatter-
ing effects, and a parametrized nuclear mean field. The
predictions of such models represent the current knowl-
edge of effects arising from “normal” hadronic physics in
a heavy ion collision. As such, one would like to use these
models at higher collision energies, e.g., at Brookhaven’s
Relativistic Heavy Ion Collider (RHIC), to describe a nor-
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mal collision and attribute (perhaps subtle) discrepancies
with the data to “new” physics. Confidence in such an
interpretation would be greatly enhanced if the model re-
produces the evolution of the measured systematics over a
large range of lower collision energies.

The most intriguing new physics sought in heavy ion
collisions is the phase transition from hadronic matter
to a quark gluon plasma (QGP), in which partons are
deconfined. If such a transition takes place, the time scale
for pion emission is expected to increase significantly,
perhaps to tens of fm�c, detectable via two-particle
interferometry as an apparent source geometry extended
in the direction of the pion momentum [4]. The exact
magnitude of the lifetime signal in case of QGP for-
mation is model dependent [13] and requires a more
complete understanding of the phase transition. Heavy
ion reaction studies at Brookhaven’s Alternating Gradient
Synchrotron (AGS) probe nuclear matter at very high
baryon density (r � 6 8r0) [14,15]. Some models
[14–18] and equilibrium-based metaanalyses of data [19]
suggest that sufficient energy density may be generated in
collisions below maximum AGS energies to trigger QGP
formation. Hydrodynamic calculations suggest an HBT
excitation function as an excellent method to detect the
© 2000 The American Physical Society
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transition to QGP through a sudden increase of emission
time scale [13].

The E895 Collaboration has measured about 0.75 mil-
lion Au 1 Au collisions at Ebeam � 2, 4, 6, and 8 A GeV
at the Brookhaven AGS using the EOS Time Projection
Chamber (TPC) [20]. The TPC, located in a magnet op-
erated at 0.75 or 1.0 T, provides nearly full acceptance for
pions with rapidity ylab $ 0.5 with no lower threshold in
transverse momentum (pT ).

Particle identification was achieved by correlating the
magnetic rigidity of a track with its specific ionization
�dE�dx� in the P10 gas. While p̄ and K2 production are
negligible compared to p2 at these energies, the electron
and p2 bands overlap somewhat in the dE�dx rigidity
space. After track-quality cuts, we estimate the level of
e2 contamination at &5%, with less contamination at the
lower beam energies and higher pT .

Correlation functions are generated from the off-line
event reconstruction after a series of quality cuts. Re-
quiring that a track projects back to the interaction vertex
eliminates “ghost” tracks originating from unused hit com-
binatorics. This cut also eliminates many p2 from decays
of long-lived particles (e.g., L, h, K0). However, detailed
simulations with the RQMD model reveal that roughly
10% (5%) of the p2 from the 8 A GeV (2 A GeV) colli-
sions that pass this cut originate from long-lived particles;
these pions are typically at low pT and their effect is to
lower the strength of the correlation at zero relative mo-
mentum [quantified by the l fit parameter (see below)].
As in the data, these pions are included when generating
correlation functions for the model.

The correlation function is constructed by dividing the
two-particle yield as a function of relative momentum vec-
tor, q, by a “background” generated by mixing pions of the
current event with those of the previous ten events, follow-
ing the standard event-mixing technique [21]. The large
acceptance of the TPC eliminates several complications
associated with correlation measurements with “keyhole”
spectrometers [22]. First, the measured pion multiplicity
in each event is much greater than unity, eliminating possi-
ble ambiguities about differing classes of events used in the
correlated distribution and the background. Second, the ef-
fect of residual correlations in the background are greatly
reduced. Finally, an unrestricted acceptance in q provides
greater sensitivity to the shape of the effective pion source
in coordinate space.
To eliminate track-merging effects in the TPC, which
suppress the correlation function at low q, we require
the tracks in a pair to be well separated (by at least
4.5 cm over a distance of 18 cm in the beam direction).
In applying this cut to the mixed event background, we
account for event-to-event variation in primary vertex
position. This cut also removes false “pairs” from split
tracks.

The Coulomb correction applied to the raw correla-
tion functions is obtained by averaging the square of the
Coulomb wave function [4,23] over a spherical Gaussian
source of 5 fm radius. Changing this radius by 61 fm has
a negligible effect on the fit parameters. Our correction is
the same as that used by several groups [24,25]. Identi-
cal Coulomb corrections were applied to the data and to
RQMD model predictions.

