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Energy dependence of pion and kaon production in central Pb¿Pb collisions
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Measurements of charged pion and kaon production in central Pb1Pb collisions at 40, 80, and 158A GeV
are presented. These are compared with data at lower and higher energies as well as with results fromp1p
interactions. The mean pion multiplicity per wounded nucleon increases approximately linearly withsNN

1/4 with
a change of slope starting in the region 15–40A GeV. The change from pion suppression with respect top
1p interactions, as observed at low collision energies, to pion enhancement at high energies occurs at about
40A GeV. A nonmonotonic energy dependence of the ratio ofK1 to p1 yields is observed, with a maximum
close to 40A GeV and an indication of a nearly constant value at higher energies. The measured dependences
may be related to an increase of the entropy production and a decrease of the strangeness to entropy ratio in
central Pb1Pb collisions in the low SPS energy range, which is consistent with the hypothesis that a transient
state of deconfined matter is created above these energies. Other interpretations of the data are also discussed.
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I. INTRODUCTION

The primary purpose of the heavy ion program at
CERN SPS is the search for a transient deconfined stat
strongly interacting matter during the early stage of nucle
nucleus collisions@1#. When a sufficiently high initial energy
density is reached, the formation of such a state of quasi
quarks and gluons, the quark gluon plasma~QGP!, is ex-
pected. A key problem is the identification of experimen
signatures of QGP creation@2#. Numerous proposals wer
0556-2813/2002/66~5!/054902~9!/$20.00 66 0549
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discussed in the past@3#, but the significance of these signa
has come under renewed scrutiny. A possible, promis
strategy is a study of the energy dependence of pion
strangeness yields. It was suggested@4–6# that the transition
may lead to anomalies in this dependence: a steepenin
the increase of the pion yield and a nonmonotonic beha
of the strangeness to pion ratio. The spacetime evolution
the created fireball@7# and the event-by-event fluctuation
@8# may also be sensitive to crossing the transition region

First experimental results from Pb1Pb ~Au1Au! colli-
©2002 The American Physical Society02-1
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FIG. 1. The experimenta
setup of the NA49 experimen
@13#.
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sions at top SPS~158AGeV! and AGS~11AGeV! energies
have suggested@4# that anomalies in pion and strangene
production may be located between these energies. The s
of this hypothesis is the motivation for a dedicated ene
scan at the CERN SPS@9#. Within this ongoing project
NA49 has recorded central Pb1Pb collisions at 40 and 80
AGeV during the heavy ion runs in 1999 and 2000, resp
tively. The data at the top SPS energy~158AGeV! were
taken in previous SPS runs. In this paper we report fi
results on the energy dependence of charged pion and
production. A preliminary analysis was presented in Re
@10,11#. Pseudorapidity spectra of charged particles produ
in Pb1Pb collisions at 40 and 158AGeV were recently pub-
lished by the NA50 experiment@12#.

The energy scan program at the CERN SPS will be co
pleted in 2002 by taking data at 20 and 30AGeV.

II. EXPERIMENTAL SETUP

The NA49 experimental setup@13# is shown in Fig. 1. It
consists of four large volume time projection chamb
~TPCs!. Two of these, the vertex TPCs~VTPC-1 and VTPC-
2!, are placed in the magnetic field of two superconduct
dipole magnets. This allows separation of positively a
negatively charged tracks and a precise measurement o
particle momentap with a resolution ofs(p)/p2>(0.327)
31024 (GeV/c)21. The other two TPCs~MTPC-L and
MTPC-R!, positioned downstream of the magnets were
timized for high precision measurement of the ionization
ergy lossdE/dx ~relative resolution of about 4%!, which
provides a means of determining the particle mass. The
ticle identification capability of the MTPCs is augmented
two time of flight ~TOF! detector arrays with a resolutio
sTOF>60 ps.

The acceptance of the NA49 detector is illustrated in F
2, where we show the distribution of reconstructed unide
fied particles versus the total momentump and transverse
momentumpT for the 80AGeV data. The light~dark! shaded
region shows the coverage of the MTPCs~TOF! detectors.
The resolution of thedE/dx measurement allows hadro
identification in the MTPCs forp.4 GeV. At each incident
energy the TOF acceptance for kaons was kept at midrap
by lowering the nominal magnetic field@B~VTX-1,2!'~1.5,
1.1! T at 158AGeV# in proportion to the beam energy. Da
were taken for both field polarities.
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The target, a thin lead foil (224 mg/cm2>1% of the inter-
action length!, was positioned about 80 cm upstream fro
VTPC-1.

