602: A new measurement of the J/ψ production rate in Lead-Lead interactions at 158 GeV/c per nucleon

Faïrouz Ohlsson-Malek^{12,e} for the NA50 collaboration^∗ (fmalek@isn.in2p3.fr)

� M.C. Abreu^{6,a}, B. Alessandro^{11}, C. Alexa^3, R. Arnaldi^{11}, J. Astruc^8, M. Atayan^{13}, C. Baglin^1, A. Baldit^2, M. Bedjidian^{12}, F. Bellaiche^{12}, S. Beolè^{11}, V. Boldea^3, P. Bordalo^{6,b}, A. Bussière^1, V. Capony^1, L. Casagrande^6 , J. Castor^2, T. Chambon^2, B. Chaurand^9 , I. Chevrot^2, B. Cheynis^{12}, E. Chiavassa^{11}, C. Cicalò^4, M.P. Comets^8, S. Constantinescu^3, J. Cruz^6, A. De Falco^4, N. De Marco^{11}, G. Dellacasa^{11,c}, A. Devaux^2 , S. Dita^3, O. Drapier^{12}, B. Espagnon^2 , J. Fargeix^2, S.N. Filippov^7, F. Fleuret^9, P. Force^2, M. Gallio^{11}, Y.K. Gavrilov^7, C. Gerschel^8, P. Giubellino^{11}, M.B. Golubeva^7 , M. Gonin^9, A.A. Grigorian^{13}, J.Y. Grossiord^{12} , F.F. Guber^7, A. Guichard^{12} , H. Gulkanyan^{13} , R. Hakobyan^{13} , R. Haroutunian^{12} , M. Idzik^{11,d}, D. Jouan^8, T.L. Karavitcheva^7, L. Kluberg^9, A.B. Kurepin^7, Y. Le Bornec^8, C. Lourenço^5, M. Mac Cormick^8, P. Macciotta^4, A. Marzari-Chiesa^{11}, M. Masera^{11}, A. Masoni^4 , S. Mehrabyan^{13} , S. Mourgues^2 , A. Musso^{11} , F. Ohlsson-Malek^{12,e} , P. Petiau^9, A. Piccotti^{11}, J.R. Pizzi^{12}, W.L. Prado da Silva^{11,f} , G. Puddu^4 , C. Quintans^6, C. Racca^{10} , L. Ramello^{11,c}, S. Ramos^{6,b}, P. Rato-Mendes^{11} , L. Riccati^{11}, A. Romana^9, S. Sartori^{11}, P. Saturnini^2, E. Scomparin^{5,g} , S. Serci^4, R. Shahoyan^{6,h} , S. Silva^6, C. Soave^{11} , P. Sonderegger^{5,b} , X. Tarrago^8, P. Temnikov^4, N.S. Topilskaya^7, G.L. Usai^4, C. Vale^6, E. Vercellin^{11}, N. Willis^8. 1 LAPP, CNRS-IN2P3, Annecy-le-Vieux, France.^2 LPC, Univ. Blaise Pascal and CNRS-IN2P3, Aubière, France.^3 IFA, Bucharest, Romania. 4 Università di Cagliari/INFN, Cagliari, Italy.^5 CERN, Geneva, Switzerland.^6 LIP, Lisbon, Portugal.^7 INR, Moscow, Russia.^8 IPN, Univ. de Paris-Sud and CNRS-IN2P3, Orsay, France.^9 LPNHE, Ecole Polytechnique and CNRS-IN2P3, Palaiseau, France.^{10} IReS, Univ. Louis Pasteur and CNRS-IN2P3, Strasbourg, France.^{11} Università di Torino/INFN, Torino, Italy.^{12} IPN, Univ. Claude Bernard and CNRS-IN2P3, Villeurbanne,France.^{13} YerPhI, Yerevan, Armenia.

a also at FCUL, Universidade de Lisboa, Lisbon, Portugal.^b also at IST, Universidade Técnica de Lisboa, Lisbon, Portugal.^c Dipartimento di Scienze e Tecnologie Avanzate, II Facoltà di Scienze, Alessandria, Italy.^d now at Faculty of Physics and Nuclear Techniques, University of Mining and Metallurgy, Cracow, Poland.^e now at ISN, Univ. Joseph Fourier and CNRS- IN2P3, Grenoble, France.^f now at UERJ, Rio de Janeiro, Brazil.^g on leave of absence from Università di Torino/INFN, Torino, Italy.^h on leave of absence of YerPhI, Yerevan, Armenia.

