Centrality measurements in the PHOBOS experiment ∗

Andrzej Olszewski for the PHOBOS Collaboration:

B.B.Back^1, M.D.Baker^2, D.S.Barton^2, R.R.Betts^6, M.Ballintijn^4, A.A.Bickley^7, R.Bindel^7, A.Budzanowski^3, W.Busza^4, A.Carroll^2, M.P.Decowski^4, E.Garcia^6, N.George^{1,2}, K.Gulbrandsen^4, S.Gushue^2, C.Halliwell^6, J.Hamblen^8, G.A.Heintzelman^2, C.Henderson^4, D.J.Hofman^6, R.S.Hollis^6, R.Hołyński^3, B.Holzman^2, A.Iordanova^6, E.Johnson^8, J.L.Kane^4, J.Katzy^{4,6}, N.Khan^8, W.Kucewicz^6, P.Kulinich^4, C.M.Kuo^5, W.T.Lin^5, S.Manly^8, D.McLeod^6, J.Michałowski^3, A.C.Mignerey^7, R.Nouicer^6, A.Olszewski^3, R.Pak^2, I.C.Park^8, H.Pernegger^4, C.Reed^4, L.P.Remsberg^2, M.Reuter^6, C.Roland^4, G.Roland^4, L.Rosenberg^4, J.Sagerer^6, P.Sarin^4, P.Sawicki^3, W.Skulski^8, S.G.Steadman^4, P.Steinberg^2, G.S.F.Stephans^4, M.Stodulski^3, A.Sukhanov^2, J.-L.Tang^5, R.Teng^8, A.Trzupek^3, C.Vale^4, G.J.van Nieuwenhuizen^4, R.Verdier^4, B.Wadsworth^4, F.L.H.Wolfs^8, B.Wosiek^3, K.Woźniak^3, A.H.Wuosmaa^1, B.Wysłouch^4

1 Argonne National Laboratory, Argonne, IL 60439-4843, USA 2 Brookhaven National Laboratory, Upton, NY 11973-5000, USA 3 Institute of Nuclear Physics, Kraków, Poland 4 Massachusetts Institute of Technology, Cambridge, MA 02139-4307, USA 5 National Central University, Chung-Li, Taiwan 6 University of Illinois at Chicago, Chicago, IL 60607-7059, USA 7 University of Maryland, College Park, MD 20742, USA 8 University of Rochester, Rochester, NY 14627, USA

The methods of centrality measurements in the PHOBOS experiment are presented. The precision and uncertainties in centrality determination are discussed.

PACS numbers: 25.75.-q

∗ Presented at Cracow Epiphany Conference on Quarks and Gluons in Extreme Conditions, 3 - 6 January 2002, Cracow, Poland (1)

1. Introduction

In the study of high energy heavy ion interactions the centrality of the collision describing the geometry of the collision region, plays an important role. It is defined by the impact parameter, b; the smaller is the impact parameter, the more central is the collision. Other parameters, which vary with the impact parameter, are also used to characterize the centrality of the collision. For non-zero impact parameters not all nucleons inside the nucleus will participate in the collision. This observation led to the formulation of the so-called “participant-spectator” model, in which only nucleons in the region of geometrical overlap of colliding nuclei participate in the collision, while other nucleons are spectators. The number of participating nucleons, N_{part}, is customarily used in the studies of high energy nucleusnucleus collisions at RHIC. Note that neither b nor N_{part} are directly measurable quantities. Therefore in order to define centrality, an experimental observable must be chosen that correlates with the impact parameter or the number of participants.

2. Centrality in models of nuclear interactions

A detailed definition of centrality parameters can be obtained within the Glauber model formalism [1] which considers nuclear interaction as a superposition of independent collisions between participating nucleons. The basic parameters of this model, the value of nucleon-nucleon cross-section and parameters of the Wood-Saxon density of nucleons inside the nucleus, are taken from experiments.

Within the Glauber model one can calculate correlations between centrality of the collision, as represented by impact parameter, b, the number of participating nucleons, N_{part} and the number of nucleon-nucleon collisions, N_{coll} [2]. A distribution of impact parameter in collisions of Au ions, shown in Fig. 1, demonstrates that only small fraction of collisions is characterized by small impact parameters. This means that in order to study these central collisions one needs to develop efficient and precise methods of centrality determination event by event.