Central collisions were selected by a trigger using inf
mation from a downstream calorimeter~VCAL !, which mea-
sured the energy of the projectile spectator nucleons.
geometrical acceptance of the VCAL calorimeter was
justed for each energy in order to cover the projectile sp
tator region by a proper setting of a collimator~COLL!
@13,14#.

III. ANALYSIS

Raw K1 and K2 yields were extracted from fits of th
distributions ofdE/dx and TOF~where available! in narrow
bins of momentum and transverse momentum. The spect
midrapidity are obtained using the combineddE/dx and
TOF information (TOF1dE/dx analysis!. The resulting dis-
tributions were corrected for geometrical acceptance, los
due to in-flight decays, and reconstruction efficiency. T
first two corrections are calculated using the detector sim

FIG. 2. Distribution of accepted unidentified particles versus
total momentump and the transverse momentumpT at 80A GeV
beam energy. The light~dark! shaded area indicates the acceptan
of the MTPCs~TOF detectors!. Also shown are two isolines o
constant rapidityy for kaons ~full curves! and pions ~dashed
curves!.
2-2



-
th

di

s
ay
ffe

wa
e

th
-
c

io

io
al

ns
e
d
y
ur
et
ti

tiv
n
-
t
d
ng
at
re

t
T

h
a
x
b

na
ot
ta
sy
re

n

Fri-
tic

d by
cut

the
tral

e-

se-
ross
ns

nd

ENERGY DEPENDENCE OF PION AND KAON . . . PHYSICAL REVIEW C66, 054902 ~2002!
lation packageGEANT @15#. The procedure used for the effi
ciency calculation is discussed below, in the context of
pion analysis.

For pions at midrapidity the acceptance of thedE/dx and
TOF1dE/dx methods is limited to the highpT region ~see
Fig. 2!. To obtain thep2 spectra, yields of all negatively
charged particles were determined as a function of rapi
~calculated assuming thep mass! and pT . The contamina-
tion of K2, p̄, ande2 from the interaction vertex as well a
nonvertex hadrons originating from strange particle dec
and secondary interactions was subtracted using two di
ent methods.

In the first method each track measured in the TPCs
extrapolated back to the target plane. The distance betw
the track and the interaction vertex was calculated in
plane~track impact parameter!. The impact parameter distri
butions were used to establish cuts for the selection of tra
from the interaction vertex and to estimate the contribut
of the remaining nonvertex tracks. A correction forK2 con-
tamination was calculated using parametrizedK2 spectra.

In the second method all tracks fitted to the interact
vertex were accepted. The necessary corrections were c
lated based on a Venus@16# simulation of central Pb1Pb
collisions. The Venus events were processed byGEANT @15#
and the NA49 software which simulates the TPC respo
and produces files in raw data format. These events w
reconstructed and the reconstructed tracks were matche
the Venus input. The obtained correction was scaled b
factor which matches the simulated Venus and the meas
hadron yields. The corrections determined using both m
ods are compatible. The Venus based correction, amoun
to 20–25 %, is used for the data presented in this paper.

The p1 spectra were not analyzed, because the posi
particles have a large and uncertain contribution of proto

The resultingK6 andp2 spectra were corrected for geo
metrical acceptance, and losses due to inefficiencies of
tracking algorithms and quality cuts. These losses were
termined using the ‘‘embedding’’ method. Events containi
a few tracks were generated and processed by the simul
software. The resulting raw data were embedded into
events. The combined raw data were reconstructed and
input tracks were matched with the reconstructed ones.
calculated losses are about 5%.

In order to reduce the systematic errors, the analysis
been restricted to regions of phase space where the b
ground and efficiency corrections are small and appro
mately uniform. The systematic errors were estimated to
below 10%. This estimate is based on the comparison
results obtained using different detectors~TOF, TPCs!, and
varying cuts and correction strategies~see above!. Addition-
ally, data taken at the two magnetic field polarities were a
lyzed and the results were found to agree within 5%. N
that the same experimental procedure was used to ob
results at all three energies. Thus to a large extent the
tematic uncertainties are common for the NA49 measu
ments.

