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e, PolandAbstra
t. Results of the NA49 experiment from an energy s
an at the CERNSPS provided eviden
e for the onset of de
on�nement. Theoreti
al 
onsider-ations predi
t a 
riti
al point of strongly intera
ting matter a

essible in theSPS energy range. A sear
h in 
entral Pb+Pb 
ollisions has not found indi
a-tions so far. A systemati
 
ontinuation of the sear
h will be performed by thesu

essor experiment NA61/SHINE at the SPS.Keywords: de
on�nement, quark-gluon-plasma, 
riti
al pointPACS: 25.75-q, 25.75.Dw, 25.75.Gz, 25.75.Ld1. Introdu
tionRelativisti
 heavy-ion 
ollisions have been widely used to study the properties ofmatter at extreme temperatures and densities. The study of nu
leus{nu
leus 
olli-sions at the CERN SPS o�ered for the �rst time the possibility of rea
hing energydensities in ex
ess of � 1 GeV/fm3 during the early stage of the rea
tion. Un-der these 
onditions QCD predi
ts a phase transition between hadron gas and astate of quasifree quarks and gluons, the quark gluon plasma (QGP). Althoughpredi
ted signatures of the QGP, e.g. strangeness enhan
ement, 
harmonia sup-pression and dilepton enhan
ement were observed in Pb+Pb 
ollisions at the topSPS energy [1℄ their spe
i�
ity has 
ome under renewed s
rutiny and motivatedmeasurements of the energy dependen
e of various hadron produ
tion properties.These showed anomalies at low SPS energies whi
h indi
ate that indeed the onsetof de
on�nement appears to o

ur around 30A GeV beam energy [2℄. Final re-sults from these studies will be reviewed. Moreover, QCD suggests that the �rstorder phase transition boundary between QGP and hadrons at high baryon densityends in a 
riti
al point (see Fig. 1 (left)) and then turns into a rapid 
rossover atlow baryon density [3℄. In the vi
inity of the 
riti
al point large 
u
tuations are
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ted [4℄. This paper reports the status of the sear
h for su
h 
u
tuations in
entral Pb+Pb 
ollisions at the SPS. The su

essor experiment NA61/SHINE [5℄will 
ontinue the sear
h for eviden
e of this important predi
tion of QCD.
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Fig. 1. Left: Phase diagram of strongly intera
ting matter with lo
ations offreeze-out of the hadron 
omposition at RHIC (star), SPS (squares), AGS andSIS (triangles). The shaded band indi
ates the �rst order phase boundary and Eits 
riti
al endpoint as estimated by latti
e QCD [3℄. Right: In
rease of the quarksus
eptibility in the vi
inity of the 
riti
al point from e�e
tive QCD theory [7℄.The NA49 dete
tor is a large a

eptan
e spe
trometer [6℄ employing a systemof time proje
tion 
hambers (TPCs) for eÆ
ient tra
king in the forward hemisphereof the rea
tions, pre
ise momentum re
onstru
tion and parti
le identi�
ation usingthe energy loss dE=dx in the TPC gas. Two time of 
ight (TOF) walls of 800s
intillator tiles ea
h augment parti
le identi�
ation mainly near midrapidity. Aforward 
alorimeter (VCAL) measures the energy of proje
tile spe
tator nu
leonsto determine the 
ollision 
entrality. Results will be presented from an analysis of
entral Pb+Pb 
ollisions whi
h were re
orded for SPS beam energies of 20A, 30A,40A, 80A, and 158A GeV (psNN = 6.3, 7.6, 8.7, 12.3 and 17.3 GeV).2. Onset of de
on�nementThe large a