2 F. Ohlsson-Malek

Abstract. We present preliminary results of a new measurement of J/ψ production in Pb-Pb interactions at 158 GeV/c. As a function of centrality, the J/ψ production rate shows peculiar discontinuities which, if confirmed, could imply a sudden change in the state of the reacting medium.

1 Introduction

Ultra-relativistic heavy ion collisions at the CERN-SPS are used to study the possible formation of quark gluon plasma (QGP). Among several predicted signatures of this phase transition, charmonia suppression is expected to occur at the early stages of the collision. This suppression is attributed to color screening in the QGP [1]. However, some “normal” suppression is also produced by absorption in nuclear matter [2, 3].

Measurements of J/ψ , ψ^′ and Drell-Yan cross-sections are performed by the NA38 and NA50 experiments. Charmonia and Drell-Yan are observed via their decay into muon pairs. Drell-Yan is used as a reference as it is insensitive to strong interactions.

In the NA38 experiment, the studied collisions were induced by incident protons, oxygen or sulfur ions at 200 GeV/c per nucleon on different targets. A significant suppression of the J/ψ resonance in central collisions [4, 5] in O-A_{target} and S-U collisions has already been observed. It has triggered a considerable amount of theoretical work intended to explain the experimental results.

More recently, the NA50 experiment, an upgraded version of the NA38 experiment, used a lead beam with an energy of 158 GeV/c per nucleon on a fixed lead target. Data were collected in 1995 and 1996. Results from the 1995 data show a strong suppression of charmonia [6]. It thus provides new constraints for any theoretical explanation.

We present the final results for the 1995 lead-lead data and compare them to the NA38 results. As for the 1996 lead-lead experiment, a new event selection procedure enables to increase significantly the statistics of the events produced in peripheral collisions. This new selection is explained. The latest results of charmonia suppression in lead-lead are presented and compared with the previous ones and with the NA38 results.

2 Experimental details

The NA50 detector [7] which is an upgraded version of the NA38 apparatus [4], see Fig 1, consists of a dimuon spectrometer based on an air-core toroidal magnet. A set of proportional muon chambers and scintillator hodoscopes provide muon pair tracking and trigger. A hadron absorber made of carbon and a BeO pre-absorber are placed upstream from the first muon chamber. This spectrometer covers a pseudo-rapidity interval 2.8< η < 4.0 . A mass resolution of 3.1% is obtained for the J/ψ .

602: J/ψ suppression in Lead-Lead collisions 3

Fig. 1. Layout of the NA50 experiment.

The target is made of 7 lead subtargets in order to minimize secondary interactions. Its total thickness amounts to 30% of an interaction length (17.5% in 1995). A set of quartz blades allows the identification of the primary vertex. An electromagnetic calorimeter made of scintillating fibers embedded in lead measures the neutral transverse energy (E_T ) produced in the collision. Its resolution is 5% for central Pb-Pb collisions. A “zero degree” calorimeter (ZDC) located along the beam axis and placed within the main muon absorber, downstream from the target, measures the energy carried out from the Pb-Pb reaction by the beam spectators. It is made of silica optical fibers embedded in a tantalum converter. Its energy resolution is 7% for 32.7 TeV incident Pb nuclei. The neutral transverse energy as well as the energy carried out by the beam spectators are used to estimate the centrality of the collision.

Events are selected for the final analysis if only one incident ion is detected, therefore avoiding pile-up effects. The tracking algorithm requires exactly two muon tracks in the acceptance of the spectrometer. The kinematical domain for the muon pair analysis is defined by a center-of-mass rapidity 0. < y_{cm} < 1. and a polar decay angle in the Collins-Soper reference frame -0.5 < cos(θ) < 0.5 .

3 Pb-Pb 1995 results and comparison with NA38 results

The invariant mass spectrum for opposite sign muon pairs is shown in Fig 2 for masses above 2. GeV/c^2. The processes contributing to this spectrum are Drell-Yan , J/ψ , ψ^′ , DD̄ pairs and the background from mesons (π and K) decay. The π and K mesons decay leads also to like sign pairs which are used to estimate the background using the relation:

4 F. Ohlsson-Malek N^{Bckg} = 2 × √ N^{++} × N^{−−} ,

where N^{++} (N^{−−}) is the number of pairs made of two positive (negative) charged muons. The signal to background ratio is larger than 10 at the J/ψ peak. There are roughly 5% non-J/ψ signal events under the J/ψ peak, mainly originating from Drell-Yan events since the DD̄ contribution is expected to be unsignificant at a mass of 3. GeV/c^2.