The momentum resolution of the TPC (dp�p �
�1.5 3�%, including multiple Coulomb scattering and
straggling effects) artificially broadens the experimental
correlation functions. Using detailed studies of our resolu-
tion, we correct the correlation functions with an iterative
technique similar to that used by the NA44 Collaboration
[26]. This correction typically increases the l and radii
fit parameters by 15% and 5%, respectively. We compare
corrected data to model correlations and do not smear the
model results by the momentum resolution.

Multidimensional correlation functions were generated
[27] by decomposing q in the Au 1 Au c.m. frame us-
ing the Bertsch-Pratt (BP) parametrization [3,4]. Here,
qlong is the component of the relative momentum paral-
lel to the beam, qside is perpendicular to the beam and to
the total momentum of the pair, and qout is perpendicular
to qlong and qside. The correlation functions were con-
structed from midrapidity ( y � yc.m. 6 0.35) pions with
pT � 0.1 0.3 GeV�c from central (11% sT as deter-
mined by event multiplicity) Au 1 Au collisions. This
lower pT cut was selected to reduce the effects of e2

contamination [28] and to allow comparison with corre-
lation measurements at midrapidity by the E866 Collabo-
ration at 10.6 A GeV [29]. For this narrow pT cut, the
phasespace distortions due to the two-track cut are mini-
mal, and the average pT of pions in low-q pairs varies
little: from 157 MeV�c at 2 A GeV to 165 MeV�c at
8 A GeV.

We performed maximum log-likelihood fits to the three-
dimensional correlation functions with the form
C�qout, qside, qlong� � 1 1 le2R2
outq

2
out2R2

sideq2
side2R2

longq2
long22R2

olqoutqlong . (1)
The cross term [30] R2
ol (which may be negative) was in-

cluded in all fits, but always came out consistent with zero
with very large uncertainty. At midrapidity, this term is
expected to vanish identically [30]. It was verified for all
energies that fixing R2

ol � 0 in the fits of the midrapidity
correlation functions has a negligible effect on the other
parameters. The correlation functions are well described
by this Gaussian form [27] even down to very small rela-
tive momentum; hence the fit parameters may be used to
summarize the correlations [4].

The excitation function of the BP fit parameters is shown
in the left panels in Fig. 1. The l parameter falls sharply
2799
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FIG. 1. Fit parameters for the measured correlation functions
decomposed with the BP (left panels) and YKP (right panels)
decompositions are shown as stars. Triangles and circles repre-
sent the results of fits to correlation functions from RQMD in
cascade and mean field modes, respectively.

with beam energy, due mostly to increased production of
long-lived p2-emitting particles at the higher energies [7].
Values of l � 1 have been reported by some (e.g., [28])
but not all [22] groups measuring correlation functions at
similar energies at the Bevalac. (The small e2 contami-
nation is estimated to reduce l by up to 10% for the
highest beam energy [31]. Purposely increasing the e2

contamination by relaxing particle cuts affects only l,
not the extracted radii, consistent with observations from
higher energies [25].)

Perhaps surprisingly, Rside, which is most directly re-
lated to source size transverse to the beam direction, and
Rout, which is sensitive to temporal as well as spatial extent
[3,4], are also seen to decrease with increasing bombard-
ing energy, while Rlong remains almost constant.

Also shown in Fig. 1 are results of fits to correlation
functions from the RQMD transport model. At each en-
ergy, sets of events with impact parameter b � 0 5 fm
(geometrically weighted) were generated with and without
mean field effects included in the calculation. Correlation
functions were built by correlating p2 from the RQMD
freeze-out phase space (including p2 from long-lived par-
ticle decay) with the correlator code of Pratt [11].

Good agreement in the l fit parameter is observed be-
tween the data and the model. This suggests that the frac-
tion of p2 originating from long-lived particle decays is
well reproduced in the model, independent of mean field.
Rout and Rlong from the model fits agree reasonably well
with the data and exhibit some sensitivity to the action of
the mean field during the collision. However, the model
predicts a flat beam energy dependence of Rside, with or
without the mean field, in strong disagreement with the
data. Rside is underpredicted by �1.5 fm for 2 A GeV col-
2800
lisions; agreement between data and model improves with
increasing beam energy.

