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Charged pion production in 2A to 8A GeV central Au+ Au Collisions
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Momentum spectra of charged pions over nearly full rapidity coverage from target to beam rapidity have
been extracted from 0—5% most central Au+Au collisions in the beam energy rangeAtm8& GeV by the
E895 experiment. Using a thermal parametrization to fit the transverse mass spectra, rapidity density distribu-
tions are extracted. The observed spectra are compared with predictions from the RQMD version 2.3 cascade
model and also to a thermal model including longitudinal flow. The totali#lds of the charged pions are
used to infer an initial-state entropy produced in the collisions.
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I. INTRODUCTION and cannot account for the increased energy avail&hi€).
This additional available energy goes primarily into pion

One of the primary goals of the study of heavy ion colli- . . . . i
sions at relativistic energies is the improvement of our un_producnon. By studying the pion production across this re

derstanding of the bulk properties of nuclear/hadronic mattef C WE are able to observe nuclear matter in transition.

: i . . Early on, in the study of heavy ion collisions, an enhanced
at high temperatures and densities. As a first step in under- . . : L
ield of pions was seen as a possible signature of a transition

standing these properties, one should carefully characteri 6 a deconfined state of matter. However, in the early studies
the particle species that make up the bulk of the matter. Fo f : !

. 5 pion yields in the A GeV energy range at the Bevalac
the energy regime of the Bevalac/SI82A to 1.2AGeV), 11113 it was observed that the measured pion production

collisions between heavy nuclei cause a compression of thgss sections were smaller than predicted at the time. This
nuclear matter, resulting in a disassembly into the constituer§pservation led to the conjecture, which was later experi-
neutrons and protons, which are emitted either individuallymentally demonstrated, that the excess kinetic energy was
or bound within various light composite fragmexitst, °He,  converted into hydrodynamical flow effects. The strong ra-
*He) [1,2. dial flow observed at this energy implies a significant expan-
At the top energy for Alternating Gradient Synchrotron sion and cooling, which limits the freeze-out pion multiplici-
(AGS) Au+Au collisions of 10.& GeV, the most copiously ties [14,15. More recently, more detailed measurements of
produced charged particles are the lightest of the mesons, thiee pion yields from A GeV Au+Au collisions have be-
pions[3,4]. The matter has evolved from a heated and comcome available from the SIS experimefi$—-19. These re-
pressed gas of nucleons into a hot dense gas of hadrorsjlts demonstrate a roughly two to one ratiomf over 7"
predominantlym-mesons. Thus the energy region fromt  and a strong nonthermal lop-enhancement. Both features
8A GeV represents a transition regime. Studies of nucleaare strong indicators that pions at this energy are produced
stopping suggest the maximum density achieved increasedmost exclusively through th& resonancg20]. In full en-
from three times normal nuclear density & GeV [5-7]to  ergy AGS collisions(Au+Au at 10.& GeV), pion produc-
eight times normal nuclear density atAlGeV [8]. Measure- tion has been studied at midrapid[t§] and at target rapidity
ments of the proton directed and elliptic flow indicate that[21]. Although there is still an asymmetry betwegnand =*
hydrodynamic flow has saturated across this energy rangeroduction and there is also still evidence of a lpwen-
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hancement in the momentum spectra, these effects are much -2:5
less significant than at SIS. The broad rapidity coverage for I 6 AGeV
both pions and protons at these energies has also been use( I
to study the development of longitudinal flq&2].

This paper will detail the development of pion production
across the beam energy range fromta 8A GeV. The role
of the A resonance production mechanism will be explored
through observations of the overall pion ratios and through
Relativist Quantum Molecular DynamigRkQMD) simula-
tions [41]. The rapidity density distributions will be used
with previously published proton rapidity distributiofig3]
to explore the effects of collective longitudinal flow. The
overall pion multiplicities will be used to establish a low
energy base line for a recent pion multiplicity based quark
gluon plasmaQGP) search at the CERN SH24].
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II. DATA COLLECTION AND ANALYSIS
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The data were taken at the Brookhaven National Labora-
tory AGS by the E895 experiment using the EOS time pro-
jection chambe(TPC) [25] during a series of runs in 1996.  FiG. 1. (dE/dx) as a function of rigidity at & GeV. A param-
This paper presents charged pion transverse mass and rapirized Bethe-Bloch prediction is used to fix the mean energy loss
ity density spectra from Au+Au collisions at nominal beam for each particle species as a function of rigidity. The narrow slices
energies of 2, 4, 6, and 8 GeV/nucléArGeV). (After cor- llustrate the location of thédE/dx) projections shown in Fig. 2.
recting for energy loss before the target, the actual beam
energies of collisions at&2and 4A GeV were found to be
1.85A and 3.9A GeV, respectively. No corrections were
necessary for & and A GeV). The EOS TPC provides :
nearly 47 solid angle coverage, which makes global Charac_measure_d partlcl(apx, By, Po)- L .
terization of the collision events possible. Charged particle 1€ Single-particlédE/dx) projections are often described

momenta are reconstructed from the helical trajectories ofY & Gaussian distribution centered on the mean value pre-
tracks reconstructed from the ionization trails left by par-dicted by a Bethe-Bloch formulation. However, this assumes
ticles passing through the TPC, which was situated inside thihat the calculation ofdE/dx) for each track was obtained in
Multi-Particle SpectrometefMPS) magnet. Data presented an identical fashion for all tracks in the distribution. In fact,
for 2A GeV collisions were taken in a 0.75 T field, whild4 the truncated mean method used in this analysis introduces a
6A, and & GeV collisions were taken in a 1 T field. skewing toward largefdE/dx) which comes from combining