The number of J/ψ , ψ^′ , and Drell-Yan events is obtained from a fit to the invariant mass spectrum. This fit is performed for masses above 3.05 GeV/c^2, using the maximum likelihood method with a superposition of four contributions as described hereafter: dN^{+−} dM_μ+_μ� = A_{J/ψ} dN^{J/ψ} dM_μ+_μ�

+ A_ψ0 dN^ψ 0 dM_μ+_μ� + A_{DY} dN^{DY} dM_μ+_μ� + dN^{Bckg} dM_μ+_μ� .

Fig. 2. Opposite sign muon pairs mass distribution in Pb-Pb collisions from the 1995 data collection.

The shape of the J/ψ , ψ^′ and Drell-Yan contributions are determined by Monte-Carlo simulations. Analytical functions are used to smooth the reconstructed simulated events as can be seen in Fig 2. The fit is performed with five free parameters including the three parameters A_{J/ψ} , A_ψ0, A_{DY} and the mass and width of the gaussian-like distribution for J/ψ . The corresponding parameters (mass, width) for the ψ^′ are related to those of the J/ψ according to the nominal mass difference and width ratio obtained from the Monte-Carlo simulation. Each contribution can be studied as a function of the centrality of the collision. For this purpose, we use the neutral transverse energy spectrum and divide it into equipopulated bins. The higher value bins account for the more central collisions.

Drell-Yan cross-section in A+B collisions is a superposition of primary independent nucleon-nucleon Drell-Yan components, expressed as σ^{AB}_{DY} =

602: J/ψ suppression in Lead-Lead collisions 5

σ^{NN}_{DY} × (A × B)^α. All the measurements in NA38 as well as in Pb-Pb collisions experiment agree with an α value of 1 when taking into account isospin effects^1. Thus, Drell-Yan scales as (A × B) as expected. This behaviour is illustrated in Fig 3(left) where the ratio of the measured Drell-Yan crosssection to the lowest order theoretical Drell-Yan value is shown as a function of (A × B). This ratio is expressed through the so-called K factor which is found to be around 2.5 in good agreement with the well known Drell-Yan theoretical calculations.

The nuclear dependance of charmonia production in A+B collisions is also expressed through the expression σ^{AB}_{J/ψ} = σ^{NN}_{J/ψ} × (A × B)^α. The α value is found to be around 0.91 for all NA38 data as shown in Fig 3(center) where the J/ψ cross-section per nucleon-nucleon collision is plotted as a function of (A × B). Relatively to the (A × B)^{0.91} dependence, the 1995 Pb J/ψ cross-section is lower by a factor 0.74±0.06 and thus exhibits an unexpected abnormal behaviour [6]. In order to compare the J/ψ cross-sections from different systems at different incident energies, all the values have been rescaled to the same energy, using the so-called Schuler parametrization [9], σ = σ_0(1 −^{Mμμ√}_s )^{12} , √ s standing for the center of mass energy per nucleon.

The energy dependence for Drell-Yan is given by analytical calculations. Since Drell-Yan scales as (A × B), we study the J/ψ /Drell-Yan cross-sections ratio which is proportional to the J/ψ “cross-section per nucleon-nucleon collision”.

This ratio is shown in Fig 3(right) as a function of the mean length of the path of the charmonia through nuclear matter, L̄. L̄ is calculated using the standard three-parameter Woods-Saxon potential as explained in reference [8]. In the framework of the absorption model, the J/ψ cross-section is proportional to e^{−ρ}0^{L̄σabs} , where σ_{abs} is the nuclear absorption crosssection. As clearly seen in this figure, except for the Pb data, all the other data decrease exponentially with L̄ leading to an absorption cross-section of 6.2±0.7 mb. The last Pb bin lies a factor 0.62±0.04 below the absorption line, off by 10 standard deviations from the absorption expectation. It has to be noticed that the Pb-Pb data and the proton data are rescaled to 200 GeV/c.

4 1996 Pb-Pb results

A new event selection has been applied in order to increase the statistics of peripheral collisions. Indeed, applying the usual event selection criteria which includes the identification of the primary vertex leads to a sample of

1 As the Drell-Yan mechanism depends on the isospin of the nucleon, the measured Drell-Yan cross-section is corrected to account for the relative amount of interacting protons and neutrons . The Drell-Yan corrected cross-section is equivalent to the Drell-Yan cross-section we would have measured for the same two nuclei made only of protons and is therefore expected to scale exactly with the number of nucleon-nucleon collisions.

