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Abstract.

We present measurements of the antiproton to proton ratio at central (y=0) and forward rapidity (y=2)  as a function of collision centrality for 65 AGeV Au + 65 AGeV Au collisions at (s=130AGeV. For the most central collisions
 (0-10%)  we find N((p)/N(p)=  0.61( 0.06( 0.04 at y( 0, and 0.35( 0.04 ( 0.05 at y(2. The ratios vary only weakly with collision centrality and transverse momentum. We have also determined the N((-)/N((+) ratio to be near unity at y(0 and y(3, and the N(K-)/N(K+) ratio to be 0.95 at y(0. The measurements evidence a  significant enhancement in the production of matter and antimatter as compared to collisions at SPS energies but suggest only partial transparency at this RHIC energy.

The characteristics of the production of matter and antimatter is of central importance for understanding the reaction mechanism and the relative roles of hadronic and partonic  processes in violent nuclear collisions. In particular, the dependence of the antiproton to proton ratio as a function of rapidity provides information on the degree of stopping in the collisions process and on the mechanisms responsible for the production of particles. In 198? Bjorken (
) suggested that reactions at very high energies could lead to a situation in which the colliding nuclei are nearly transparent leading to a wide region in rapidity between the receding collision partners with zero net baryon density
. In this plateau an equal number of hadrons and antihadrons would be produced.  In reactions (
) between heavy nuclei at SPS energies (s=17AGeV this scenario is not realized, although systematics suggest that maximum stopping occurs at a somewhat lower energy ((s=8-12AGeV).  In p + p or p +(p collisions at 200 GeV (
) (UA1), a ratio N((p)/N(p) = 0.5 is found at y=0 
. For collisions between heavy ions at (s=130AGeV a variety of models have been developed (
) that predict widely different (p/p ratios as a function of rapidity corresponding to different assumptions about the underlying physics.

In this Letter we present the first measurements of the N((p)/N(p) ratio at midrapidity (y(0) and at forward rapidity (y(2), for collisions between Au nuclei at the Relativistic Heavy Ion Collider (RHIC), Brookhaven National Laboratory, for (s=130AGeV, the highest center of mass energy yet achieved in collisions between heavy nuclei in the laboratory. The BRAHMS measurements thus provides the first information on the shape of  the net baryon distribution constraining the collision scenario in the RHIC energy domain. The information is further analyzed as a function of collision centrality and transverse momentum. The data were collected with the BRAHMS detector during the final 1.5 weeks of RHIC in August-September 2000 where the luminosity reached 10-15% of the nominal value. The N((p)/N(p) ratios are supplemented by similar ratios for charged pions spanning an even wider range in rapidity
 (0 and 3) and for charged kaons at y=0. We find that while the meson ratios are close to unity the baryon ratios varies between 0.61 at y(0 and 0.35 at y(2.

The BRAHMS detector system consists of two magnetic spectrometers which allow for the precise identification of charged particle properties over a wide rapidity and momentum range as well as a number of global detectors employed to characterize the general features of the reaction, such as the overall charged particle multiplicity, the total neutral energy at small angles and the collision vertex. A general description of the BRAHMS experiment may be found in (
). During the commissioning runs of the summer 2000, essentially the full midrapidity spectrometer (MRS), but only the first half of the Forward Spectrometer (FS) were used. In the analysis described here the MRS and FS were positioned at 90 and 4 degrees with respect to the beam direction, respectively 

The sections of the two spectrometers that were used in the first runs are of similar design. They consist of two small Time Projection Chambers (TPC’s) positioned on either side of a Dipole magnet and followed by a segmented scintillator time of flight (TOF) wall for particle identification (PID). In the case of the FS this tracking and PID arrangement is preceded by an additional dipole  magnet used to sweep low momentum particles away from the spectrometer to reduce the background. The magnets in the two spectrometers were operated at magnetic field settings allowing the reconstruction of momenta in the range 0.2-2.5 and 1-6 GeV/c respectively. Momenta are determined by projecting straight line tracks determined in the TPC’s to the magnet midplane, matching the tracks and calculating the bending angle. We estimate that the momentum resolution is …..% 
.

