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1420 G.S.F. Stephans et al.1. IntrodutionPHOBOS is one of the two small experiments inluded in the �rst roundof data-taking at the Relativisti Heavy Ion Collider (RHIC) at BrookhavenNational Laboratory. The two areas of physis fous are harged-partilemultipliity over all of phase spae and identi�ed partile studies near mid-rapidity. The ollaboration has two primary goals. The �rst is to performmeasurements of numerous basi observables quikly and aurately as eahnew beam or energy ondition is provided by RHIC. This early informationwould determine the global harateristis of the systems being reated. Theinitial studies would be followed by more detailed investigations exploitingthe unique features of the PHOBOS detetor whih inlude the ability to ol-let a large unbiased event sample, the large segmentation and phase-spaeoverage for harged partile multipliity, and the ability to extend partilemeasurements to low transverse momentum. In addition, the detetor wasdesigned to have relatively low mass as well as partile measurements start-ing very lose to the beam pipe, resulting in high resolution and minimalbakgrounds.This talk will present a sampling of PHOBOS physis results on bothmultipliity and identi�ed partiles. The former will inlude several measure-ments taken during the reently onluded �rst run of gold�gold ollisionsat the full RHIC energy. Ongoing analyses and future possibilities will alsobe disussed. 2. Experimental details2.1. Detetor setupThe full PHOBOS experimental on�guration, shown in Fig. 1, was om-pleted in early 2001. It inludes trigger detetors, a multipliity array, anda two-arm spetrometer [1�4℄. One of the unique features of the PHOBOSsetup is the presene of a 1 mm thik Be beam-pipe whih extends the fulllength of the experimental area, �6 m. This results in very small absorptionand sattering of the primary partiles as well as minimizing prodution ofseondary partiles. To further redue these bakground e�ets, the �rstlayers of eah detetor omponent were mounted as lose as possible to thebeam-pipe.The primary event trigger and o�-line entrality determination were pro-vided by two arrays of 16 sintillators (�paddle ounters�) loated at distanesof �3:21 m from the nominal interation point. These ounters subtendedpseudorapidities between 3 < j�j < 4:5. The minimum-bias trigger for gold�gold ollisions required hits in both ounters within a time window onsistentwith an interation near the nominal intersetion point.



PHOBOS, the Early Years 1421

Fig. 1. PHOBOS detetor setup for the 2001 running period.Another important omponent of the event haraterization onernsdetermining the loation of the interation along the beam pipe. For someof the data taken in the 2001 RHIC run, an online trigger on Vertex loationwas provided by a set of speial T0 ounters installed in front of the �erenkovounters near the end of the Be beam pipe. For o�-line analysis, a highpreision interation loation is provided by the Vertex detetor onsistingof two sets of two layers of Si wafers, one above and one below the beam pipe.Data from this ounter also were used in extrating multipliity information.Two zero-degree alorimeters (loated at distanes of �18:5 m along thebeam, not shown in the �gure) whih are sensitive to spetator neutrons area feature ommon to all four experiments at RHIC. These were used in someof the o�-line analysis of the present data.The multipliity ounter has two major omponents, an otagon-shapedarray of Si wafers arranged parallel to the beam pipe near the interationregion, and a set of 6 ring ounters (3 on eah side) arranged perpendiularto the beam pipe at distanes up to about 5 m away. This detetor providesalmost full overage for harged partiles out to a pseudorapidity of about5.4 units.The spetrometer also is onstruted of Si detetors mounted in 2 sym-metri horizontal arms on either side of the beam. Depending on trajetory,partiles traverse up to 16 layers of Si sensors. The two arms are loated be-tween the poles of a onventional double dipole magnet (bottom half shown