A primary track multiplicity for each event is obtained by tracks of different number of sampleBl,;s. One way to
rejecting those tracks which do not pass within 2.5 cm of theavoid this skewing is to divide the data into bins M,
reconstructed event vertex in the target. The multiplicity dis-which reduces the effect. However the reduction in statistics
tribution from a minimum trigger-biased sample of events isfor each bin leads to increased uncertainty in the determined
used to discriminate event centrality classes by assuming ydelds. Therefore, for this analysis, a model of the
monotonic relationship between the impact parameter antlintegrated single-particlgdE/dx) distribution shapes
multiplicity [26]. The data presented in this paper are sewas used with the predicted mean values from a Bethe-Bloch
lected on the top 5% most central events; an ensemble gfarametrization of thédE/dx) as a function of8y to extract
~20000 events at each energy for this centrality selectiotthe total yields of pions from each projection. The model is
were analyzed to obtain the spectra. represented by a correlated sum of Gaussian distributions: a

Identification of particle species is determined via mul-main Gaussian for the bulk of the distribution plus a smaller,
tiple sampling(up to 128 samplesof the ionization in P10 offset “shoulder” Gaussian for the higdE/dx) tail. The pa-
(10% methane, 90% argpdrift gas. The average ionization rameters of the model were studied as a function of beam
energy loss(dE/dx) is computed for each track from the energy, particle type, an@n—my, y) bin in regions where the
available samples via a truncated mean to reduce the inflsingle-particle distributions can be separately characterized.
ence of the large energy tail of the distribution. The 20%Tight constraints on the model parameters were applied in
highestdE/dx samples are discarded from the calculation oforder to extrapolate the model into regions where multiple-
the average. particle distributions partially overlap. Thus the relative

Figure 1 shows a typical particle identification map with yields of different particles were deconvoluted in edof
(dE/dx) plotted versus reconstructed track rigidityp/Z) at  —my,y) bin: 0.1 unit rapidity slices over the full rapidity
6A GeV. The various patrticle species are identified by theirange from target to beam rapidity, with the midrapidity bin
separation into bands. The pion spectra were obtained bgovering the range —0.85y, ,,<0.05, and in 25 MeW?
fitting projections of the(dE/dx) in narrow bins ofm-m,  bins inm—my in the range &m-my<1.0 GeVt?. Particles

and rapidity, using an assumption of the pion mass and
charge to calculate thém—my,y) coordinates for a given
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FIG. 2. Projections of the positive and negat{irese) particles
) S ~ 2

(dEédx) at m'dr?pc'i‘?'"y a(ljnd 0'1.25"'f Mp<0.150 GeVE”, in the FIG. 3. EOS TPC total “efficiency(=1/correction, including
rgidity ranges NG icate on Fig. 1. Th@n[—mp, y) ranges Were  effects of acceptance, tracking efficiency, and momentum resolu-
calculated assuming the pion mass. The function used to fit the daﬁ’on) for pions produced in &, 4A, 6A, and & GeV 0—~5% central

is the two-Gaussian modetlescribed in the textof the single- 51 Ay collisions. The efficiencies are obtained from GEANT
particle (dE/dx distributions, one for each particle type. The inte- g jjations of the detector response to Monte Carlo tracks embed-
grals “”‘?'er the pion pegks_are the total yield for _the fitteg _ded into real data events and propagated through the reconstruction
—-my, Y) bin and the contributions from all other particles are dis- chain. The contours, shown in steps-e15%, include the effects of
carded. geometric acceptance, tracking efficiency, and momentum resolu-

tion.

of the wrong mass and/or charge contaminating the pion

sample in a giverim—my, y) bin were discarded. Observed kaon yields from the same beam energy range,
Figure 2 shows an example of a singlg—-my, y) slice at  measured by E866/E91[27,29, folded with the EOS TPC
midrapidity for 6A GeV and 0.125m—m,<0.150 GeV¢?. detector response allow us to extend the reach ofsthe
The total yields are obtained by integrating the area undefitting out to pg,,~1.2 GeVEt. For lab momenta above
the fitted distributions for each particle. Oppositely chargedl.2 GeVE, however, then* become hopelessly entangled
particles are projected separately. The inset shows the pravith the protons, which are approaching minimum ionizing
jection of negatively charged particles, which are well char<dE/dX). This cutoff manifests at differemty—my, depending
acterized by this method of particle identification over theon the rapidity and bombarding energy.
entire range of transverse mass and rapidity. However, as the Detector response to the final-state collision products has
rapidity and transverse mass increase, the positively chargdzben extensively studied using tleEANT 3.21 simulation
pions suffer increasing contamination due to the overlap withpackage. Smallmaximum of four per eveptsamples of
the positive kaons and protons. The rangenpfm, and  pions with momentum distributions approximating the real
rapidity over which ther" yields are extracted is therefore data are embedded into full data events. These particles are
more limited. tagged and propagated through the data reconstruction chain
Electron contamination was estimated by studying theito determine the effects of detector acceptance, tracking ef-
yields in the regions of phase space where they are relativelficiency, and momentum resolution.
cleanly identified  (for Plab<<150 MeVk and Since the beam actually passes through the sensitive vol-
300< pip<<500 MeVk) and interpolating between these ume of the detector, there is no explicit Iqggvmeasurement
limits. It was found that electrons contribute10% to the cutoff. However, forward-focusing causes increased tracking
observed yield of pions for lab momenta losses at lowp, and forward rapidities due to higher track
150< p,,, <250 MeVEk. Since the electron yields fall signifi- densities and track merging. Losses at backward rapidities
cantly as a function of their own transverse momentum, thend highm,—m, are dominated by the geometric acceptance
contamination predominantly affects the lowest piggm,  of the detector, while at more forward rapidities, the high
bins. The errors on the quoted pion yields account for posm.—m, tracks are stiffer and therefore suffer from worsening
sible systematic uncertainties in the determination of thenomentum resolution. Figure 3 shows the overall detection
electron contamination. efficiency obtained from simulations as a function rof
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FIG. 4. Invariant yield per event as a functionmaf-my for 7~ at 2A, 4A, 6A, and A GeV. Midrapidity is shown unscaled, while the 0.1
unit forward/backward rapidity slices are scaled down by successive factors of 10. The functions plotted with the data are two-slope
Boltzmann parametrizations described in the text.