The two TOF arrays are positioned at 4.5m and 8.5 m from the intersection point. The TOF measurements, particularly for the FS at small angles, depend critically on the determination of the collision vertex (or interaction point, IP) for each event. In the first RHIC runs the vertex distribution was very wide and can be well described by a Gaussian with ((30cm. The necessary correction to the measured TOF due to the  IP position  is provided by the Beam-Beam counters. The Beam-Beam detectors (BB) are two arrays of Cerenkov quartz radiators coupled to photomultiplier tubes. They are positioned around the beam tube on either side of the nominal interaction point at a distance of 2.3 m. The BB counters have an intrinsic time resolution of 45ps allowing the determination of the position of the interaction point with a precision of (2cm. The two arrays subtend pseudorapidities 3<|((|<3.5. As a check, the difference in vertex positions obtained from the BB counters and from projecting tracks identified in the MRS to the beam line position has been studied. A well defined Gaussian distribution is obtained with (=2.8 cm. In the measurements reported here the experimental arrangement resulted in an overall time resolution of ((TOF)(120ps and thus permitted the separation of kaons and protons in the momentum range p( 2.2 GeV/c  and p ( 4.5 GeV/c in the MRS and FS respectively. In the MRS, kaons and pions could be separated up to p ( 1.5 GeV/c. Using only the front section of the FS as done here, kaons could not be cleanly separated
, but we obtain a measure of the ratio of charged pions in the range  0.1 ( pt  ( 0.3  GeV/c.  In future measurements, the FS particle identification range will be increased significantly by the use of the back end of the spectrometer that will extend the PID coverage to p=20 GeV/c.

Figure 1 (panels a and b) shows the particle identification achieved in the MRS and FS. The figure shows the measured time of flight vs. momentum distribution for particles. In the MRS there is acceptance for particle of both signs as shown, although a given sign is preferred for each polarity choice. In the FS, essentially only particles of a given sign are accepted for each polarity. Panels c and d show the m2 distributions obtained from these distributions for positive and negative particles. The distributions have been calculated from m2=p2(t2/L2-1), in natural units, where t and L denote the particle flight time and distance, respectively. In the case of FS the shown m2 distribution corresponds to particles defined to the transverse momentum interval 0.1 ( pt ( 0.4 GeV/c. 

The collision centrality has been determined using the Plastic Tile Multiplicity Array (PTMA). This device consists of 40 quadratic tiles (12x12x0.5 cm3) of plastic scintillator arranged in 5 rows of 8 tiles each, and  placed  around the BRAHMS central Beryllium beam pipe. The device subtends an interval in pseudorapidity ( ( [ (2.2, +2.2]. For each vertex position the total energy loss in each ring of PTMA tiles is accumulated. This can be transformed to a charged particle multiplicity by division with the average energy deposited per particle. Centrality cuts are applied by selecting appropriate ranges in this spectrum. The overall normalization of the centrality cuts to fractions of the nuclear reaction cross section is achieved by multiplying the fraction of counts in the selected range by the ratio of the integral of the PTMA spectrum in coincidence with the BB trigger and in coincidence with valid hits in each of the two Zero Degree Calorimeters (ZDC) (
). The ZDC’s  are  positioned on either side of the nominal interaction point at a distance of 18 m and require a deposited energy in excess of 25GeV in order to fire. The latter spectrum closely corresponds to a minimum bias spectrum, exhausting 97% of the nuclear cross section. 

The number of pions, protons and kaons is determined from the number the number of tracks that fulfill various fiducial requirements. Primarily, that the determined particle time of flight falls within a 2( band around the calculated time of flight vs. momentum curve for the given particle mass. The number of particles measured at either polarity is further normalized to the same number of collisions triggers defined by the BB coincidences described above. The above procedure assumes that the acceptances of the spectrometers for positive and negative particles are symmetric with respect to magnet polarity reversal. This has been verified by GEANT simulations
. Thus no geometrical acceptance or kaon decay corrections are required for determining particle ratios. In the same way, losses due to antiproton annihilation in flight have been estimated. They are most relevant for the MRS where they contribute less than 3 % and insignificant for the FS
. It is also noted that the background is fully negligible for the measurements at 90 degrees. At forward angles there is, however, a contribution from background tracks. We have estimated the contribution from this background to the number of measured proton and antiprotons and found it to be the same small fraction at both polarities
.    

Figure 2 shows the dependence of the N((p)/N(p) ratios, determined as described above, on collision centrality and on particle transverse momentum. In the case of the MRS (y(0) particles with 0.4 (  pt ( 2.4 GeV/c have been used, and in the case of the FS (y(2) particles with 0.1 (pt ( 0.4 GeV/c have been selected (upper panel). The figure shows that the dependence on collision centrality is weak at both rapidities. In the lower panel the dependence on transverse momentum is exhibited for both rapidities for collisions belonging to the 0-10% most central. Over the considered ranges in transverse momentum we find that within the errors the N((p)/N(p) ratios are constant as a function of pt at both rapidities. 