1422 G.S.F. Stephans et al.in the �gure). The magnet is designed to generate very little �eld in the�rst 6 planes of the spetrometer followed by a rapid rise to a roughly on-stant 2 T �eld for the remainder of the layers. The spetrometer sensors are�nely segmented in the horizontal, bend-plane diretion and also segmentedvertially to assist in separating lose traks. These detetors provide bothhit loations for traking and also energy loss information used in partileidenti�ation. To extend the partile identi�ation to higher momentum,one arm of the spetrometer inluded 2 sets of time-of-�ight walls, eahonsisting of 120 sintillator slats (8 mm square).2.2. Si detetor performaneThe majority of the physis measurements performed by PHOBOS re-sult from data taken with the approximately 137 000 hannels of Si detetors.The quality and stability of those detetors as well as the detailed under-standing of their harateristis are ritial to the suess of the experiment.Examples of the results are shown in Fig. 2. The left panel ompares the sig-nal distribution found in the Vertex detetor to the preditions of the Geantalulations. The agreement is exellent. In the time sine this �gure wasprepared, the small disrepany at low signal height has been orreted byimproving the merging of hits due to partiles that deposit energy in morethan one pad. The right panel of the �gure shows a omparison of the signalstrength in the Otagon detetor at beam energies of 130 GeV and 200 GeVtaken during di�erent running periods. The peak loations and widths werelearly very stable over this time. The slight di�erene in the relative heightof the peaks at about 80 and 160 keV (orresponding to one and two parti-les traversing a single pad, respetively) is due to the roughly 15% highermultipliity at the higher energy. The lean peaks seen in Fig. 2 demonstratethe large separation of signal and noise in the Si detetors. Average valuesof the ratio of signal to noise were about 18 in the spetrometer and Vertex

Fig. 2. Si detetor performane examples. See text for disussion.



PHOBOS, the Early Years 1423detetor and about 14 in the larger pads of the otagon and ring ounters.Finally, the overall quality of the detetor is extremely high. The number ofSi hannels whih do not work properly is in the range of 1�3%, where thisnumber inludes all �aws in the Si itself, the eletronis, and the read-outand alibration systems. Additional details onerning the Si performanean be found in Ref. [5℄.2.3. Event trigger and entrality determinationAs mentioned above, the primary event trigger is generated by signalsfrom the paddle ounters. Detailed studies of the data and simulations in-diate that this trigger misses at most a few perent of the total gold�goldinteration rate. Also, the ontributions from beam-gas ollisions, beamhalo, or other bakground soures are negligible. For o�-line entrality de-termination, the trunated means of the alibrated ADC signals from bothsets of paddles were ombined to generate a distribution. Monte Carlo sim-ulations, supported by orrelations with the zero degree alorimeter data,show that this signal varied monotonially with the number of partiipantsin the interation. Cuts were determined orresponding to set perentages ofthe full interation ross-setion. The results of Glauber model and MonteCarlo alulations were used to onvert these perentage intervals into meanvalues of the number of partiipating nuleons for eah seleted region. Seethe talk by Andrzej Olszewski in these proeeding for more disussion ofthe general topi of seleting entrality and Ref. [6℄ for details spei� toPHOBOS. 3. Multipliity measurements3.1. Advantages of the PHOBOS apparatusAs desribed brie�y in the introdution, the PHOBOS detetor has sev-eral important harateristis whih are unique at RHIC. These inlude al-most full phase spae overage and a high granularity in both pseudorapidityand azimuthal angle. The beam-pipe, detetors, and assoiated mehaniswere arranged to provide as little mass and as little distane as possible be-tween the interation point and the ative elements. In addition, di�erentdetetors and several independent analysis methods for partiular detetorsan be used to generate multiple measurements of eah observable. Thiswealth of results provides a powerful tool for determining and understand-ing the systemati unertainties in the derived quantities. Comparison ofdata with very di�erent harateristis (for example ounting Si pads withhits ompared to summing the energy output of the Si) to eah other andto the Monte Carlo preditions adds on�dene in the quality of the �nalresult.