—-my and rapidity for pions at each beam energy. The con- lll. RESULTS
tours indicate steps of15%. The raw data are corrected for  Figures 4 and 5 show the fully corrected, invariant yields
these effects to extract the total yields of positive and negaef charged pions per event from 0-5% central Au+Au col-
tive pions as a function afy—my and rapidity at each beam lisions at 2, 4A, 6A, and & GeV. Midrapidity is shown
energy. unscaled as black circles, while each bin forward/backward
Due to the large acceptance of our device, we can test thef midrapidity is scaled down by a successive factor of 10.
systematic uncertainties on the yields by comparing forward-orward rapidities are indicated as open circles and back-
and backward rapidity corrected spectra. Overlapping accepY@'d rapidities as open triangles. The reported error bars
tances at 2, 4, 6 and 8 GeV allow us to conclude that rapidit)'FdUde both statistical and systematic uncertainities.

: . The approximately exponential decay of the particle
bins corresponding t,,<0.5 are most affected by the sys- ields as a function of transverse mass has been observed in

tematic_ unc_ertair_lties i_n our corrections. The underestim_a‘_[e igh energy particle and heavy ion experiments over a wide
corrections in this region of phase space are not surprisingange of conditions. In order to extract the ful-4ields of
given that neither detector performance nor detector simulayions (including those from resonance feed-dgvanoduced
tions were optimized for target rapidity in the lab frame.in the beam energy range studied here, a simple parametri-
Here tracks cross the fewest pad rows and have the smallegition of the pionm,—m, spectra which reproduces the ob-
radii of curvature. Midrapidity yields at all four beam ener- served shapes of the spectra over the full rangenefm,

gies were checked against published results from E866/E91ffom 0 to 1 GeV#? is used. This parametrization is the sum
[29,30. The average level of agreement between our spectraf two independent Maxwell-Boltzmann thermal functions,
and E866/E917 over aln—m, and beam energies is ob- each term of which can be expressed in terms of the mea-
served to be=7%. The minimum systematic uncertainties atsured coordinate@n,—m, y), integrated over azimuth as

all rapidities for the E895 data presented here are estimated 1 N
to be 5%, while for the most backward rapidity bins, the —
uncertainties at highm—m, can become as large as 50%. 2mm, dmdy
These errors are included on the spectra reported in this parhere the amplituded and inverse slope paramet&g;;

per. are parameters that can be extracted from fits to the data at

= A(y) rnte_(mt_mo)/-reff(y), (l)
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FIG. 5. Invariant yield per event as a functionrof-m for 7+ at 2A, 4A, 6A, and & GeV. Midrapidity is shown uscaled, while the 0.1
unit forward/backward rapidity slices are scaled down by successive factors of 10. The functions plotted with the data are two-slope
Boltzmann parametrizations described in the text.

each rapidity slice. Integration of either of these two dis- 1 d®N dN/dy,me (Mm/Ts
tributions overm, produces its contribution to the total =
number of particles per unit of rapidity in the given rapid-
ity slice [31], . dN\/dy,me (MM

27 To(mg + 2moT, + 2T5)

2mmydmdy 27T, (M2 + 2mgT, + 2T2)

3

dN — 2 2 3
d—y(y) = 27A(Y) [ MG Ter(y) + 2mpTas(y) + 2Toe(y)]. (2) The four parameter fit includes two independently fit in-

verse slope parametef3;(y), To(y)], and two indepen-
Note thatA(y) in Eq. (1) can be rewritten in terms of dently fit yield parameter§dN/dy;(y), dN/dy,(y)], which
dN/dy(y), using Eq.(2). reasonably describe the lo@R,—my) and high{m—m)

The low{, enhancement observed in the pion yields hagortions of the spectrum at each rapidity. These fits are
been attributed to feed-down from late-stage resonance dehown as solid lines in Figs. 4 and 5. The data at more
cays[32-34, which tend to populate lower piop, in the forward rapidities, where in particular the* spectra are
frame of the collision due to the nature of the decay kinedimited to the rangem,—my;<200 MeVLk, are not fit with
matics. In particular, at the beam energies presented here, thige two-slope parametrization.