Most current models describing nuclear interactions use Glauber formalism to calculate initial geometry of the system (N_{part}, N_{coll}, b). Then, the predictions for the density of particle production are obtained either by assuming an independent superposition of nucleon-nucleon collisions [3, 4] or using different scaling hypotheses [5]. In some models, the calculated initial conditions are used as input to more sophisticated Monte Carlo interaction models, which can take into account novel physics effects predicted to occur at high energy and/or parton density.

Fig. 1. Distribution of impact parameter, b in Au+Au collisions.

The importance of centrality dependent measurements becomes obvious when one looks at a variety of model predictions for particle production at mid-rapidity shown in Fig. 2. In this figure different model predictions

Fig. 2. N_{part} dependence of charged particle density at midrapidity normalized per pair of participating nucleons. The shadowed band indicates the combined systematic and statistical error for PHOBOS data. Model calculations are shown by solid lines of different width.

[3, 4, 6] are compared with the results obtained in the PHOBOS experiment [7]. Experimentally measured scaled particle densities dN/dη/⟨N_{part}/2⟩, rise with increasing centrality of the collision, here measured by N_{part}. On the other hand, model predictions either show a slight decrease [6] or an increase of particle densities [3, 4] which in some models (e.g. HIJING)

Fig. 3. Distributions of the number of participating nucleons for inclusive samples of symmetric collisions of ions of different size. The average and RMS values are indicated by points and horizontal bars.

Fig. 4. Distribution of the number of participating nucleons for sub-samples of events selected from the inclusive sample of Au+Au collisions by N_{part} centrality cuts. The average and RMS values for each sub-sample are shown.

is much faster than that observed in the data. So in order to test these different ideas, it is crucial to make precise measurements of centrality and centrality dependent quantities.

3. Precision of centrality determination

Precision of centrality measurements is influenced by several factors. One of them is associated with the choice of the analyzed event samples. In general there are two ways to vary the volume of interacting nuclear matter: 1) by changing mass of colliding nuclei and studying properties of inclusive samples of these collisions, and 2) by selecting events with different centrality from a single sample of inclusive nucleus-nucleus collisions. The properties of event samples obtained in these two ways are shown in Figs.3 and 4. As one can see, by changing size of colliding nuclei one can indeed change the average number of participating nucleons, N_{part}, but the average ⟨N_{part}⟩ is low and the distribution has a large spread of N_{part} values due to a mixture of events with different centralities. The second method of event selection is very efficient, providing samples of events with distinctly different centrality properties, reaching also N_{part} values far beyond the range available in the first one. It is, however, more sensitive to the theoretical and experimental uncertainties of calculating centrality properties for these samples of selected events, as it will be discussed later.

Another factor that influences the precision of centrality measurements

Fig. 5. Dependence of the ratio of average value of N_{part} obtained from different applications of the Glauber model to the average N_{part} from HIJING MC model on N_{part}. HIJING and PHENIX MC represent Monte Carlo approach, while the points for three sets of (R,a,σ_{NN} ) parameters are from analytical Glauber calculations.

is related to the uncertainties in the Glauber model. Examples of such differences are shown in Fig. 5, where the results for the ratio of average N_{part} obtained from different versions of Glauber calculations to the value obtained from HIJING Monte Carlo model are shown for different centralities. It is known [8] that the “optical” approximation used routinely in analytical Glauber calculations is not correct in the case of collisions of heavy ions. In contrast, the method of Monte Carlo calculations avoids approximations used in analytical calculations and delivers correct results. As it is seen in Fig. 5, where the MC results are indicated by points around a constant value of 1, and where points from analytical Galuber calculations with several different sets of parameters lie below, the difference between these two approaches may exceed a value of 10% already for moderately peripheral collisions. Uncertainties in Glauber model parameters describing nucleon density distribution, lead to differences of the order of 2% and are much smaller than those from “optical” approximation.

It is important to keep track of these uncertainties, especially when comparing results in which different methods of N_{part} calculations were used. One should always make sure that trivial sources of discrepancies are eliminated first, before going into conclusions about physics effects.