1424 G.S.F. Stephans et al.3.2. Beam energy dependene of mid-rapidity multipliityThe �rst physis measurement using RHIC data was the PHOBOS valuefor the harged partile multipliity density near mid-rapidity for entralgold�gold ollisions at nuleon�nuleon enter of mass energies of 56 and130 GeV [7℄. Reently, PHOBOS again produed the �rst physis resultfrom the full energy RHIC run at 200 GeV [8℄. A summary of the data fromPHOBOS and the other RHIC experiments is show in Fig. 3.
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Fig. 3. Beam energy dependene of the harged partile multipliity density perpartiipant pair averaged over the region j�j � 1. Data are shown for entral AuAu(AGS and RHIC) or PbPb (SPS) ollisions as well as proton�antiproton ollisions.See text for details and referenes.The results shown are pseudorapidity densities of primary harged par-tiles averaged over the region j�j � 1 measured in the top 6% most en-tral events for nuleus�nuleus ollisions. In order to ompare to di�erentsystems (inluding nuleon�nuleon ollisions), the densities have been di-vided by the number of pairs of partiipating nuleons. The PHOBOS dataare shown for 56 and 200 GeV while the average of data from all 4 RHICexperiments is shown at 130 GeV [9�11℄. These values are ompared tothose found for lower energy nuleus�nuleus interations [12�14℄ as well asproton�antiproton ollisions [15℄. It is lear that nuleus�nuleus ollisionsat RHIC energies produe signi�antly more partiles per interating pairof nuleons than are produed in proton�antiproton ollisions at the sameenergy. The data also suggest that this exess over pp may still be inreasingat the highest RHIC beam energy.Before publiation of the �rst PHOBOS data, theoretial preditions forthe pseudorapidity density expeted at a enter of mass energy of 130 GeVvaried by more than a fator of two. The models were re�ned (or in some



PHOBOS, the Early Years 1425ases abandoned) resulting in later preditions of the 200 GeV multipliitywhih varied by about 25%. The latest PHOBOS result is in signi�antdisagreement with some of the adjusted alulations. Thus, even this mostbasi of global observables has already set signi�ant onstraints on theallowable model spae.3.3. Centrality dependene of mid-rapidity multipliityThe observed exess of normalized partile prodution in entral ion�ionollisions, ompared to nuleon�nuleon interations, leads naturally to thequestion of how this quantity depends on entrality. Fig. 4 shows PHOBOSdata that address this question [16, 17℄. As before, the quantity plotted

Fig. 4. Collision entrality dependene of the harged partile multipliity densityper partiipant pair averaged over the region j�j � 1. PHOBOS data are shown forAuAu ollisions at 130 and 200 GeV energies. Statistial error bars are smaller thanthe symbols. The shaded region shows the systemati unertainty at 200 GeV, theband for 130 GeV would be similar. Also shown are data from proton�antiprotonollisions and the results of two theoretial alulations. See text for details andreferenes.is the primary harged partile density (averaged over �1 unit of pseudo-rapidity about mid-rapidity) divided by the number of partiipant pairs.Data are presented for a range of entralities for AuAu ollisions at 130 and200 GeV. The statistial errors are smaller than the symbols. The shadedregion around the 200 GeV points shows the range of systemati uner-tainty. The range for 130 GeV is similar. The proton�antiproton points



1426 G.S.F. Stephans et al.are found from data at 200 GeV and an interpolation of data to 130 GeVusing the parameterization shown in Fig. 3 [15℄. The data suggest that theexess partile prodution ompared to nuleon�nuleon ollisions inreasesmonotonially with possibly a steeper rise for the most peripheral and mostentral interations.The two sets of lines on Fig. 4 show the results of a gluon saturationmodel and an empirial parameterization in terms of a two-omponent modelof the interations [18, 19℄. The latter separates the produed partiles intotwo lasses, the �soft� partiles that sale with the number of partiipantsand a �hard� omponent whih sales with the number of ollisions as deter-mined from a Glauber model. The formula used isdNd� = (1� x)nppNpart2 + xnppNoll ; (1)where npp is the experimentally measured multipliity density of partilesin proton�proton or proton�antiproton ollisions (about 2.2�2.4, see Fig. 3),Npart is the number of partiipants (2 for pp or pp), and Noll is the numberof ollisions. The only parameter not found from data or Glauber modelsof nuleus�nuleus ollisions is x, the fration of the partiles produed byhard sattering in nuleon�nuleon ollisions. For the dashed lines shownin Fig. 4, the value for x (�10%) was hosen to give a reasonable �t to the130 GeV gold�gold data. The energy dependene of x was given by simpleQCD arguments. Both the saturation and two-omponent models are seento give reasonable desriptions of the experimental data. The saturationmodel alulation stops at a little below 100 total partiipants beause theassumptions in the model are deemed inappropriate for more peripheralollisions.It is interesting to reast Eq. (1) in terms of �, the average number ofollisions experiened by one of the partiipating nuleons. This onept hasbeen used frequently in attempts to ompare pp, pA and AA data. In thisase, we have symmetri systems so we know that Npair = Npart=2. Fromnulear geometry, the number of ollisions is about Noll � N�1:3�1:4pair . Byde�nition, Noll = �Npair and so � � N�0:3�0:4pair . Plugging these relationsinto Eq. (1) yields dNd�Npairnpp = 1 + x(� � 1) : (2)In this model, the ratio of normalized partile density between nuleus�nuleus and nuleon�nuleon ollisions is a simple mix of nulear geometryand the fration of hard sattering. Note that asymmetri systems (pAu,SiAu, et.) will have di�erent relationships between Noll and Npart. Datafor suh systems, expeted in upoming RHIC runs, will be ritial in deter-mining the validity of these types of parameterizations.



