ANOMALOUS J/ψ PRODUCTION IN Pb-Pb COLLISIONS AT 158 GeV PER NUCLEON

presented by P.PETIAU^9, for the NA50 Collaboration

M.C. ABREU^6, C. ALEXA^2, B. ALESSANDRO^{11}, J. ASTRUC^8, C. BAGLIN^1, A. BALDIT^4, F. BELLAICHE^{12}, M. BEDJIDIAN^{12}, S. BEOLE^{11} A. BORHANI^9, V. BOLDEA^2, G. BONAZZOLA^{11}, P. BORDALO^6, A. BUSSIÈRE^1, V. CAPONY^1, J. CASTOR^4, M. CERÚ^3, T. CHAMBON^4, B. CHAURAND^9, I. CHEVROT^4, B. CHEYNIS^{12}, E. CHIAVASSA^{11}, C. CICALO^3, S. CONSTANTINESCU^2, W. DABROWSKI^{11}, A. DE FALCO^3 G. DELLACASA^{11}, N. DE MARCO^{11}, A. DEVAUX^4, S. DITA^2, O. DRAPIER^{12}, B. ESPAGNON^4, J. FARGEIX^4, F. FLEURET^9, P. FORCE^4, M. GALLIO^{11}, Y.K. GAVRILOV^7, C. GERSCHEL^8, P. GIUBELLINO^{11}, M.B. GOLUBEVA^7, M. GONIN^9, P. GORODETZKY^{10}, J.Y. GROSSIORD^{12}, P. GUAITA^{11}, F.F. GUBER^7, A. GUICHARD^{12}, R. HAROUTUNIAN^{12}, M. IDZIK^{11}, D. JOUAN^8, T.L. KARAVITCHEVA^7, R. KOSSAKOWSKI^1, L. KLUBERG^9, A.B. KUREPIN^7, Y. LE BORNEC^8, G. LANDAUD^4, C. LOURENÇO^5, L. LUQUIN^4, P. MACCIOTTA^3, F. OHLSSON-MALEK^{12}, A. MARZARI-CHIESA^{11}, M. MASERA^{11}, A. MASONI^3 , S. MOURGUES^4, A. MUSSO^{11}, P. PETIAU^9, W.L. PRADO DA SILVA^{11a}, A. PICCOTTI^{11}, J.R. PIZZI^{12}, G. PUDDU^3, C. RACCA^{10}, L. RAMELLO^{11}, S. RAMOS^6, P. RATO-MENDES^{11} L. RICCATI^{11}, A. ROMANA^9, S. SARTORI^{11}, P. SATURNINI^4, E. SCOMPARIN^{11}, R. SHAOIAN^5, S. SILVA^6, S. SERCI^3, P. SONDEREGGER^5, X. TARRAGO^8, P.TEMNIKOV^3, N.S. TOPILSKAYA^7, G. USAI^3, E. VERCELLIN^{11}, and N. WILLIS^8.

1 Laboratoire de Physique des Particules (LAPP), IN2P3-CNRS, Annecy-le-Vieux, France; 2 Institute of Atomic Physics (IFA), Bucharest, Romania;^3 Università di Cagliari/INFN, Cagliari, Italy;^4 Laboratoire de Physique Corpusculaire, Université Blaise Pascal et IN2P3-CNRS, Clermont-Ferrand, France;^5 CERN, Geneva, Switzerland;^6 Laboratorio de Instrumentaçao e Física Experimentale de Particulas (LIP), Lisboa, Portugal,^7 Institute for Nuclear Research (INR), Moscow, Russia,^8 Institut de Physique Nucléaire, Université Paris-Sud et IN2P3-CNRS, Orsay, France;^9 Ecole Polytechnique et IN2P3-CNRS, Laboratoire de Physique Nucléaire des Hautes Energies, Palaiseau, France;^{10} Centre de Recherches Nucléaires, Université Louis Pasteur et IN2P3-CNRS, Strasbourg, France;^{11} Dipartimento di Fisica Sperimentale, Università di Torino e INFN, Torino, Italy;^{12} Institut de Physique Nucléaire de Lyon, Université Claude Bernard et IN2P3-CNRS , Villeurbanne, France.

a Now at UERJ, Rio de Janeiro, Brazil

Cross-sections for J/ψ, ψ^0 and Drell-Yan production in Pb-Pb collisions at 158 GeV/c per nucleon are presented and compared with previous results obtained with lighter projectiles and targets by the NA38 and NA51 collaborations using the same apparatus. An anomalous decrease of J/ψ and ψ^0 production is observed.

Introduction

The aim of the NA50 experiment is to study the dimuon decay of vector mesons in high energy heavy ion collisions, in order to get evidence for the eventual formation of the quark-gluon plasma: the so-called “J/ψ suppression”, resulting from colour screening induced by quark and gluon deconfinement, is supposed to be one of the clearest signature of the existence of the plasma^1.

The first attempts to look for J/ψ suppression in heavy ion collisions at CERN started in 1986 with an extensive program developed by the collaboration NA38, which studied the collisions between protons and nuclei such as oxygen and sulphur on various heavy targets. The data collected by the collaboration NA38 between 1986 and 1992 are used as a systematic experimental reference.

This paper reports preliminary results on

J/ψ and ψ0 production obtained at the CERN SPS using a beam of Pb ions at 158 GeV/c incident momentum per nucleon hitting a fixed Pb target.

1 Experimental conditions

The NA50 detector is an upgraded version of the previous NA38 apparatus^2, which was mainly composed of a dimuon spectrometer, an electromagnetic calorimeter, an active segmented target and beam counters.

