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RESULTS FROM STAR FROM THE FIRST YEAROF RHIC RUNNING�Lee Barnbyfor the STAR and STAR-RICH CollaborationsKent State University, Kent, OH 44242, USAhttp://www.star.bnl.gov(Re
eived May 6, 2002)The STAR dete
tor at RHIC has made a wide variety of measurementsfrom psNN= 130 GeV Au + Au 
ollisions. The overview presented herefo
uses on hadron produ
tion. The yields and spe
tra of various hadroni
spe
ies have been measured giving information on the properties and evo-lution of the �reball 
reated in the 
ollision.PACS numbers: 25.75.Dw, 25.75.Ld1. Introdu
tionHeavy ion 
ollisions at high energy are expe
ted to lead to the formationof a Quark Gluon Plasma (QGP) [1℄. The Relativisti
 Heavy Ion Collider(RHIC) at Brookhaven National Laboratory provided Au + Au 
ollisionsat psNN= 130 GeV whi
h should produ
e su�
iently high energy densitiesfor plasma formation to o

ur. The Solenoidal Tra
ker at RHIC (STAR) isa large experiment built to sear
h for signatures of QGP formation. Theinitial fo
us is on measuring hadron produ
tion in order to understand theproperties of the system whi
h is 
reated.2. The STAR experimentThe STAR experiment has 
apabilities for dete
ting a large fra
tion ofthe 
harged parti
les produ
ed at mid-rapidity. The main tra
king dete
toris a large Time Proje
tion Chamber (TPC) situated in a 0.25 T solenoidalmagneti
 �eld as shown in �gure 1. The ionization 
aused by 
harged tra
ks� Presented at the Cra
ow Epiphany Conferen
e on Quarks and Gluons in ExtremeConditions, Cra
ow, Poland, January 3�6, 2002.(1437)
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rossing the TPC is 
olle
ted in up to 45 samples whi
h enables pions, kaonsand protons to be identi�ed at low momentum as shown in �gure 2. Pionsand protons 
an be separated up to 1.0 GeV/
 and pions and kaons up to0.7 GeV/
. A smaller a

eptan
e devi
e at mid-rapidity, the Ring ImagingCherenkov (RICH), with �� = 20Æ 
an identify parti
les at higher mo-mentum by measuring the emitted Cherenkov light. In this 
ase pions andprotons may be separated up to 5 GeV/
 and pions and kaons up to 3 GeV/
.Two Zero Degree Calorimeters (ZDCs) are situated 18 m from the 
enter ofthe TPC along the beam line, in both dire
tions. The ZDCs dete
t thespe
tator neutrons from the 
ollision and thus a valid 
ollision requires asignal from both ZDCs. A Central Trigger Barrel (CTB) of s
intillator slatssurrounds the TPC and provides a fast signal proportional to the multi-pli
ity whi
h allows 
entral 
ollisions to be triggered on. The ZDC versusCTB response in �gure 3 shows the anti-
orrelation between these two sig-nals. The signal is monotoni
 in the CTB response but the ZDC signal isdouble-valued being minimal for both the most 
entral and most peripheral
ollisions. In both these 
ases there are few spe
tator neutrons. Central
ollisions were triggered by requiring a high CTB signal in 
oin
iden
e witha low ZDC response.
ZDC ZDC

TPC

CTB

Magnet

LizFig. 1. Cross-se
tional view of the STAR dete
tor.In addition to dete
ting and identifying single 
harged parti
les it is pos-sible to make measurements of weakly de
aying strange parti
les via theirde
ays into 
harged parti
les. Ea
h pair of 
harged tra
ks is extrapolatedba
k towards the 
ollision vertex in order to �nd any possible se
ondary de-
ay verti
es at whi
h the kinemati
 properties of the parent parti
le 
an be
al
ulated. This te
hnique, and variations on it, enable the re
onstru
tion ofK0s ; �;��; 
� and their anti-parti
les. In all 
ases where yields are shownthe raw yield had to be 
orre
ted for the 
ombined dete
tor a

eptan
e and
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Fig. 2. Energy loss in the TPC as a fun
tion of momentum.
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Fig. 3. ZDC response versus CTB response.re
onstru
tion e�
ien
y. This was done by generating parti
les in a

or-dan
e with a known distribution and passing them through a full GEANTsimulation of the experiment followed by a detailed dete
tor response simu-lation. The resulting output was then mixed with real raw data on the ADClevel and the full re
onstru
tion software run in order to �nd the fra
tionof parti
les re
onstru
ted. For single parti
les the 
ombined 
orre
tion wasaround 70�80% depending on pT.