A resonancegsuch as theA(1232] are the predominant More detailed examples of these two-slope fits at midra-
mechanism for pion production, due to the very large crosidity are shown in Fig. 6. Figures 7-10 show the four fit
section for pion-nucleon interactions. The observed asymmeparameters as a function of rapidity from the spectra and

try in the spectral shapes of positive and negative pions ahe resulting totadN/dy. The parameters plotted in the top
low m—my has been described elsewhere by a final-stateow are from fits in which all four parameters are allowed to
Coulomb interaction of the pions with the nuclear fireball be free. All of them show an approximately Gaussian depen-
[35-37. dence on rapidity, which is demonstrated by the solid line in

The two-slope model that has been applied to the pioreach panel. The bottom row of each figure demonstrates the
spectra was chosen to provide the simplest phenomenologiesult of a second fit of the spectra in which the high-
cal description of the data. Since this parametrization doesmy) inverse slope parameter is constrained to the Gaussian
reasonably well at describing the observed shapes of thgsolid line) value. This procedure smooths out the covariance
spectra over alin—my, it is used to extract the#yields of  between the individual yield parameters but has a negligible
pions in these collisions with minimal extrapolation, effect on totaldN/dy (the rightmost pangl
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FIG. 8. Rapidity dependence of the fit parameters from

FIG. 6. Pion transverse mass spectra at midrapidity fgr4a, > ) ) ;
4A GeV 7~ m—my spectra fits with a two-slope model. See caption

6A, and & GeV (uppermost curves on Figs. 4 angl Swo-slope - )
thermal fits are shown superposed on the data along with the cof?f Fig. 7 for details.

tributions to the total from the two separate inverse slope terms in .
Eq. (3). Figure 11 shows ther" fit parameters at each beam en-

ergy. The limited range im—m, of the #* spectra is caused
{py the(dE/dx) overlap with the protons, which makes it im-
possible to get good spectral data in all rapidity slices. In
order to make reasonable estimates of thepbsitive pion
yields, the higham—m,) positive pion inverse slope param-

shown in Ref[23] that there is significant longitudinal flow, eters were assumed to be the same as those of the negative

i.e., the source is not static. As the main purpose of the fits ifionS [16]. In the estimation of ther" dN/dy, the hightm,
Figs. 4 and 5 is for integration of thgn—my, y) spectra to —my) inverse slopes were therefore fixed to the negative pion

obtain 4r yields, a Gaussian fit of the inverse slope param-yalues. Experimentally, then-m, negative pion inverse

eters in Figs. 7—11, rather than 1/cghwas used. slope parameters do reasonably reproduce the observed high-
' (m—my) positive pion inverse slopes in the rapidity regions

where they can be measured. Where tfyem, spectra are

severely truncated, the positive pion yields were obtained

If the source of pions were a static thermal source o
temperatureT, and zero chemical potential, the expected
shape ofTg in Figs. 7-11 would beTy/coshy). [There
would then be needed only a single term in B).] We have

LnTe AN ohidy, Ny AN/IY: 30

Frr T g
150 ER: from single-slope fits. The reported systematic uncertainties
100" 1F in these rapidity slices are correspondingly larger to account
; ] for this missed yield.
< 50 Y F ; Figure 12 shows the beam energy dependence of the ra-
% b o - pidity distributions of the negative and positive pions ex-
=150+ ] tracted from the fits. These distributions are well described
I ] by Gaussians, which are used to obtain the totayilds by
100 1 integrating the fitted distributions over all rapidity.
50) . 1
[ ] ] Ty « T, adN/dy, odN/dy, dN/dy,+dN/dy,
0 Ll - P B L 1 o) Ty o 60
-1 1 10 1 -1 0 1 150F
Rapidity (y-y, ,,) "
100;
FIG. 7. Rapidity dependence of the fit parameters from ~ 50
2A GeV 7 m—my spectra fits with a two-slope model. The left- §
most panels show the inverse slope paramefgrgindicated by g 0
closed trianglesdominates the lowm,—m,) range of the spectra, :15Q
whereasT, (indicated by closed squapedominates the higlay 100
—-my) end of the spectra. The middle panels show the dMaly fit r
parametergdN/dy; in open triangles andN/dy, in open squares 50
and the rightmost panels show the tad&l/dy, which is the sum of 0: T Jg
dN/dy; anddN/dy,. The top row reports the fit results when all four 10 1 10 1 -1 0 1
parameters are allowed to be independent in the fit. The bottom row Rapidity (y-y. ,,)

shows the results for the remaining three parameters when the high-

(m—my) inverse slope is fixed to the Gaussian estimation. Note that FIG. 9. Rapidity dependence of the fit parameters from
the totaldN/dy is fairly insensitive to the interplay among the pa- 6A GeV 7~ mi—m, spectra fits with a two-slope model. See caption
rameters. of Fig. 7 for details.
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FIG. 12. Yield per event ofr~ (left-hand paneland #* (right-
hand panglin 0-5% central Au+Au collisions at&, 4A, 6A, and
8A GeV integrated ovem—mg as a function of rapidity. A Gaussian

FIG. 10. Rapidity dependence of the fit parameters fromParametrization is applied to extract the gields. Reported uncer-
8A GeV 7~ m—my spectra fits with a two-slope model. See caption tainties are statistical plus systematic.

of Fig. 7 for details. o i
spectral shapes are compared to the predictions of a micro-

scopic transport model, tr#N/dy distributions are evaluated
in the context of collective dynamics, and the overall yields
are used to infer the initial-state entropy density obtained in

whereQ is the value ofdN/dy at y-y. ,,=0 andw is the thes‘? cpllisiong h b h .
width. The fit parameters and their uncertainties are listed, It is mteres‘qng tp not'e the asymmetry between the posi-
in Tables | and II. Both the widths and the overall yields V€ and negative pion yields at each beam energy. Although

of pions increase as a function of beam energy. Howevell,hed_ra(tj'ob of negative to p03|ft|ve Tosnssad;crsasels 306\/er the
there is a more significant increase in the observed piofjiidied beam energy range, from 1.88 At@eV to 1.36 at