6 F. Ohlsson-Malek

Fig. 3. Pb-Pb data from 1995 measurement compared to NA38 data: (left) Drell-Yan K factor as a function of A × B. (center)J/ψ cross-section per nucleon-nucleon collision as a function of A × B. (right)J/ψ cross-section per nucleon-nucleon collision as a function of L̄. Data are rescaled to 200 GeV/c.

events where most “very peripheral collisions” are missing due to the target algorithm low efficiency below an E_T around 40 GeV. This is clearly seen on the plot of E_T versus E_{ZDC} in Fig 4(left). Therefore, a new selection has been implemented which accepts all the events lying in a 2σ region of the E_T versus E_{ZDC} average correlation. Events which are not identified by the target algorithm are checked to be produced in the target region. Fig 4(right) shows the accepted events for the J/ψ mass range in the E_T versus E_{ZDC} plot.

Fig. 4. (left) Correlation between the measured neutral transverse energy and the energy measured by the “zero degree” calorimeter for all events with an identified vertex. (right) Same plot for the J/ψ mass region after the new event selection.

602: J/ψ suppression in Lead-Lead collisions 7

The analysis is performed as explained above. The data sample allows to devide the events into 15 E_T bins. Fig 5(left) shows the ratio B_{μμ}σ_{J/ψ}/σ_{DY} as a function of E_T for the 1996 Pb measurement as well as for the 1995 data. We observe that new and previous results are fully compatible. Both sets of data confirm that J/ψ is suppressed strongly as a function of the centrality of the collision. In addition, we observe a discontinuity at E_T around 50 GeV. The ratio B_{μμ}σ_{J/ψ}/σ_{DY} as a function of L̄ is plotted in Fig 5(right) for the 1996 Pb measurement and is compared with the NA38 results. It is important to notice that, in this plot, the NA38 data are rescaled to 158 GeV/c. The NA38 data together with the values from lead-lead collisions corresponding to the 4 most peripheral bins are fitted by an exponentially decreasing law as described above and lead to an absorption cross-section of 6.2 ± 0.7 mb. As clearly seen, the most central collisions lie far below the absorption line, showing a strong suppression of the J/ψ . The 4 more peripheral Pb-Pb bins span a region from L̄=5 fm to L̄=7 fm and the J/ψ /Drell-Yan ratio is found to be identical to the one obtained in S-U collisions. There is a discontinuity from this absorption line to central Pb-Pb collision bins at L̄ ≃ 7.5 fm. The second set of points corresponding to the most central Pb-Pb collisions could suggest a second discontinuity at around L̄ ≃ 9 fm. The most central bin corresponds to an impact parameter of 2 fm and lies 0.65 ± 0.04 below the absorption line.

Fig. 5. (left) B_{μμ}σ_{J/ψ}/σ_{DY} as a function of E_T for the 1996 Pb-Pb data compared to the 1995 Pb-Pb data. (right) Same ratio as a function of L̄ from the 1996 Pb-Pb measurement compared to the NA38 data which are rescaled to 158 GeV/c.

8 F. Ohlsson-Malek

5 Conclusion

The new measurement of the J/ψ production rate in Pb-Pb interactions at 158 GeV/c is consistent with previous results obtained in the same experiment. It confirms the strong suppression observed for central collisions. From peripheral to central collisions, J/ψ production is suppressed by a factor of about 2 relatively to Drell-Yan . As opposed to the results obtained with lighter incident ions, the Pb-Pb results deviates significantly from classical nuclear absorption predictions. We observe, in addition, a significant discontinuity between peripheral and central collisions which could suggest a threshold effect. A second but less significant discontinuity is suggested by the data in the most central collisions region leading to a possible two-step suppression behaviour.

It has to be stressed that the new results reported here are only preliminary and need further confirmation from a more complete analysis.

References

[1] T. Matsui and H. Satz, Physics Letters B178 (1986), 416. [2] A. Capella et al, Physics Letters B206 (1988) 471. [3] C. Gerschel and J. Hüfner, Physics Letters B207 (1988), 253. [4] C. Baglin et al, Physics Letters B220 (1989), 471. [5] C. Baglin et al, Physics Letters B251 (1990), 465. [6] M. Gonin et al, Nuclear Physics A610 (1996), 404c-417c. [7] M.C. Abreu et al, J/ψ and Drell-Yan cross-sections in lead-lead interactions at 158 GeV/c per nucleon, To be published in Physics Letters, 1997.

[8] M.C. Abreu et al, Anomalous J/ψ suppression in lead-lead interactions at 158 GeV/c per nucleon. To be published in Physics Letters, 1997.

[9] G.A. Schuler, CERN preprint CERN-TH.7170/94.