PHOBOS, the Early Years 1427Several onlusions an be drawn from this data and the omparison tovarious models. One again, it is seen that a relatively simple �global� ob-servable provides important onstraints on the fundamental properties of theinterations. A simple model separating partile prodution into �soft� and�hard� omponents shows a reasonable extrapolation of AuAu data downto nuleon�nuleon values. Although the gluon saturation model and thetwo-omponent parameterization have very di�erent underlying physis as-sumptions, the preditions are very similar. Hopefully, future analysis andadditional data inluding asymmetri systems will help to di�erentiate be-tween the ompeting models of entrality dependene. Finally, it is im-portant to keep in mind that all of the ompeting models involving partondynamis agree with the onlusion that the gluon densities in the initialsystem are large on the QCD sale.One intriguing observation is that the data at both beam energies appearto have an inreasing slope for the most entral ollisions. In the ontextof the two omponent model, it is interesting to ask whether a third soureof partiles arises in those situations. Although it is tempting to speulate,aution must be exerised beause the hanges may be due to systematiunertainties. The two data sets are learly statistially independent butshare some aspets in the analysis whih ould oneivably lead to a ommonsystemati trend.3.4. Rapidity distribution of harged partilesAs mentioned previously, one unique aspet of the PHOBOS experimentis the ability to detet harged partiles over a wide range of pseudorapidity.An example of the results for 130 GeV are shown in Fig. 5 [20℄. In ontrastto the previous plots, this �gure shows total harged partile pseudorapiditydensity, dN=d�, without normalizing by the number of partiipants. Also, inthis ase the error bars inlude systemati unertainties whih dominate inalmost all ases. With suh omplete overage, the total number of hargedpartiles an be extrated with relatively little unertainty due to the extrap-olation into unmeasured regions. For the most entral 3% of the AuAu eventsat 130 GeV, the total number of primary harged partiles is about 4200.Eah panel orresponds to a di�erent range of entrality with the mostperipheral in the upper left and the most entral in the lower right. The per-entages listed are the fration of the total inelasti gold�gold ross-setioninluded. The average total number of partiipants, found using a Glaubermodel, for events within the indiated entrality seletion is also shown. Oneimportant feature that relates to the disussion in the preeeding setion isthat the distributions are relatively �at over about 2�3 units on either sideof � = 0. As a result, the exat range hosen to obtain the �mid-rapidity�averages shown in Figs. 3 and 4 is not signi�ant.
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Fig. 7. This �gure ompares the harged partile pseudorapidity density normalizedto the number of partiipant pairs for the most entral 6% of the AuAu interationsat both 130 and 200 GeV. The horizontal axis has been shifted by the di�erene inthe beam rapidity at the two energies.3.5. Multipliity summaryPHOBOS has made many signi�ant ontributions to the understandingof harged partile prodution at RHIC energies. These inlude extensiveresults on the energy, entrality, and rapidity dependene. In evaluatingthese results using any measure or model, it is lear that a system of veryhigh density is being formed in the early stages of AuAu ollisions. Thesedata have already had an enormous impat on theoretial models inludingonstraints on the initial onditions and subsequent evolution, as well asrestriting the possible global properties and fundamental interations (forexample, hard versus soft proesses). The near future will bring similaranalyses of AuAu ollisions at 20 GeV (run in November, 2001, spei�allyfor PHOBOS) as well as a omparisons to 200 GeV pp ollisions (run inJanuary, 2002). In addition, expanded analyses inluding more detailedstudies, �utuation, event shape, et., are ongoing.