The average number of wounded nucleons@17# ^NW& ~the
notation^¯& will be used to denote the mean multiplicity i
full phase space throughout the paper! as given in Table I
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was not directly measured but was calculated using the
tiof model @18#. In an unbiased sample of generated inelas
interactions a subsample of central events was selecte
applying a cut in the number of projectile spectators. This
was adjusted such that the selected fraction was equal to
fraction of all inelastic interactions accepted by the cen
trigger in the experiment. The value of^NW& was then cal-

FIG. 3. Transverse mass spectra ofp2, K1, and K2 mesons
produced at midrapidity (uyu,0.1 for kaons in the TOF1dE/dx
analysis, and 0,y,0.2 for pions! in central Pb1Pb collisions at
40 ~triangles!, 80 ~squares!, and 158~circles! A GeV. The values for
80A GeV and 158A GeV are scaled by factors of 10 and 100, r
spectively. The lines are exponential fits to the spectra@see text, Eq.
~1!# in the interval 0.2 GeV,mT2m, 0.7 GeV. Statistical errors
are smaller than the symbol size. The systematic errors are65% in
the region used for the fit and reach610% at the edges of the
acceptance.

TABLE I. Numbers of analyzed events, cross sections of
lected central interactions as percentage of total inelastic c
section (s INEL57.15 b), and mean numbers of wounded nucleo
for the selected central Pb1Pb collisions at 40, 80, and 158A GeV.
The first error given in the last column is statistical, the seco
systematic.

Energy
~A GeV!

Number of
events

sCENT/s INEL

~%! ^NW&

40 43105 7.2 3496165
80 33105 7.2 3496165

158 43105 5.0 3626165
2-3
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culated for the Fritiof Pb1Pb collisions selected in this way
Finally it was verified that thêNW& value for central Pb1Pb
collisions at 158AGeV agrees~within several percent! with
the total number of net baryons determined from the part
pant domain~in the rapidity interval22.6,y,2.6) for
these collisions@19#.

Note that in this papery denotes the rapidity of a particl
in the collision center-of-mass system~c.m.s.!.

Table I summarizes the parameters characterizing the
samples used in this analysis.

IV. RESULTS

Spectra of transverse massmT5ApT
21m2 (m is the rest

mass of the particle! for K1, K2 (TOF1dE/dx analysis!
andp2 mesons produced near midrapidity (uyu,0.1 for ka-
ons and 0,y,0.2 for pions! in central Pb1Pb collisions at
40, 80, and 158AGeV are shown in Fig. 3. The full line
indicate a fit of the function

dn

mTdmTdy
5C expS 2

mT

T D ~1!

to the data in the range 0.2 GeV,mT2m,0.7 GeV. The
values obtained for the inverse slope parameterT are pre-
sented in Table II. TheT parameter is smaller for pions tha
for kaons. A weak increase ofT with increasing energy is
suggested by the pion data, whereas no significant chan
seen for kaons.

The rapidity distributionsdn/dy plotted in Fig. 4 were
obtained by summing the measuredmT spectra and using th
fitted exponential function@Eq. ~1!# to extrapolate to full
mT . For most bins the necessary correction is sm
(>5%). Thevalues ofdn/dy at midrapidity (uyu,0.6) are
given in Table II. An increase of rapidity density with energ
is seen for all particles. The rapidity spectra were para

TABLE II. Inverse slope parametersT of the transverse mas
spectra fitted in the interval 0.2 GeV,mT2m, 0.7 GeV at midra-
pidity (uyu,0.1 for kaons in the TOF1dE/dx analysis, and 0,y
,0.2 for pions!, rapidity densitiesdn/dy averaged over the interva
uyu,0.6 as well as total mean multiplicities ofp2, p1, K2 and
K1 mesons produced in central Pb1Pb collisions at 40, 80, and 15
A GeV. The first error is statistical, the second systematic. Note
^p1& is not directly measured.

40A GeV 80A GeV 158A GeV

T(p2)(MeV) 16962610 17963610 18063610
T(K1)(MeV) 2326366 2306566 2326466
T(K2)(MeV) 2266366 2176366 2266966
dn/dy(p2) 106.160.466 140.460.567 175.460.769
dn/dy(p1) 96.660.466 132.060.567 170.160.769
dn/dy(K1) 20.160.361.0 24.660.261.2 29.660.361.5
dn/dy(K2) 7.5860.1260.4 11.760.1060.6 16.860.260.8
^p2& 32263616 47465623 639617631
^p1& 29363615 44665622 619617631
^K1& 59.161.963 76.96264 103.06565
^K2& 19.260.561.0 32.460.661.6 51.961.963
05490
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etrized by the sum of two Gauss distributions placed sy
metrically with respect to midrapidity:

dn

dy
5NFexpS 2

~y2y0!2

2s2 D 1expS 2
~y1y0!2

2s2 D G . ~2!