: A GeV (see Tables | and ) it does not reach the
ields between R and 4A GeV than between A and \ ’
éA GeV or 6A and & GeV. asymptotic value of~1.0 observed at the top CERN SPS

energy [38,24. The neutron excess in Au+Au collisions
(118+118 neutrons compared to 79+79 projorembined
with the pion branching ratios suggests that 1.95 negative

In this section, some of the characteristics of the observeBions for every positive pion will be producdd3]. If the

pion spectra obtained from E895 are discussed. The piol$0spin fractions are folded with the observed cross sections
for NN— NN, from experimental measuremefig®9], the ex-

pected ratio_o(w‘):(w*) at 1A GeV is~1.91:1. The 2 GeV

[N o
<7T>_Lc dy y=\2mwQ, (4)

IV. DISCUSSION

N uT, adN/dy, odN/dy, dN/dy,+dN/dy,
T T el 1<}

RN AR T data, withysyy not far from theA(1232 production thresh-
: old, are quite near, though a little lower than this predicted
ratio. As the energy increases, the number of directly pro-
F 1t duced pion pair§7 7*) is expected to lower the ratio, as-
T annannsnananas B ARnARARS ymptotically approaching 1.0, which is the trend we observe.
1oom i At 8A GeV the negative pion excess is ory36%, com-
G gop s pared to 88% atR GeV.
% (}E e e %
= 1500 BN 3 A. RQMD comparisons
. 100/@\ RQMD version 2.340] is a microscopic transport model
50p T~ ¢ which attempts to simulate heavy ion collisions by propagat-
QF-HHH-=HHH-
150;;A\E g TABLE I. dN/dy fit parameters for negative pions at each beam
100}‘5&3&\: : energy with statistical and systematic uncertainties reported sepa-
505 I FL rately. Q,- is the amplitude of the distribution gty. =0, (7) is
bt d & i Ao the 4 yield (total area, andw,- is the width.
10 1 4 0 1 1 0 1
Rapldlty (y-%m) Epeam Q- (7) Wi
FIG. 11. Rapidity dependence of the fit parameters for eact?A GeV ~ 21.3+0.1+1.3 36.1+0.3+2.0 0.675+0.006+0.005
beam energy from ther* m—-m, spectra fits with a two-slope 4A GeV  39.0£0.1+x2.1 76.0£0.2+4.2 0.780+0.003+0.002
model.(See caption of Fig. 7 for more deta)l§he high{m,—my) 6A GeV 50.8+0.1+2.7 104.0+0.2+5.4 0.817+0.002+0.001
inverse slope parameters have been fixed tosthg@arametrized 8A GeV 61.1+0.1+3.3 130.7+0.4+7.9 0.854+0.003+0.008

values.
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TABLE Il. dN/dy fit parameters for positive pions at each beam 10Q

energy with statistical and systematic uncertainties reported sepa- G 10; — 2 AGeVT

rately. Q,+ is the amplitude of the distribution &ty. ,=0, (7") is @ 1c []

the 4 yield (total area, andw,+ is the width. = 10—5 _ M

=z 10% H

Epeam Q (m*) Wi+ Emlo"f L1 \\\\\\H\\i—l\\ e

2AGeV  11.5%0.3+1.2 19.2+1.3%5 0.668+0.053+0.011 g 10p 2 AGeVm

4AGeV  27.7+0.31% 46.3x0.833 0.667+0.015+0.025 < 23 -

6AGeV  38.4:0324 757+1.13% 0787+0.014+0016 = 18_5 M

BAGeV  46.2:0.4%; 95.9:1.1%1 0.828+0.013+0.005 o NN IinnRe
E.g%‘é’_qt‘xg—c<wnq9—a§

o . o s 5 EC =

ing individually all particles through the six dimensions of = T

phase space in the fireball. Interaction probabilities are ap- RQMD v2.3: Nature of last collision before freezeout

proximated by using published interaction cross sections of
free hadrons and the relative phase space proximity of pairs FIG- 13. RQMD nature of pion last collision, “lastcl,” before
of particles at each time step of the reaction. Inelastic colliffeeze-out at & GeV for impact parameten<3 fm.
sions may produce new patrticles, such as pions, which are
also propagated through phase space along with the nucl@ll cases the pions contribute more significantly to the total
ons. The reaction ends when the phase space density reachyégld at low m—my, than at highm-m, but the influence of
a low enough threshold such that the probability of furtherthe A contribution to the spectra diminishes as the beam
interactions is small—the freeze-out point. This model hagnergy increases. The total midrapidity pion spectra are fit
been reasonably successful in describing many final-state ohvith the same model as was used to describe the data, Eq.
servables experimentally measured in the beam energy rang®, with the fit parameters shown in Tables Il and IV. At
studied for this analysig41]. both high and lowm—-m,, the RQMD 7~ and #* appear to

In this and other cascade models, final-state particle dishave common inverse slope parameters and there is no ob-
tributions are frozen at the end of the reaction. Post-freezevious evolution with beam energy. The average value at low
out effects, such as the Coulomb interaction of the pions withy—o (T1) is ~72 MeV, while the highm-m, (T) average
the nuclear fireball, are not included. However, RQMD com-iS ~140 MeV. The magnitude of the lom—my RQMD in-
bined with an afterburner to simulate final-state Coulombverse slope parameters is much larger than what is observed
interactions[42] and to permit the decay of residual reso-in the data at all beam energies. At higf-my,, the RQMD
nances has been successful at describing asymmetries in doverse slope parameters are much closer to the observed
served pion yields at lovp,. values, except at RGeV, where the data show,