The measured protons and antiprotons contain a contribution from the decay of hyperons ((,((, (,((,  etc..), which are not identified in the present measurement. We have estimated the fraction of protons and antiprotons from such decays that would fall into our spectrometer acceptance. The result can be quoted as a multiplicative correction factor (hyp to the measured the N((p)/N(p) ratio, under various assumptions of the anti-hyperon/hyperon ratio Rhyp. The correction factor is small
 and varies approximately linearly with Rhyp (Rhyp= 0.5 ( (hyp = ? ; Rhyp=1.0 ( (hyp = 1.0 ; Rhyp=1.5  ( (hyp =   for MRS and Rhyp= 0.5 ( (hyp = ? ; Rhyp=1.0 ( (hyp = 1.0 ; Rhyp=1.5  ( (hyp =   for FS).

In figure 3 we summarize the found results for the 0-10% most central collisions. We stress that we have not applied any correction for hyperon feed-down to the measured N((p)/N(p) ratios. Panel a shows that we find pions ratios consistent with unity
 at both rapidities (y=0: N((-)/N((+)= 1.0 (  (  and y=0: N((-)/N((+)= 1.0 (  ( ). At y=0 we find N(K-)/N(K+)= 0.95 (  ( (panel b). Finally we find N((p)/N(p)=  0.61( 0.06 ( 0.04 at y( 0, and 0.35( 0.04 ( 0.05 at y(2 (panel c).

The measured ratios have been compared to calculations using the HIJING
 model (including parton shadowing and jet quench
, thin line) and the FRITIOF
 string model (dashed line) with the same cuts on centrality and transverse momentum that have been applied to the experimental data
. It is seen that both models reproduce the observed meson ratios well. In the case of the antiproton/proton ratio the HIJING calculation overpredicts the measured ratios by about 15-20%, but reproduce the rapidity dependence quite well. The string model, however, cannot reproduce the observed baryon ratio at either rapidity.

In figure 3 we have also plotted the similar particle ratios that have been measured
 at the SPS accelerator at CERN for central Pb+Pb collisions at (s=17AGeV. It is seen that while the pion ratios are also close to unity at that energy, the kaon and antiproton/proton ratios are well below the present RHIC result. Indeed, the kaon ratio measured here is approximately 60 % higher than at SPS. Our antiproton/proton ratio at (s=130AGeV is about a factor of 4 higher than at SPS. We note that the rapidity dependence of the baryon ratio is similar to the one observed at the lower energy.

In summary, the BRAHMS experiment has measured the ratio of positive and negative pions, kaons and protons at central and forward rapidities. We find that the pions ratios are close to unity as would be expected at these energies, where over 4000 charged particles (predominantly of low mass)  are produced per central collision from the available kinetic energy and in agreement with most model predictions. The ratio of singly strange K-mesons is slightly below unity at midrapidity
. We find, however, that for central collisions at (s=130AGeV the ratio of antiprotons to protons is still significantly below unity (60%) at midrapidity and decreases as we move away from midrapidity. This suggests that there is still a significant contribution from participant baryons over the entire rapidity range and that full transparency has yet not been reached. Nevertheless reactions at the present energy evidence the highest antiparticle/particle ratios so far observed in energetic nuclear collisions.  
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Figure Captions.
Figure 1.

(a) Particle identification in the BRAHMS MidRapidity Spectrometer located at 90 degrees and operated at a magnet polarity favoring negative particles. The vertical axis shows the measured time of flight of particles multiplied by the sign of their charge.

(b) As panel 1 for the Forward Spectrometer at 4 degrees. In this case the figure is constructed out of runs at opposite polarities.

(c) Mass2 spectrum for positive (open points) and negative (solid points) particles with |(|=0-0.15, measured in the MRS.

(d) Similar m2 spectrum for particles measured in the FS in the range 0.1(pt(0.5. Overlaid (shaded) are the distributions calculated from the expected time of flight (2 ((TOF) (see text for details).

Figure 2.

(a) Centrality dependence of the measured (p/p ratios for the two rapidity intervals (y(0 and y(2). The centrality is quoted as the fraction of the geometrical nuclear reaction cross section.

(b) Transverse momentum dependence of the measured (p/p ratio for the two rapidity intervals, for 0-10% central events.    

Figure 3.

Comparison of the measured hadron ratios to model predictions. The data shown are for 0-10% central events. The thin line shows the results of calculations with the HIJING model, and the dashed line a calculation with the FRITIOF string model. 

Upper panel: N((-)/N((+),  

middle panel N(K-)/N(K+), 

lower panel: N((p)/N(p).
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