The results of the fits are indicated by the full lines in Fig
and the obtained values of the parametersN, y0, ands are
given in Table III. Since bothy0 ands increase with increas
ing energy, the width of the observed rapidity distributio
clearly increases with energy. The mean multiplicities in f
phase space were calculated by integrating the paramet

at

FIG. 4. Rapidity distributions ofp2, K1, andK2 mesons pro-
duced in central Pb1Pb collisions at 40, 80, and 158A GeV. For
kaons, squares, and circles indicate the results of TOF1dE/dx and
dE/dx only analyses, respectively. The closed symbols indic
measured points, open points are reflected with respect to midra
ity. The lines indicate 2-G fits to the spectra@see Eq.~2!#. The
plotted errors, which are mostly smaller than the symbol size,
statistical only, the systematic errors are65%.

TABLE III. Fitted parameters of the 2-G parametrization@see
text, Eq. ~2!# of rapidity distributions measured forp2, K2, and
K1 mesons produced in central Pb1Pb collisions at 40, 80, and 15
A GeV. Only statistical errors are given.

40A GeV 80A GeV 158A GeV

N(p2) 74.060.5 97.060.7 107.661.8
N(K1) 16.260.4 19.360.3 23.460.6
N(K2) 6.0360.13 9.1660.12 12.860.3
s(p2) 0.87260.005 0.97460.007 1.1860.02
s(K1) 0.72560.016 0.79260.018 0.8860.04
s(K2) 0.63560.011 0.70560.010 0.8160.02
y0(p2) 0.66660.006 0.75660.006 0.7260.02
y0(K1) 0.69460.008 0.74260.008 0.83960.012
y0(K2) 0.56960.010 0.66860.005 0.72760.010
2-4
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rapidity spectra. The resulting numbers are given in Table
The mean multiplicity ofp1 mesons given in Table II wa
calculated by scalinĝp2& by thep1/p2 ratio ~0.91, 0.94,
and 0.97 at 40, 80, and 158AGeV, respectively! measured in
the region where bothdE/dx and TOF measurements a
available. Similar ratios~within 2%! are predicted by the
Venus model@16#. We have also checked, with the Ven
model, that thep1/p2 ratio of total multiplicities is, within
1.5%, equal to the ratio in the TOF1dE/dx acceptance. Re
sults ondn/dy and inverse slope parameters near midrap
ity at 158AGeV are compatible with previously publishe
measurements@20#.

V. ENERGY DEPENDENCE

The energy dependence of the mean pion multiplic
^p&51.5(̂ p1&1^p2&) is shown in Fig. 5. In this figure the
ratio ^p&/^NW& is plotted as a function of the collisio
energy, expressed by Fermi’s measure@21#: F[(AsNN

22mN)3/4/AsNN
1/4, where AsNN is the c.m.s. energy pe

nucleon-nucleon pair andmN the rest mass of the nucleon
Measurements by NA49 are compared to results from o
experiments on central nucleus-nucleus collisions@4,22,23#
and to a compilation of data fromp1p( p̄) interactions~see
references in Ref.@4#!.

One observes that the mean pion multiplicity inp
1p( p̄) interactions is approximately proportional toF; the
dashed line in Fig. 5 indicates a fit of the form̂p&/^NW&
5aF to the data, yieldinga51.02560.005 GeV21/2. For
centralA1A collisions the dependence is more complica
and it can not be fitted by a single linear function (x2/DOF
'18). Below 40AGeV the ratio^p&/^NW& in A1A colli-
sions is lower than inp1p interactions~pion suppression!,
while at higher energieŝp&/^NW& is larger inA1A colli-

FIG. 5. Dependence of the total pion multiplicity per wound
nucleon on Fermi’s energy measureF ~see text! for centralA1A

collisions ~closed symbols! and inelastic p1p( p̄) interactions
~open symbols!. The results of NA49 are indicated by squares. T
full line shows a linear fit through the origin to theA1A data at and
above 158A GeV. The inset shows the difference between the res
for A1A collisions and the straight line parametrization ofp