RQMD version 2.3, with the nucleon mean field setting~120 MeV at midrapidity.
turned on, was used to generate pion distributions from cen- The rapidity density distributions of charged pions pre-
tral (b<3fm) Au+Au collisions for comparison with the dicted by RQMD are shown in Fig. 17 alongside the E895
data obtained by E895 for this paper. One of the output padata from Figs. 7-11. The contributions to the tad&/dy
rameters from RQMD records the nature of the last collisionfrom A resonance decay pions and all other pions are also
“lastcl,” of each particle before freeze-out. Particles whoseshown. As the beam energy increases, the contribution to the
lastcl was a thermal rescattering are labeled “thermal.” Partotal from A resonance decay pions becomes less important,
ticles whose lastcl was the decay of a resonance have thehich is consistent with the trends seen in the data.
parent particle listed explicitly. However, high mass reso-

nances which are nat’s or vector mesons are combined in 100
a single category labeled “himass” in the user’s notes forthe © 10 7 || 8 AGeVT
code. Particles whose lastcl was string or rope fragmentation & 1 M B
are indicated separately. Figures 13 and 14 show the nature 3, 10%
of the last collision form and 7 for a centrality selection of Z 10%
b<3fm at 2A GeV and & GeV, respectively. The distribu- . 10% e B e
tions are normalized to the per event yield of pions. In each & 10p, — [] 8 AGeV T
case, theA resonances are the largest single contributor to g‘” 10 M ]
the last pion interactions before freeze-out. 2 10%
The dependence of the pion spectral shapes on feed-down 10‘2; H
from A resonances is evident in Fig. 15, which shows the 104 T T
m—m, spectra of pions near midrapiditfly] <0.3) from E g é gdFxFe<Wias Q-g
RQMD. Pions whose last collision wasAaare plotted sepa- 20z =
rately from the pions with all other last interactions. The R5MD v2.3: Nature of last collision before freezeout
spectral shapes are strongly affected hy astcl. Plotted in
Fig. 16 are the ratios of the pion yields frak's and all other FIG. 14. RQMD nature of pion last collision, “lastcl,” before

last interactions to the total yields as a functiomgfmy. In freeze-out at 8 GeV for impact parameteh<3 fm.
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2AGeV _ 4AGeV _ 6AGeV _ 8AGeV 2AGeV  4AGeV  6AGeV  8AGeV
L. RQMD v2.3 A ; F P E

“FRQMD v2.3

Total Yield Ratio
o

(1/2rm) *N/dmdy [(GeV/d)?]

i i 0.4 - 2 -
10% o foiiis ‘ o 0.2 3 3 3
0 05 0 05 0 c’20.5 0 05 10 T I R S S ot
m.-m_ (GeV/ : : : : :
t T[( ) me-m,_ (GGV/&)

FIG. 15. RQMD charged pion spectra at midrapidity for colli-
sions with impact parametdy=3 fm. The contribution to the spec-
tra from pions whose last interaction wadalecay and the sum of
all other processes are shown separately.

FIG. 16. Ratios of pion yield for different production mecha-
nisms to the total yield as a function of—mg at midrapidity from
RQMD collisions with impact parameteb=<3 fm. The contribu-
tion to the spectra from pions whose last interaction wasdecay
B. Longitudinal flow and from the sum of all other processes are shown separately.
An important question in heavy ion collisions is the de- Reference[23] presents longitudinal flow velocities ex-

gree of collgctivity of the produced particles, Which can arisetracted from the proton rapidity densities measured by E895
from the buildup of pressure in the hot, dense collision ZON€¢ . the same event selection as the pions presented in this

EQMD ha_s 8.0 %UCT hydtroldytr;]amlc ?ﬁeCt (—:-t>t<pl_|(:|tlyt|hncluc_jed. analysis and compares the results to values extracted from a
owever, individual particie thermal rescattering, thé micro-, ;4 array of experiments over the beam energy range from
scopic analog to pressure, can also drive collective flow, an to 160A GeV. Since the protons are present before the
hf; bsen.é).t)sebrve(; |n.RQI\/IID catlhculgtlons at' RE”C gnerg'eﬁollision, at higher beam energies they may be strongly af-
[43]. Rapidity broadening along the beam axis has been o ected by nuclear transparency, which can also broaden the

served in heavy ion collisions at many beam energies for Bapidity distributi
; . pidity distributions. Therefore, the protons alone cannot be
wide range of systems and particle sped8s$,22,44,2% sed to determine the absolute magnitude of the collective

This broadening has been interpreted as arising from the col- otion, if it is present

lective motion of the system in the longitudinal direction In o}der to determihe the degree of collectivity, it is im-
(longitudinal flow) after collision. The observed rapidity dis- portant to compare multiple particle species from, the same
tributions are compared with the expectation for a stationar)éo"isionS simultaneously. This has been done with central
thermal source, and with a longitudinally boost-invariant SU-gi+ Al collisions at 14 60\.Gev for protons, pions, kaons
perposition of multiple boosted individual isotropic, locally and A hyperons [44] 'and in central S+’S coIIis';ions a{

thermalized sources in a given rapidity interval. Each IocaIIy200AGeV for pions, kaons and hyperons[31]. A common
thermalized source is modeled by tigintegrated Maxwell- collective flow velocity was able to reasonably describe all

Soltzmap?h dlstr|but|(zn, Ea(l), W'thl. t’TIe _raFIJI(LItyd depg]_n- of the observed rapidity distributions, except the protons in

dence of the e”efgg-mt cosHy) explicitly included, an S+S collisions at 208 GeV. A similar simultaneous descrip-

IS true temperature: tion is possible here, by combining the proton rapidity dis-
tributions from Ref.[23] with the present pion rapidity dis-

AN )e("m’T coshy) tributions.

dy The rapidity densities of pions and the protons from Ref.