1440 L. Barnby3. Baryon numberOne of the �rst interesting topi
s whi
h 
an be addressed with the data isto look at the baryon transport or stopping. In the absen
e of any stoppingthe anti-baryon/baryon (B=B) ratios would be one. In a thermal des
riptionof parti
le produ
tion [2℄ this would 
orrespond to a baryon 
hemi
al poten-tial (�B) of zero. Positive values of �B 
ause the ratio to be less than one.Preliminary anti-baryon/baryon ratios at mid-rapidity for the 11% most 
en-tral 
ollisions are shown in �gure 4 along with results from SPS 
ollisions atpsNN= 17 GeV [3,4℄. These results indi
ate that there is a positive baryon
hemi
al potential presumably due to the transport of baryons from the ini-tial state to mid-rapidity. The me
hanism for this is not well understood.

Fig. 4. Anti-baryon/baryon ratios.Figure 5 shows the p=p as a fun
tion of pT for the 14% most 
entral events.The TPC and RICH results together do not indi
ate any drop in the ratioat higher pT. Su
h a drop is predi
ted [5℄ due to the presumed di�erentprodu
tion me
hanisms for anti-protons and protons be
ause protons 
on-tain valen
e quarks and the ratio of gluon to quark densities de
reases withhigher pT in jets. It will be interesting to extend this measurement to higherpT and also to look at the �=� ratio whi
h should also show a similar e�e
t.
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PreliminaryFig. 5. Anti-proton/proton ratio as a fun
tion of pT.4. Hadron produ
tionThe multipli
ity and single parti
le pT distributions of hadrons 
ontaininformation on the 
hara
teristi
s of the �reball. The pseudo-rapidity distri-bution for negative hadrons from the 5% most 
entral 
ollisions is shown in�gure 6 for the measured portion, pT > 100 MeV/
, and the extrapolation tofull pT. The � distribution is almost 
onstant as expe
ted from a boost in-
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e. This is in 
ontrast to what was found for Pb+Pb 
ollisions atpsNN= 17 GeV where the distributions were found to peak at mid-rapidity.The pion rapidity distribution shown in �gure 7 reinfor
es this interpreta-tion. Establishing this boost invarian
e is important as it is a simplifyingassumption of many models. The h� pseudo-rapidity density at mid-rapidity



1442 L. Barnbyfor pT > 100 MeV/
, dN=d�j�=0 of 261 � 1(stat:) � 17(sys:) [6℄ is substan-tially higher than that for both p+ p (adjusted to the same energy) [7℄ andPb+Pb 
ollisions at psNN= 17 GeV [8℄. The result is in agreement with thetotal 
harged parti
le yields reported by others [9, 10℄ on
e the result froma similar analysis of positively 
harged parti
les is added.
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5% Most CentralFig. 7. Pion yields as a fun
tion of rapidity.5. Identi�ed parti
le spe
traThe momentum spe
trum of ea
h parti
le re�e
ts the distribution whenelasti
 intera
tions 
eased, a point in the evolution of the system knownas thermal freeze-out. Prior to this there was also the 
hemi
al freeze-outpoint at whi
h inelasti
 
ollisions 
ease and the number of ea
h spe
ies isfrozen. All the measurements so far indi
ate that the 
omposition of �re-ball does not 
hange with the 
ollision 
entrality and thus the size of thesystem 
reated. As an example the ratio in the yields of � to h� [11℄ is
onstant making it likely that the amount of strangeness produ
ed is also
onstant. The shape of the spe
tra on the other hand do show a depen-den
e on system size as was reported for example in [12℄. All the spe
traappear to exhibit a thermal behaviour and the distributions in transversemass (mT =ppT2 +m2) 
an be �tted reasonably well with an exponentialover some range in mT, giving an inverse slope parameter Te� . This 
anbe interpreted as an e�e
tive temperature 
omposed of a thermal tempera-ture Tth and a radial �ow parameter � [13℄. The parameters extra
ted fromSTAR data are shown in �gure 8 along with those from Pb + Pb 
ollisions at



Results from STAR from the First Year of RHIC Running 1443psNN= 17 GeV [14℄. The �ow interpretation made for the SPS data, wherethere is a mass dependen
e to the � term, also seems to be appli
able herealthough the 
orresponding inverse slopes are systemati
ally higher. Thiswould indi
ate that the radial �ow is stronger in RHIC 
ollisions. This�ow pi
ture also explains the 
hange of shape, a �attening of the momen-tum spe
tra, with in
reasing 
entrality. In both SPS and RHIC data themulti-strange baryons appear to fall below a linear trend whi
h has beeninterpreted as being due to the a lower re-s
attering 
ross-se
tion for theseparti
les.
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π K p φ Λ Ξ ΩFig. 8. Inverse slope parameters as a fun
tion of parti
le mass.There are however some di�eren
es to the pattern observed at the SPS.The STAR p measurement [12℄ extra
ted an inverse slope parameter of 565MeV, mu
h larger than that at the SPS [14, 15℄. The reason for this seemsto be that the radial �ow has be
ome strong enough to not only 
ause a�attening of the spe
tra but also to introdu
e a 
urvature at low mT. This
auses the extra
ted slope parameter to be
ome dependent on the rangeof the �t. In the p 
ase this range is only 0.25 < pT < 0.95 
ausing theanomalously large value of Te� 
ompared to the similar mass �. Therehas been some su