These discrepancies suggest that the effective source
generated by the model is too small, and with too large
a lifetime. Such an interpretation is more clearly illus-
trated by constructing the correlation functions using the
Yano-Koonin-Podgoretsky (YKP) decomposition [32] of
relative momentum, in which the effective lifetime is fit
more directly. In this parametrization, one fits the correla-
tion function to the form

C�q0, q�, qk� � 1 1 le2R2
�q2

�2R2
k �q2

k2�q0�2�2��R0�21R2
k � �qU�2

,

(2)

where U � g �1, 0, 0, y� and y is the actual source veloc-
ity in the beam direction, relative to the analysis frame;
g � �1 2 y2�21�2. For all energies, y was found to be
consistent with zero, which is expected since the analy-
sis is performed in the system c.m. frame, with midra-
pidity pions. Fixing y � 0 in the fits has no significant
effect on the other parameters [33]. The l parameter
in the YKP and BP parametrizations are identical within
errors.

R0 measures the effective lifetime of the p2-emitting
source, and R� and Rk the effective size perpendicular to
and parallel to the beam axis. As shown in Fig. 1, the
effective p2 source consistent with the data has a lifetime
&2 fm�c, and a transverse radius that evolves from 6.3
to 5.0 fm, while the RQMD indeed produces an effective
source that is longer lived and smaller at the lower collision
energy.

Given the observed energy dependence of the discrep-
ancy between RQMD and the data at AGS energies, it is
interesting to note that for Pb 1 Pb collisions at the CERN
Super Proton Synchrotron (158 A GeV), the effective p2

source from RQMD is significantly larger than the mea-
sured size [34].

Further detail is obtained by examining the dependence

of the correlations on mT �
q

p2
T 1 m2. Collective

flow effects that induce position-momentum correlations
[10,34], as well as source expansion coupled with a finite
emission time scale [4], both tend to decrease the effective
source size at higher mT .

As is clear from Fig. 2, the magnitude of these effects
evolves with beam energy in nature. While Rlong has simi-
lar values and decreases similarly with mT at all energies,
the transverse radius Rside (and Rout � Rside, not shown)
exhibits two trends. The first is a decrease in the overall
scale of Rside as the beam energy increases. Second, the
reduction of Rside with increasing mT , familiar in HBT
studies at higher beam energies [34–36], appears weaker
at 2 A GeV. Inconsistent reports exist on the presence [37]
or absence [38] of a momentum dependence of transverse
radii in HBT analyses for heavy systems at the Bevalac at
slightly lower energy.
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FIG. 2. Filled stars indicate the mT dependence of the mea-
sured BP parameters for midrapidity ( y � yc.m. 6 0.5) p2 for
central (11% sT ) collisions at four beam energies. Open sym-
bols show the parameters from fits to correlation functions from
RQMD calculations.

In contrast, the overall scale and mT dependence of
Rside predicted by the RQMD model is almost indepen-
dent of collision energy. While the model reproduces the
measurements at 8 A GeV, at lower energy Rside is under-
predicted at low mT . This discrepancy worsens as Ebeam
decreases until, at 2 A GeV, Rside is underpredicted for all
mT bins.

As expected due to the increasing fraction of p2 from
particle decay at low pT , l increases with mT ; similar
trends are seen at higher energy [34]. Since the model
reproduces the trends of l reasonably well (cf. Figs. 1
and 2), it is unlikely that the details of resonance
production dominate the discrepancy in mT systema-
tics [6].

Because flow and source evolution effects both influ-
ence the overall scale and mT dependence of Rside simi-
larly, it is difficult to isolate the physical origin of the
difference between the model and data. Nevertheless, the
discrepancy appears to be slightly worse when the mean
field is switched off. Overall, collective flow at these en-
ergies is indeed better described when the mean field is
included in the model [39–41]. However, the details of
flow are not reproduced by the model [41], and interfer-
ometry’s sensitivity to space-momentum correlations pro-
vides another tool to study these dynamics.

In summary, we have presented the first excitation func-
tion of pion interferometry at the AGS. The correlations at
midrapidity for central collisions show no sharp increase in
emission time scale that would signal QGP formation. A
detailed comparison of measured multidimensional corre-
lation functions to those from the popular transport model
RQMD revealed systematic discrepancies. In particular,
the effective pion sources generated by the model are too
small in size and too large in temporal extent for the lower
bombarding energies. The discrepancy diminishes with in-
creasing energy, finally reversing at CERN energies, where
the predicted source is too large. The mT dependence of
the correlations reveals an evolution in the strength of dy-
namical and/or lifetime effects at AGS energies; this evo-
lution with collision energy appears to be absent in the
model. It is important to understand energy-dependent
discrepancies in more detail before extrapolating transport
models to the still higher energies of RHIC.
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