(5)  [23] are shown in Fig. 18. Stationary thermal source emis-

The distributions are integrated over source element rapi _r:on funqtlons, thel sum of two of Eq? for tr?e pions using

ity to extract the maximum longitudinal flow,,y, e wo inverse slope 'para_m.eters rom the pion transvgrse
mass spectra fits at midrapidity, are shown as dashed lines.

dN J’?max de

Oy dnd—y(y— 7), (6) TABLE IIl. Midrapidity RQMD 7~ fit parameters, Eq3).

m m 2 2

=BT 5 +=————
V) ( rT coshy ¥ coshy

min

EpealAGeV)  dNdy;  Ty(MeV/c?d)  dNdy, To(MeVic?)

B =tanf(nmay),

2 17.4 73 1.8 146
where %ma=—7min » from symmetry about the center of 4 21.3 73 10.9 131
mass, andg, is the maximum longitudinal velocity. An ¢ 26.6 74 15.5 146
average longitudinal flow velocity can be defined asg 31.7 77 20.1 155

(B =tant(nma2).
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TABLE IV. Midrapidity RQMD = fit parameters, Eq3). - +

T, and T, parametrize the temperature and known radial =
flow, resonance and Coulomb effects in the pion spectra. Z 60
: P P o
ConsequentlyT, overestimates the system temperature and 40

T, may underestimatédue to competing effects of radial
flow, resonance feed-down, and the Coulomb interaction
with the firebal). Therefore the plotted distributioridashed
lines) are probably wider than the true thermal distributions 60
would be, and yet are still too narrow to reproduce the ob- 40
served rapidity spectra. The inclusion of longitudinal flow 20
remedies this. For the protons, a single &.is used for the RA % 20 ; g
thermal ra.pidity distribution, as in_ Reff23]. . _ 0 ‘1 - ‘(‘)‘ - ‘1 ‘1 - (‘) ‘ ‘ ‘1 0 ‘1 ‘ ‘6‘ - ‘1

~ The solid curves are the emission functions including lon- Rapidity (y-%.m.)
gitudinal flow, Eq.(6), with the velocities fixed to the values

extracted from the protong3,)=0.28, 0.42, 0.48, 0.50 at . N
: T FIG. 18. =, #*, and proton rapidity density distributions a,2
2A, 4A, BA, and & GeV respectively The longitudinally :f\ 6A, and & GeV. The expectation for isotropic emission from a

0
80

60
G |40
W[ 20
0
80

60
40

20

30 L Tt p
EpearlAGeV)  dNidy, Ty(MeV/c®)  dNdy, T,(MeV/cd) P g 80

20 E 60E
2 10.2 73 1.6 134 : g 0=

10; R F §
4 14.4 72 8.5 131 E/ RE 200
6 155 64 17.7 131 sol 2GS N bl N
8 21.4 70 21.3 144 40 | a 80

300 3 60
We have not measured the true system temperatusince %‘igi 3 ‘2185

' 6 AGeV":

1 IR B B

expanding source clearly better reproduces the measures ationary thermal source is indicated with dashed lines, whereas

pion distributions at all beam energies than do the dashe e solid curves represent the form including longitudinal flow from

curves in Fig. 18. Consistency among particles of dn‘ferentthe Droton ., values given in Ref[23]. In all cases the thermal

masses supports a hydrodynamical intgrpretation_ of the "3hodel is too narrow. The proton data and the longitudinal expansion
pidity density broadening; the system is expanding like 3elocity come from Ref[23].

fluid with a common longitudinal flow velocity.

AT
C. Entropy production %Q
It was suggested many years ago by Fe4a] and later E 6 o ptp
Landau[46] that pion production may be used to estimate ¥ [ v Bevalac+Dubna
[ & AGS
A dN/dy; o dN/dy, o dN/dy,+dN/dy, 5- = NA49
0 Rombv23 | T 15 2AGeV r
20¢ : E i
£ 477
3F
2r
1L
i ] * E895
L O,
O e
0 05 1 15 2 25 3 35 4 45 5
\\\\H\O%‘\\H\\\H\\ F(Ge\/llz)
o 1 ~ -1 0 1 -
Rapidity (y-Y. ,,) FIG. 19. Mean pion multiplicity per participant \& the Fermi

energy variable. The solid symbols represent data from heavy ion
FIG. 17. Rapidity density of charged pions from RQMD calcu- collisions, whereas the open symbols come frefp interactions.
lations for collisions with impact parametdy=3 fm. The contri- The E895 data points are indicated by stars. The third-order poly-
bution from A resonance decay pions and the sum of all othemomial fit to the heavy ion data shows that a smooth trend With
processes are also plotted separately to show the relative contribpessible, although the low energy and high energy datduding
tion to the pion yields fromA decays. For comparison, the data RHIC result can be well described by separate linear parametri-
from Figs. 7-11 are also shown. zations whose slopes differ by a factor=sfl.3 [24].
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the amount of entropy produced in high energy patrticle col- TABLE V. Tabl_JIated mean number of pions per participan_t and
lisions. Later, Van Hovg¢47] extended this idea to heavy ion Fermi energy variable forZ 4A, 6A, and & GeV Au+Au colli-
collisions and proposed that this may be a way to distinguisf§ions and 48, 80A, and 15& GeV Pb+Pb collisions from Ref.
events in which a QGP is formed. In a QGP the color degreegﬂ']' Statistical and systematic uncertainties are reported separately.
of freedom of the liberated partons introduce a significant—

number of new energy states unavailable in a hadron gas. By~ (GeV) F (Gevi?) (Np (mNp)

studying pion production over a broad range of collision sys- g3q 0.644 364 0.2279+0.01580124
tems and energies, discontinuities in the observed multiplici 5,7 0.965 366  0.5012+0.01110-0307
ties might indicate the onset of QGP formation. 3.838 1190 365 0.738510.014_%@%2‘2