ess in modelling these spe
tra one of whi
h is to use amodel inspired by hydrodynami
s [16℄. In this model the velo
ity pro�leis dependent on the radial distan
e from the 
entre of �reball with �r =�spr=R where �s is the surfa
e velo
ity at the surfa
e radius, R. Figure 9shows some mT spe
tra with the results of a 
ombined �t to the data. This



1444 L. Barnbymodel is not unique in reprodu
ing the data, see for example [17℄. Theintegrated yields are well des
ribed by thermal models [18℄ whi
h �nd a
hemi
al freeze-out temperature of 170 MeV.
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Fig. 9. Measured parti
le spe
tra with �ts from hydrodynami
 model.6. Ellipti
 �owThe azimuthal anisotropy in the momentum distribution for non-
entral
ollisions is thought to be sensitive to the early evolution of the system.The observable of interest is the se
ond Fourier 
oe�
ient, v2, known asellipti
 �ow. The distribution of v2 as a fun
tion of pT [19℄ is shown in�gure 10. The behaviour of pions and protons is 
learly di�erent with thepions showing an almost linear dependen
e. As expe
ted the kaons lie inbetween. The �ts are from a blast wave model dis
ussed in [19℄ where itwas found that a modi�
ation to in
lude a spatially anisotropi
 freeze-outsurfa
e in addition to the azimuthal velo
ity variation give a better �t to thedata. The distribution of v2 for 
harged parti
les up to a pT of 4.5 GeV/




Results from STAR from the First Year of RHIC Running 1445is shown in �gure 11. Above a pT of 1.5�2.0 GeV/
 the data points departfrom the hydrodynami
 predi
tions indi
ating that su
h a des
ription is nolonger appli
able.
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 �ow for pions, kaons and protons with �ts from blast wave mod-els [19℄.
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1446 L. Barnby7. High pTParti
les at high transverse momentum 
an be used to probe the �reball.High energy partons lose energy through a gluon radiation me
hanism andpredi
tions show that the magnitude of the energy loss (dE=dx) dependson the gluon density of the medium [20℄. For this reason the suppressionof hadrons may be an interesting QGP signature. The preliminary negativehadron distribution from the 5% most 
entral data is shown in �gure 12.Also shown for 
omparison are the negative hadron distributions for Pb+Pb
ollisions at psNN= 170 GeV and the 
harge averaged hadrons (h++h�)=2from p+p 
ollisions at psNN=200 GeV. The STAR data appear to be �atterthan the lower energy nu
lear data points and the mean pT is somewhathigher. A more detailed 
omparison to the elementary 
ollision data isshown in �gure 13 where the STAR data have been divided by the UA1data using an appropriate s
aling to a

ount for the di�erent energies andthe nu
lear overlap. At low pT the yield initially s
ales with the number of
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le spe
tra 
ompared with those obtained in p+pat psNN= 200 GeV and Pb+Pb at psNN= 17 GeV 
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ollaborations, respe
tively.
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ollisions as expe
ted. The data approa
h the binary 
ollision s
alinglimit but at higher pT start to de
rease. This turn over 
ould be interpretedas eviden
e for su
h an energy loss me
hanism due to a larger dE=dx ofpartons in the hot QCD medium.
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harged parti
le spe
trum s
aled to UA1 data. Error bars in-di
ate the error on the measurement and the shaded parts are the total un
ertaintyin
luding s
aling fa
tors. 8. Summary and futureThe measurements of hadron produ
tion indi
ate that parti
les are pro-du
ed from a sour
e 
onsistent with a 
hemi
al freeze-out temperature ofapproximately 170 MeV and with a high degree of radial �ow. The highdegree of ellipti
 �ow as well as the very similar parti
le and anti-parti
ledistributions indi
ate that parti
les undergo a large amount of re-s
attering.In the se
ond year of RHIC running at psNN= 200 GeV three millionevent samples of both 
entrally-triggered and minimum bias events werere
orded. Coupled with the addition of ZDC timing information, whi
hprovided more events in the 
entre of the TPC, this has resulted in an orderof magnitude in
rease in the number of events available for physi
s analyses.This will enable STAR to produ
e spe
tra extending to higher pT and tomeasure the ellipti
 �ow for more parti
le spe
ies and thus examine themass-dependen
e. We will also make more detailed analyses on 
entralitydependen
e and analyze the p+ p referen
e data whi
h was also re
orded.
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