4. Centrality determination in the PHOBOS experiment

In the experiment it is not possible to directly measure impact parameter, b, which defines the centrality of a collision. Experimentally measured observables are typically related to the number of participating or spectator nucleons, the quantities which are in turn correlated with the impact parameter of a collision.

The number of spectator nucleons can be obtained from the measurements of the total mass or energy of the nuclear spectator remnant. These measurements are possible in fixed target experiments, but difficult in the collider experiments. This is due to the fact that nuclear spectator fragments are emitted in the direction of the colliding nuclei, thus stay inside the beam pipe and are not available for measurements. At RHIC collider, all heavy ion experiments are equipped with the identical Zero Degree Calorimeters located ±18 m from the nominal interaction point, behind the magnets deflecting charged particles. Therefore, they can detect only a small fraction of all spectators, the neutrons, which follow a straight line trajectory all the way downstream to the calorimeter.

Another way of measuring centrality is by estimating the number of participating nucleons. This number is strongly correlated with the total transverse energy, or the multiplicity of produced particles. In PHOBOS we measure particle production in a limited range of 3 < |η| < 4.5 using scintillator Paddle detectors (see [9]), more details on the Paddle signal processing can be found in [7]. The amplitude of the signal in these detectors is the main parameter used to classify events according to their centrality in the PHOBOS experiment.

In Fig. 6 we show the correlation between the Paddle signal and the total number of hits registered in the PHOBOS silicon detectors covering almost a full phase space. The latter quantity is proportional to the total number of produced particles which, in turn, increases with increasing centrality of the collision. An additional proof that the Paddle signal is a good measure of centrality comes from the observed anti-correlation between signals in Paddle and in ZDC detectors, shown in Fig. 7. This anti-correlation is a consequence of a trivial relationship N_{spect} = A − N_{part}, where N_{part} is correlated with the signal in Paddle detector, while N_{spect} is correlated with the ZDC signal. The anti-correlation is clearly seen over a wide range of measured signals, except for the most peripheral collisions, for which most of the spectator neutrons are bound in charged fragments and escape the detection in ZDC calorimeters.

The further steps in experimental centrality determination involve detailed modeling of experimental signals followed by estimation of the value of centrality parameters, e.g. N_{part}, for samples obtained by making selection

Fig. 6. Positive correlation between signal in Paddle detectors and the total number of hits in PHOBOS silicon detectors.

Fig. 7. An anti-correlation between signal in Paddle detectors and ZDC.

cuts on the measured signals.

In the PHOBOS experiment we use MC simulations based on the HI- JING event generator and the GEANT simulations of the detector response to correlate the signals in the Paddle and ZDC detectors with the centrality parameters. In the case of ZDC detectors only the signals from the 50% of most central collisions are modeled, due to the lack of a reliable model for describing the process of nuclear fragmentation. The distributions of the simulated signals agree well with the measured Paddle and ZDC signals. The final estimate of the centrality parameters is obtained by dividing up the inclusive signal distributions for both data^1 and MC into percentage cross-section bins. For MC, the centrality parameters are known for each event, which allows to associate paddle signal for each percentage crosssection slice with a corresponding N_{part} or N_{coll} distribution. The properties of centrality parameters obtained for the simulated data are then applied to samples selected from real data.

5. Precision of experimentally determined centrality parameters

Since centrality is not directly measured in the experiment, but only indirectly deduced using models of the measured signals, which are correlated with centrality only to a certain degree, additional sources of errors and biases are introduced. They influence the determination of the mean value and the width of the distribution of a given centrality parameter. In Fig. 8, the average values of the number of participating nucleons are compared for

1 The measured distribution was corrected for the missing fraction of cross-section, due to the trigger inefficiency[7]

Fig. 8. Comparison of average value of N_{part} for samples obtained by cuts on different centrality related quantities.

Fig. 9. Comparison of the width of N_{part} distributions for samples obtained by cuts on different centrality related quantities.

percentage cross-section cuts applied to the impact parameter, N_{part} and Paddle signal distributions. It can be seen that the average number of participating nucleons is not sensitive to the selection of the centrality related quantity. On the contrary, as shown in Fig. 9 the width of the N_{part} distribution changes strongly for different quantities used for centrality selection. In particular the width of N_{part} distributions is largest in samples obtained by cuts on the value of signals in ZDC, due to the weak correlation between the number of neutrons measured in ZDC and the total number of spectator nucleons in the collision.