eptan
e of the NA49 dete
tor, its parti
le identi�
ation 
apability andthe forward-ba
kward symmetry of Pb+Pb rea
tions allow the determination of to-tal yields of numerous parti
le spe
ies. The statisti
al hadron gas model provides agood �t to these yields with 3 parameters, namely a temperature T , a baryo
hemi
alpotential �B and a strangeness saturation parameter 
s [8℄. The resulting freeze-out points are plotted in the phase diagram of hadroni
 matter in Fig. 1 (left) andare seen to approa
h the estimated phase boundary and its 
riti
al end point [3℄.In order to �nd out whether the early stage �reball a
tually rea
hed hadron de-
on�nement the energy dependen
e of hadron produ
tion properties was studiedin more detail. Rapid 
hanges were found in 
entral Pb+Pb 
ollisions at the low
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RHICp+pFig. 2. Left: Ratio ES = (hKi+ h�i)=h�i of total number of strangeness 
arriersto pions versus 
ollision energy. Right: Inverse slope parameter T of the invarianttransverse mass distribution of K+ mesons versus 
ollison energy. Square sym-bols show NA49 results and are 
ompared to measurements at lower and higherenergies. Open 
ir
les show measurements in p+p rea
tions. The 
urves showvarious model predi
tions (see text).end of the SPS energy range [9℄. The in
rease of the pion yield per parti
ipatingnu
leon 
learly steepens in the SPS energy region. In a statisti
al model s
enariothis 
an be interpreted as an in
rease of the e�e
tive degrees of freedom [10℄ by afa
tor � 3 [9℄, 
onsistent with the a
tivation of quark-gluon degrees of freedom. Theenergy dependen
e of the produ
tion ratio of the total number of s and �s quarks (asdedu
ed from strange parti
le yields) to pions is plotted in Fig. 2 (left). It exhibitsa sharp peak at low SPS energy with a fall-o� to a lower plateau value 
onsistentwith the expe
tation for a de
on�ned phase (dash-dotted 
urve [10℄). The des
ribedfeatures are neither seen in p+p 
ollisions (open dots) nor in purely hadroni
 model
al
ulations using mi
ros
opi
 transport models (UrQMD [11℄ and HSD [12℄) or thestatisti
al hadron gas model (HGM [13℄).A phase transition is expe
ted to also manifest itself in the momentum distribu-tions and 
orrelations of produ
ed parti
les. A plot of the inverse slope parameter Tof the invariant transverse mass distribution of K+ mesons at midrapidity is shownin Fig. 2 (right). One observes a steep rise at low energies (due to in
reasing radial
ow in the �reball) turning into a plateau at SPS energies whi
h is not found inp+p rea
tions. This feature, also found for pions, protons and antiprotons [9℄, 
an-not be des
ribed by available hadroni
 models and suggests the onset of the phasetransition with hadronisation through an intermediate mixed phase. A mi
ros
opi
model in
orporating a �rst order transition [14℄ 
an in fa
t reprodu
e the measure-ments (dash dotted 
urve). The softness of the equation of state near the onsetof de
on�nement is also seen in the sound velo
ity 
s (see Fig. 3 (left)) whi
h hasbeen derived from the pion rapidity distributions using the Landau hydrodynami
al
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Fig. 3. Left: Sound velo
ity 
s in the �reball as determined from the width ofthe pion rapidity distribution using the Landau hydrodynami
 model [15℄ versusenergy. Right: Pion phase spa
e density as determined from transverse massspe
tra and �reball size derived from Bose-Einstein 
orrelations [16℄. Squaresymbols show NA49 results and are 
ompared to measurements at lower andhigher energies.model [15℄. Finally, a step in the energy dependen
e of the pion phase spa
e den-sity (see Fig. 3 (right)), as dedu
ed from the pion transverse mass spe
tra and the�reball volume estimated from Bose-Einstein 
orrelations [16℄, may also be relatedto the onset of de
on�nement.On the other hand, it was 
onje
tured that a �rst order phase transition mightresults in a long lifetime of the �reball. This was predi
ted to show up in anin
rease of the ratio Rout=Rside in Bose-Einstein 
orrelation measurements anda narrowing of the balan
e fun
tion. Neither of these e�e
ts was observed [19,20℄. Moreover, 
harge 
u
tuations should be smaller in a de
on�ned phase due tothe smaller 
harges of quarks. Su
h a redu
tion was not seen experimentally (seeFig. 4 (left) [21℄; apparently the hadronisation pro
ess erases this signature.The dis
ussed energy dependen
e of hadron produ
tion properties showed anoma-lies at low SPS energies [9℄ whi
h indi
ate that de
on�nement is rea
hed in the earlystage of the produ
ed �reball for beam energies above about 30A GeV. Thus theevolution path of the �reball 
ould pass 
lose enough to the 
riti
al point su
h thatits e�e
t may show up as a maximum in 
u
tuations [4℄, in parti
ular of parti
le mul-tipli
ity or transverse momenta. The results of the NA49 study of multipli
ity [17℄and transverse momentum 
u
tuations [18℄ are plotted in Fig. 5 and 
ompared toexpe
tations [4,7℄ for the QCD 
riti
al point assuming the lo
ation estimated in [3℄.Note that its e�e
t is redu
ed both by the �nite lifetime and size of the �reball(
orrelation length � between 3 and 6 fermi) as well as by the limited a

eptan
e ofNA49. Unfortunately, no indi
ation of a peak is observed in the data.
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Fig. 4. Left: Ele
tri
 