In 1995, Gadzicki [48] took the available data from

. . . - 4.2 1.351 . ) .0570
heavy ion collisions and showed that there is an increase in 89 35 363 0936400176527

the observed entropy produced at the $RA35 experiment  8.830 2.452 349 2.6433+0.0858
with S+S collisions at 208 GeV [49]) compared with AGS  12.280 3.099 349 3.9542+0.0869
energies. The low energy heavy ion data follow the trend forn7.260 3.821 362 5.2127+0.1823

p+p collisions, while at the SPS there is an apparent factot
of 3 increase in the effective number of degrees of freedom )

[50]. The entropy production analysis of Pb+Pb collisions atarger than at the lower energies. There appears to be a tran-
158A GeV (NA49) [51] supported this observation. sition in the region between the AGS and top SPS energies.
This model assumes that the entropy is produced at th&he third-order polynomial fit to the heavy ion data shown
early stage of the collision when the incident matter is in &N Fig. 19 may indicate that a smooth trend with increasing
highly excited state. The thermalized, strongly interacting™ can accurately describe the excitation function without the
matter is assumed to expand adiabatically to the freeze-oeed for a discontinuous jump, such as one might expect
point, preserving the early stage entropy. from a first-order phase transition. Two more runs at the SPS

Since the majority of produced particles are pions, to firstvith beam energies of 20GeV and 3& GeV may be able
Order, the mean pio(bosor) mu|t|p||c|ty should be near]y to improve the resolution in this Important transition region.
proportional to the entropy. The ratio of the mean pion mul-
tiplicity to the mean number of participating nucleons, V. SUMMARY
(mI{Np), provides a simple estimate of the entropy density.

(Np> for a nucleus-nucleus collision can be estimated using o e
Glauber model calculation of the mean free path of thea_ga‘ GeV 0-5% central Au+Au collisions have been mea-

nucleons through the nuclei as they collide at a given impac?ured by the E895 experiment. The transverse mass spectra

parameter. For the present analyeié) was estimated using  “3 212 2 FETRERER B ER T BEe AES
RQMD. The nucleons are distributed according to a Woods- nces in ther* and o~ spectra a% lOWTr =M. are not ?/e 'ro-
Saxon nuclear density profile and the impact parameter 03 d by ROMD. whi hpd t'W?dnbf' |-stat 'pt
the simulated collision is used with the nucleon-nucleon in - ced BY QMD, which does not include final-state interac-

. . : tions such as the Coulomb interaction with the nuclear
teraction cross sectioffs2] to determine the number of par- source. The inverse slope parameters increase as a function
ticipants. The top 5% of collision&etermined by integrat- ' Pe P

ing the(Np) distribution from a set of minimum bias RQMD of ?eamTﬁge:r?gaiﬂfe?jpfae%itto ?j?sfr?l?l:ggr:gd:hp:vcd:;cfe?lte?tgh
events at each beam eneygprrespond tdNe)=364, 366, ?grwr;?.d-backward rapidit ps r%metr and are well described
365, 363 at A, 4A, 6A, and A GeV, respectively. The esti- d rapidity symmetry and ars .
. . - by a model that includes collective longitudinal flow, with a
mated uncertainty on these values is 5 participants. velocity that is common to both pions and protons emitted in
Following Ref.[24], the entropy densities for each beam y P P

energy, here approximated &s)(N;). with (m)=15(r") these collisions. The#yields of pions, obtained by integrat-

+(m) to account for the neutral pions, are plotted in Fig. 19'"9 the rapidity distributions, have been used to infer an

) ) , ~ — TVinitial-state entropy which increases with beam energy and is
as a f“”ﬂ’” of the Fermi e_ne_rgy variablé.= (Vsuy consistent with a smooth nonlinear trend as a functiofr of
—2my)*sy!". E895 data are indicated by stars and thefrom the 2 GeV Au+Au collisions to 158 GeV Pb+Pb
values are tabulated in Table V. NA49 results foA480A,  giisions at the SPS.
and 158 GeV Pb+Pb collisions from the CERN SPS were
obtained from Ref[24]. The number of participants from
Ref. [24], calculated using the Fritiof53] model, are also
listed in Table V. This work was supported in part by the U.S. Department

The linear dependence of the entropy per participanbf Energy under Grant Nos. DE-FG02-87ER40331.A008,
nucleon as a function df in the proton-protorg antiproton DE-FG02-89ER40531, DE-FG02-88ER40408, DE-FG02-
data is not evident for the full range of the heavy ion colli- 87ER40324, and Contract No. DE-AC03-76SF00098; by the
sion data. At and below AGS energies, the heavy ion data li€JS National Science Foundation under Grant Nos. PHY-98-
below thep+p data, and appear to be approximately linear04672, PHY-9722653, PHY-96-05207, PHY-9601271, and
with F. In Ref. [24], the SPS results combined with RHIC PHY-9225096; and by the University of Auckland Research
results at much higher energies from the PHOBOS Collabo€ommittee, NZ/USA Cooperative Science Programme CSP
ration show a linear trend with a slope that=sl.3 times  95/33.

Transverse mass and rapidity spectra of charged pions in
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