A large contribution to the systematic error in the experimental estimation of centrality comes from the uncertainty in the fraction of the inelastic cross-section actually measured in the experiment. A direct estimation of this fraction from the number of events experimentally registered is not possible due to the uncertainties regarding precise value of the total crosssection in Au+Au interactions at RHIC energies. In PHOBOS, the measured fraction of inelastic cross–section has been estimated at the level of 97% with systematic uncertainty of 3%, from the comparison of occupancy in Paddle counters with MC simulated distribution. The global uncertainty at this level proved to be the largest component of the experimental systematic error. The comparison of the magnitude of systematic errors coming from the biases in the experimental method of centrality determination and the global uncertainty of the measured cross-section as a function of centrality is shown in Fig. 10. The total systematic error exceeds the value of 7% at N_{part} < 70. Therefore the analysis of the data in PHOBOS was limited to 45% of the most central events where N_{part} > 70.

Fig. 10. Relative systematic erorrs of the number of participating nucleons N_{part} as a function of centrality. The two components of systematic errors coming from the uncertainty in the absolute value of the cross-section measured and from the bias of experimental method are shown by, down and up, triangles respectively. The total value of systematic error as a function of centrality is shown by square points.

6. Summary

Systematic studies of the centrality dependence of various observables in high energy heavy-ion collisions are necessary in order to understand physics phenomena in dense and hot nuclear matter. These studies require precision measurements of the centrality parameters such as N_{part} or N_{coll}. It has been shown that large variation in the centrality parameters and their relatively accurate estimates can be achieved by selecting sub-samples of events from the inclusive sample measured for a given collision system.

The uncertainties in the particular application of the Glauber formalism affect the estimate of the centrality parameters. Especially, the analytical calculations of the parameters, based on the optical approximation of the Glauber model, should be avoided since they provide incorrect results for the heavy ion collisions.

The precision of experimental estimates of the centrality parameters is mainly limited by the uncertainty in the measured fraction of inelastic cross-section. The biases in the estimate of the mean values of centrality parameters, due to the choice of experimental signal for centrality selection cuts and imperfections in the signal simulations, are correspondingly small. They, however, affect the width of the distribution of the centrality parameters, and should be taken into account particularly in model predictions.

Acknowledgments

This work was partially supported by U.S. DOE grants DE-AC02-98CH10886, DE-FG02-93ER40802, DE-FC02-94ER40818, DE-FG02-94ER40865, DE-FG02- 99ER41099, and W-31-109-ENG-38 as well as NSF grants 9603486, 9722606 and 0072204. The Polish groups were partially supported by KBN grant 2 PO3B 04916. The NCU group was partially supported by NSC of Taiwan under contract NSC 89-2112-M-008-024.

REFERENCES

[1] R.J. Glauber, in Lectures in Theoretical Physics, ed. W.B. Britton et al., Wiley, New York 1959, vol.1, pp. 315-414 R.J. Glauber and G. Matthiae, Nulc. Phys. B21, 135 (1970) [2] W. Czyż and L. G. Maximon, Ann. Phys. NY 52, 59 (1969)

A. Białas, B. Bleszyński and W. Czyż, Nucl. Phys. B111, 461 (1976) [3] D. Kharzeev and M. Nardi, Phys. Lett. B507, 121 (2001) [4] X.N. Wang and M. Gyulassy, Phys. Rev. Lett. 86, 3496 (2001) [5] P.F. Kolb et al., Nucl.Phys. A696 197 (2001)

Ben Hao Sa et al., Preprint nucl-th/0108003 [6] K.J. Eskola, K. Kajantie and K. Tuominen, Phys. Lett. B497, 39 (2001) [7] B.B. Back et al., Phys. Rev. Lett. 85, 3100 (2000)

G.S.F. Stephans for the PHOBOS Collaboration, talk “PHOBOS, The Early Years” at this conference [8] A. Białas, private communication.

[9] B.B. Back et al., Nucl. Phys. A661, 690 (2000)

B.B. Back et al., Nucl. Instrum. Methods A447, 257 (2000)