1p( p̄) data~dashed line!. The inner error bars on the NA49 poin
indicate the statistical uncertainty and the outer error bars the
tistical and systematic uncertainty added in quadrature.
05490
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sions than inp1p( p̄) interactions~pion enhancement!. In
the region between AGS and the lowest SPS energy~15–40
AGeV! the slope changes from a51.01
60.04 GeV21/2 (x2/DOF'0.9) for the fit to the points up to
the top AGS energy toa51.3660.03 GeV21/2 (x2/DOF
'0.2) for the fit to the top SPS energy and the RHIC d
points @23#. The fit to the top SPS and RHIC points is ind
cated by the full line in Fig. 5. The transition from pio
suppression to pion enhancement is demonstrated m
clearly in the inset of Fig. 5, where the difference betwe
^p&/^NW& for A1A collisions and the straight line param
etrization of thep1p data is plotted as a function ofF up to
the highest SPS energy.

Midrapidity and full phase space kaon to pion ratios a
shown as a function ofAsNN in Figs. 6 and 7@4,22,24#,
respectively. A monotonic increase withAsNN of theK2/p2

ratio is measured. For theK1/p1 ratio, a very different be-
havior is observed: a steep increase in the low~AGS @22#!
energy region is followed by a maximum around 40 A Ge
The measurement at RHIC indicates that theK1/p1 ratio
stays nearly constant starting from the top SPS energy.
comparison, the results on the^K1&/^p1& ratio in p1p in-
teractions@4# are also shown in Fig. 7. Thep1p data have
rather large experimental uncertainties@4#, but suggest a
monotonic increase of the ratio. It should be noted that
^K1&/^p1& ratio is expected to be similar~within about
10%! for p1p, n1p, andn1n interactions@27#.

The energy dependence of theK2/K1 ratio at midrapidity
is shown in Fig. 8. The ratio increases withAsNN from about
0.15 at low AGS energy@22# to about 0.5 at SPS energie
and reaches about 0.9 at RHIC@24#.

ts

ta-
FIG. 6. Energy dependence of the midrapidityK1/p1 and

K2/p2 ratios in central Pb1Pb and Au1Au collisions. The results
of NA49 are indicated by squares. Open triangles indicate thA
1A results for which preliminary data were used@25#. The errors
on the NA49 points are the statistical and systematic errors adde
quadrature. The statistical errors are smaller than the symbol s
2-5
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The difference between the dependence of theK1 andK2

yields onAsNN can be attributed to their different sensitivi
to the baryon density. Kaons (K1 andK0) carry a dominant
fraction of all produceds̄ quarks~more than 95% in Pb1Pb
collisions at 158AGeV if open strangeness is considere!.
Therefore theK1 yield (^K1&>^K0& in approximately isos-
pin symmetric collisions of heavy nuclei! is nearly propor-
tional to the total strangeness production and only wea
sensitive to the baryon density. As a significant fraction os

FIG. 7. Energy dependence of full phase space^K1&/^p1& and
^K2&/^p2& ratios in central Pb1Pb ~Au1Au! collisions. The re-
sults of NA49 are indicated by squares. The data forp1p interac-
tions are shown by open circles for comparison. Open triang
indicate theA1A results for which a substantial extrapolation w
necessary@26#. The inner error bars on the NA49 points indicate t
statistical uncertainty and the outer error bars the statistical
systematic uncertainty added in quadrature.

FIG. 8. Energy dependence of the midrapidityK2/K1 ratio in
central Pb1Pb ~Au1Au! collisions. The results of NA49 are indi
cated by squares. The errors on the NA49 points are the statis
and systematic errors added in quadrature. The statistical error
smaller than the symbol size.
05490
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quarks ~e.g., '50% in central Pb1Pb collisions at
158AGeV! is carried by hyperons, the number of produc
antikaons (K2 and K̄0) is sensitive to both the strangene
yield and the baryon density.

In Fig. 9 an alternative measure of the strangeness to p
ratio,ES5(^L&1^K1K̄&)/^p&, is plotted as a function ofF
for A1A collisions @22# and p1p interactions@4#. For A
1A collisions theL multiplicity, when not published~e.g.,
for the NA49 points!, was estimated aŝ L&5(^K1&
2^K2&)/0.8, based on strangeness conservation and
proximate isospin symmetry of the colliding nuclei@27#. The
wealth of data onL and KS

0 (KS
050.5̂ K01K̄0&'0.5̂ K1

1K2&) production inp1p interactions@4# allows a much
more precise determination ofES ~open circles in Fig. 9!
than of the^K1&/^p1& ratio ~open circles in Fig. 7!. By
construction,ES should be almost independent~an expected
variation of several percent! of the charge composition o
colliding nuclei. One may conclude from Figs. 7 and 9 tha
nonmonotonic energy dependence~or a sharp turnover! of
the total strangeness to pion ratio appears to be a sp
property of heavy ion collisions, which is not observed
elementary interactions.