harge 
u
tuations at SPS energies as fun
tion of thefra
tion of a

epted parti
les (rapidity window). The plotted measure ��q is
orre
ted for global 
harge 
onservation. Right: Non-statisti
al event-to-event
u
tuations of the K/� and (p+ �p)/� ratios versus energy. NA49 data are shownas solid squares, predi
tions of the UrQMD model by open squares and resultsfrom RHIC by dots.3. Sear
h for the 
riti
al point in 
u
tuations in NA49Parti
le ratio 
u
tuations might also be a�e
ted by the 
riti
al point. Figure 4 (right)shows the non-statisti
al event-to-event 
u
tuations of the K/� and (p+�p)/� ratiosversus energy [22℄. The rise of the K/� 
u
tuations towards lower SPS energies isprobably due to the onset of de
on�nement [23℄ whereas the negative values for(p+ �p)/� 
an be understood as an e�e
t of nu
leon resonan
e produ
tion.4. Continuation of the sear
h for the 
riti
al point in NA61The indi
ation that the �reball matter rea
hes de
on�nement at the early stage of
entral Pb+Pb 
ollisions at low SPS energies and theoreti
al estimates that pla
ethe 
riti
al point of QCD within rea
h at the SPS strongly motivate a systemati
and more sensitive 
ontinuation of the NA49 studies. Figure 6 summarises thedata sets taken in NA49 (left) and shows the explored region in T; �B of the phasediagram (right, square symbols). Experiment NA61/SHINE [5℄ will further explorethe phase diagram by using lighter nu
lei (see dots in Fig. 6 right), attemptingto move the freeze-out point of the produ
ed matter 
loser to the 
riti
al point.The planned data sets are shown in Fig. 7 (left). If the 
riti
al point is lo
ated inthe theoreti
ally estimated region and the expe
ted 
u
tuations are not too mu
hdepressed by the �nite size and lifetime of the �reball, a hill in 
u
tuations should
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Fig. 5. Left: Dependen
e of the s
aled varian
e ! of the multipli
ity distributionon the baryo
hemi
al potential �B for 
enter-of-mass pion rapidities y� > 1.Right: Transverse momentum 
u
tuation measure �pT versus �B for 1:1 < y� <2:6. Curves show expe
tations for the estimated 
riti
al point at T � 160 MeVand �B � 360 MeV [3℄ and 
orrelation lengths � of 6 (dashed) and 3 (solid)fermi. The values of �B were taken from statisti
al hadron gas model �ts toparti
le yields [8℄ at ea
h 
ollision energy.be observed in this s
an as s
hemati
ally drawn in Fig. 7 (right). In addition, thedata of NA61/SHINE will allow a pre
ision study of the lo
ation and the propertiesof the onset of de
on�nement.The NA61/SHINE experiment reuses most of the NA49 dete
tor (magnets,TPCs, TOF walls) and features important upgrades. The DAQ system and theTPC readout after the front-end 
ards have been repla
ed to obtain a fa
tor 10in
rease of the data taking rate. A new forward 
alorimeter is under 
onstru
tionwhi
h will provide single spe
tator nu
leon energy resolution. It will tightly 
on-strain proje
tile spe
tator number 
u
tuations and thus improve the sensitivity of
u
tuation studies. While primary light ion beams from the SPS would be prefer-able, 
onversion of the H2 beamline to a fragment separator is under study in orderto be able to run in parallel with the LHC Pb program. Begin of the NA61/SHINEion program is anti
ipated for 2011.
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Fig. 6. Left: Data sets 
olle
ted by NA49. Right: Pat
h of the T; �B phasediagram of matter. The squares show the freeze-out points of the hadron 
om-position obtained from NA49 measurements. The dots represent the estimatedfreeze-out points for the future NA61/SHINE experiment. CP denotes the esti-mated position of the QCD 
riti
al point [3℄.5. Con
lusionMeasurements of NA49 at the CERN SPS indi
ate that de
on�nement starts too

ur at the early stage of 
entral Pb+Pb 
ollisions for beam energies above about30A GeV. The freeze-out of the produ
ed �reball happens 
lose to the estimatedposition of the 
riti
al point in the phase diagram of hadron matter. However, nosignals for 
u
tuations asso
iated with the existen
e of the 
riti
al point have beenfound. The sear
h for the 
riti
al point will 
ontinue at the SPS with experimentNA61/SHINE using lighter nu
lei in order to possibly move the freeze-out pointof the �reball 
loser to the 
riti
al point. Furthermore, the STAR experiment willsear
h in Au+Au 
ollisions with a low energy s
an at RHIC with better a

eptan
eand sensitivity. These 
omplementary programs are expe
ted to start in 2010/2011.Finally, there are also low-energy experiments planned at NICA in DUBNA andCBM at GSI whi
h will join the sear
h in later years.A
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