PHOBOS, the Early Years 14314. Spetrometer resultsThe PHOBOS magneti spetrometer was designed to trak and identifypartiles near mid-rapidity. One primary fous of the design was the abilityto extend these measurements to the lowest possible transverse momentum.However, with a reasonably large integrated magneti �eld and Si detetorswith small pixel sizes, the spetrometer also has good resolution for highp? studies. Partile identi�ation for all traks is provided by the averageenergy loss in the Si sensors. A typial sample is shown in Fig. 8. Detailedomparisons of expeted and measured energy losses show that the resolutionis about 7%.
 Particle ID using dE/dx

Fig. 8. Average energy loss in the spetrometer Si wafers is plotted versus themomentum of the trak. Clear bands orresponding to the di�erent partile typesare seen.Early analysis of identi�ed partiles foused on one of the most impor-tant open questions prior to the �rst RHIC data, namely the hemial envi-ronment of the system formed near mid-rapidity. Although many theoristsexpeted that the net baryon density would be smaller than seen in lowerenergy ollisions, it was not lear what the value would be. There were evensuggestions that exoti proesses would lead to enhaned stopping at RHICenergies and, therefore, signi�ant movement of baryon number away fromthe target and projetile rapidity [22℄.
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PHOBOS, the Early Years 1433kaon ratio as positive over negative harges. Both of the measured ratios areonsistent with the range of hemial potential shown by the vertial band,45�5 MeV. This is about a fator of 5�6 smaller than found for entralollisions at SPS energies [25, 26℄.It remains for theoretial studies to determine the auses and implia-tions of this measurement. Clearly, speulations about exoti large �stop-ping� at RHIC energies are ruled out. Nonetheless, it remains interesting toexplain how even this smaller remnant of the valene quark system has beentransported over almost 6 units of rapidity.Many additional analyses of spetrometer data are ongoing inludingsimilar ratios for 200 GeV AuAu ollisions. In the near future, partile spe-tra (with and without partile identi�ation), studies of low and high p? andHBT orrelations will be available. For the farther future, additional anal-yses inluding resonanes, studies versus entrality, rapidity, and reationplane are being prepared.5. The low p? future: stopping partilesIn order to extend identi�ed partile spetra to the lowest possible trans-verse momentum, the PHOBOS ollaboration is analyzing traks whih stopwithin the Si wafers of the spetrometer. By seleting only hits orrespond-ing to large energy loss, the traking beomes muh easier. This is essentialbeause low momentum traks satter signi�antly more than the averageand so the various uts for �nding valid hit ombinations need to be loosenedonsiderably.An example of early studies is shown in Fig. 10. The plots omparemeasured (solid lines) and predited (dashed lines) energy loss distributionsfor pions whih stop in the �fth layer of the spetrometer. The plots learlyshow the steady inrease in deposited energy as the pions slow down. Theagreement for all layers is superb, indiating that a lean, well understoodsample of pions is being extrated and that the detetor response to thesepartiles is aurately predited. Note the dramatially larger horizontalsale in the plot for Plane E (the last plane). Some fration of the negativepions are aptured onto the Si nulei and fragment them. The detetion ofsome of this fragmentation energy produes the long tail to higher energyloss. Thus, in this ase, the partile yields an be partially separated intothe two harge signs. Work is ongoing to understand the e�ieny andbakgrounds for these stopping partiles as well as extending the algorithmsto partiles stopping in other layers.
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Fig. 10. This �gure shows the predited (dashed lines) and measured (solid lines)energy loss distributions in the �rst 5 Si layers of the spetrometer for pions thatstop in the �fth layer. See text for disussion.6. ConlusionThis talk has highlighted a few of the physis results obtained by thePHOBOS ollaboration at RHIC. Many others, for example �ow [27℄, havenot been disussed. The PHOBOS data have been ritial in the early at-tempts to understand the onditions reated in the new regime of heavyion ollisions at these high energies. The results have had a signi�ant im-pat on the theoretial interpretation, inluding both global properties andfundamental interations. More beam energies and beam speies (inludingasymmetri systems suh as pAu or dAu) are eagerly antiipated in futureruns in order to ontinue the systemati study of varying initial onditions.For the farther future, various upgrades to the traking, vertexing, and parti-le identi�ation are being onsidered. The ollaboration is looking forwardto an exiting period of exploration in this new frontier.
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