VI. COMPARISON WITH MODELS

The energy dependence of pion and strangeness y
was discussed within various approaches to nucleus-nuc
collisions. In this section we compare our results with pu
lished model predictions.

It was suggested@4,5# that a transition to a deconfine
state of matter may cause anomalies in the energy de
dence of pion and strangeness production. This led to
formulation of the statistical model of the early sta
~SMES! @5,6#, which is based on the assumption that t

s

d

al
are

FIG. 9. Energy dependence of theES5(^L&1^K1K̄&)/^p& ra-
tio in central Pb1Pb ~Au1Au! collisions andp1p interactions.
The results of NA49 are indicated by squares. Open triangles i
cate theA1A results for which a substantial extrapolation w
necessary@26#. The experimental results onA1A collisions are
compared with the predictions of the statistical model of the ea
stage~line! @6#. Different line styles indicate predictions in the en
ergy domains in which confined matter~dashed line!, mixed phase
~dash-dotted line!, and QGP~dotted line! are created at the earl
stage of the collisions. The inner error bars on the NA49 poi
indicate the statistical uncertainty and the outer error bars the
tistical and systematic uncertainty added in quadrature.
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system created at the early stage~be it confined matter or a
QGP! is in equilibrium and a transition from a reaction wi
purely confined matter to a reaction with a QGP at the ea
stage occurs when the transition temperatureTC is reached.
For TC values of 170–200 MeV the transition region rang
between 15–60AGeV @6#.

Due to the assumed generalized Fermi-Landau initial c
ditions @6,21,28# the ^p&/^NW& ratio ~a measure of entropy
per baryon! increases approximately linearly withF outside
the transition region. The slope parameter is proportiona
g1/4 @5#, whereg is an effective number of internal degrees
freedom at the early stage. In the transition region a stee
ing of the pion energy dependence is expected, becaus
activation of a large number of partonic degrees of freedo
This is, in fact, observed in the data on central Pb1Pb ~Au
1Au! collisions, where the steepening starts in the ran
15–40AGeV ~see Fig. 5!. The linear dependence onF is
obeyed by the data at lower and higher energies~including
RHIC!. An increase of the slope by a factor of about 1.3
measured~see Sec. V!, which corresponds to an increase
the effective number of internal degrees of freedom by
factor of 1.34>3, within the SMES@5#.

In the SMES model thêK1&/^p1& and ES ratios are
roughly proportional to the total strangeness to entropy ra
which is assumed to be preserved from the early stage
freeze-out. At low collision energies the strangeness to
tropy ratio steeply increases with collision energy, due to
low temperature at the early stage (T,TC) and the high
mass of the carriers of strangeness (mS>500 MeV, the kaon
mass! in the confined state. When the transition to a QGP
crossed (T.TC), the mass of the strangeness carriers is s
nificantly reduced (mS>170 MeV, the strange quark mass!.
Due to the low mass (mS,T) the strangeness yield becom
~approximately! proportional to the entropy, and the strang
ness to entropy~or pion! ratio is independent of energy. Th
leads to a ‘‘jump’’ in the energy dependence from the larg
value for confined matter atTC to the QGP value. Thus
within the SMES, the measured nonmonotonic energy
pendence of the strangeness to entropy ratio is followed
saturation at the QGP value~see Figs. 7 and 9!, which is a
direct consequence of the onset of deconfinement ta
place at about 40AGeV.

Numerous models have been developed to explain ha
production in reactions of heavy nuclei without explicit
invoking a transient QGP phase. The simplest one is
statistical hadron gas model@29# where independent of th
collision energy the hadrochemical freeze-out creates a
ron gas in equilibrium@30#. The temperature, baryon chem
cal potential and hadronization volume are free parameter
the model, which are fitted to the data at each energy. In
formulation, the hadron gas model does not predict the
ergy dependence of hadron production. Recently, an ex
sion of the model was proposed, in which it is assumed
the values of the thermal parameters~temperature and baryo
chemical potential! evolve smoothly with the collision en
ergy @31#. The energy dependence calculated within this
tended hadron gas model for the^K1&/^p1& ratio is com-
pared to the experimental results in Fig. 10. Due to
construction, the prevailing trend in the data is reprodu
05490
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by the model, but the decrease of the ratio between 40
158 AGeV is not well described. The measured strangen
to pion yield in central Pb1Pb collisions at 158AGeV is
about 25% lower than the expectation for the fully equ
brated hadron gas@31,32#.

Several dynamical hadron-string models have been de
oped to study hadron production inA1A collisions. These
models treat the elementary collisions with a string-hadro
framework as a starting point. The models are then exten
with effects which are expected to be relevant inA1A col-
lisions~such as string-string interactions and hadronic res
tering!. The predictions of the RQMD@33,34# and the
UrQMD @35,36# models are shown in Fig. 10. It is seen th
RQMD, like the hadron gas model, fails to describe the
crease of thêK1&/^p1& ratio in the SPS energy range. Th
UrQMD model predicts a ratio which, aboveAsNN>5 GeV,
does not show any sizable energy dependence and whi
significantly lower~e.g., by about 40% at 40AGeV! than the
data. This is mainly due to the fact that UrQMD overes
mates pion production at SPS energies by more than 3
@36#.

The RQMD prediction of the energy dependence of
K1/p1 ratio at midrapidity is shown in Fig 11. The mode
also fails to reproduce the experimental data both in sh
and magnitude. In addition, Fig. 11 presents the prediction
the HSD model@37# ~another version of the dynamica
hadron-string approach! which shows a monotonic increas
of the K1/p1 ratio with energy. This trend is very differen
from the measured one.

VII. SUMMARY

Results on charged pion and kaon production in cen
Pb1Pb collisions at 40, 80, and 158AGeV are presented
These are compared with data at lower and higher ener
as well as with results fromp1p interactions. The mean
pion multiplicity per wounded nucleon increases appro
mately linearly withsNN

1/4 with a change of slope starting i
the region 15–40AGeV. The change from pion suppressio

FIG. 10. Energy dependence of the full phase space^K1&/^p1&
ratio in central Pb1Pb and Au1Au collisions. The experimenta
results taken from Fig. 7 are compared to model predictio
RQMD @33# ~dashed line!, UrQMD @35# ~dotted line!, and the ex-
tended hadron gas model@31# ~dash-dotted line!.
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with respect top1p interactions, as observed at low coll
sion energies, to pion enhancement at high energies occu
about 40AGeV. A nonmonotonic energy dependence of t
ratio of K1 to p1 yields is observed, with a maximum clos
to 40AGeV and an indication of a nearly constant value
higher energies. This characteristic energy dependence i
observed in elementary interactions and seems to be a un
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@9# J. Bächler et al., NA49 Collaboration, Report Nos. SPSLC

P264 and CERN/SPSC 97, 1997.
@10# C. Blumeet al., NA49 Collaboration, Nucl. Phys.A698, 104

~2002!.
@11# T. Kolleggeret al., NA49 Collaboration, J. Phys. G28, 1689

~2002!.
@12# M. C. Abreuet al., NA50 Collaboration, Phys. Lett. B530, 33

~2002!; 530, 43 ~2002!.
@13# S. Afanasievet al., NA49 Collaboration, Nucl. Instrum. Meth

ods Phys. Res. A430, 210 ~1999!.
@14# H. Appelshauseret al., NA49 Collaboration, Eur. Phys. J. A2,

383 ~1998!.
@15# GEANT, Detector Description and Simulation Tool, CERN Pr

gram Library Long Writeup W5013.

FIG. 11. Energy dependence of the midrapidityK1/p1 ratio in
central Pb1Pb and Au1Au collisions. The experimental result
taken from Fig. 6 are compared with model predictions: RQM
@33# ~dashed line! and HSD@37# ~dash-dotted line!.
05490
at
e

t
not
ue

feature of heavy ion collisions. The measured dependen
can be related to an increase of the entropy production a
decrease of the strangeness to entropy ratio in central Pb1Pb
collisions in the low SPS energy range. They can be und
stood within the statistical model of the early stage
nucleus-nucleus collisions, which assumes that a trans
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models without this assumption do not reproduce the m
sured energy dependence of pion and strangeness produ
equally well.
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