The dimuon spectrometer has been in use at CERN since 1980. In this experiment, it intercepts the pseudo-rapidity interval 2.8 < η < 4.0 and the mass resolution obtained for J/ψ is 3.2%. The acceptance for muon pairs produced in the selected kinematical domain (see section 2 below) is 13.4% in the J/ψ mass region.

The spectrometer has been complemented by additional detectors in order to get several independent estimates of the centrality of the collisions.

The electromagnetic calorimeter is an essential tool for this purpose. A new version of this device has been built for NA50. Its resolution is 5% for central Pb-Pb collisions. It measures the neutral transverse energy produced in the interaction, in a pseudo-rapidity interval 1.1 < η < 2.3, just outside the acceptance of the spectrometer, in order to preserve the muon mass resolution. This transverse energy is directly correlated to the impact parameter of the collision.

A very forward hadronic calorimeter (called ZDC for Zero Degree Calorimeter) detects the spectator fragments of the interacting Pb projectile, and thus provides another information on the centrality of the reaction, which is of course correlated with the previous one.

Data were taken at CERN during 5 weeks in November and December 1995. An incident flux of 3.5 10^7Pb^{82+} ions/burst on 7 Pb subtargets 1 mm thick (17 % interaction length) provided an average of 1000 dimuon triggers/burst. Approximately 6.0 10^7 dimuon triggers were registered during the run, and 85% of the available data are used in this analysis.

2 Data selection and analysis

The spectrometer off-line reconstruction program requires that two tracks in the toroidal magnet are reconstructed from the hits of the proportional chambers, and that the corresponding trigger counters are fired. The target algorithm identifies which one of the seven subtargets was the origin of the two reconstructed muons. Finally, for background subtraction purpose, a fiducial cut is required which guarantees that the acceptance of the spectrometer is independent from the sign of the electric charge of the muons. This is obtained by rejecting all muon pairs where at least one of the muons would be lost if it happened to carry the opposite charge.

The analysis is restricted to muon pairs within the kinematical domain where the acceptance of the spectrometer is larger than 10 %. This domain is defined as follows: 0.0 < y_{cm} < 1.0 ⇐⇒ 2.92 < y_{lab} < 3.92 −0.5 < cos θ_{CS} < 0.5 where y is the dimuon rapidity and θ_{CS} the polar angle of one of the muons in the Collins-Soper reference frame.

The invariant mass spectrum of the opposite sign muon pairs beyond 2 GeV/c^2 , not corrected for acceptance, is presented in figure 1. The background of π and K meson decays leading to uncorrelated muons is included in this spectrum: a wellknown procedure allows to estimate it accurately using the spectra of the like-sign muon pairs. Its contribution is negligible beyond 4.5 GeV/c^2.

In order to determine the absolute numbers of J/ψ, ψ0 and Drell-Yan events, the mass spectrum is then fitted beyond 2.9 GeV/c^2 as the superposition of the four contributions mentioned above, neglecting at this level the small contribution of charmed meson decay. The shapes of the J/ψ, ψ0 and Drell-Yan spectra are deduced from Monte-Carlo generated events having satisfied all detection, reconstruction and selection criteria. The final data sample contains roughly 50000 J/ψ, 350 ψ0 and 650 Drell-Yan pairs with M_{μμ} > 4.0GeV/c^2).

3 Absolute cross-sections

In order to calculate the absolute cross-sections, the raw numbers of events have to be corrected to

Figure 1: Mass spectrum of the final sample of dimuons.

take account of detector efficiencies, selection cut losses and acceptances. The uncertainties on various efficiencies and cut corrections lead to a total systematic error of 7 % on absolute cross-sections. In the kinematical domain defined in section 2 and where the cross-sections are measured, the acceptance of the spectrometer is 13.4 % for J/ψ, 15.8 % for ψ0, and 18.0 % for Drell-Yan events (with M_{μμ} > 4.5 GeV/c^2). The following values are obtained for the cross-sections: B_{μμ}σ_{J/ψ} = 19.0 ± 0.2 ± 1.4 μb σ_{Drell}�_{Y an} = 1.42 ± 0.04 ± 0.10 μb (2.9 GeV/c^2 < M_{μμ} < 8.0 GeV/c^2)

3.1 Comparison of the Drell-Yan cross-section with NA38 results

The comparison of the Drell-Yan cross-section in Pb-Pb collisions with the results obtained with other projectiles and targets provides a good check of the absence of systematic hidden effects in our cross-section measurements. To account for differences in the kinematical domains and beam energies, the comparison is made after computing, for each system, the value of the so-called “K factor”, which is the ratio between the measured value of the cross-section and the lowest order Drell- Yan cross-section calculated from the Glück, Reya and Vogt^3 set of parton distributions, with the appropriate values of √ s and in the experimental kinematical domain.

Figure 2: The Drell-Yan K factor as a function of the product of the projectile and target atomic mass numbers.

The results presented in figure 2 show that the Pb-Pb data are in good agreement with the other measurements and with the well-known Drell- Yan theoretical calculations. Consequently, they show the absence of any significant bias in our absolute cross-section determinations.

3.2 Comparison of the J/ψ production crosssection with NA38 results

The J/ψ production cross-section in Pb-Pb interactions is compared in figure 3 with previous values obtained with different beam and target conditions, but with the same spectrometer^4. For comparison purpose, we show the cross-sections “per nucleon-nucleon collision”, obtained by dividing the nucleus-nucleus cross-sections by the product A×B of the projectile and target atomic mass numbers. All results are rescaled when necessary to the same 200 GeV/c incident beam momentum value and to the same kinematical domain. Our Pb-Pb data have been scaled up from 158 GeV/c to 200 GeV/c using the Schuler^5 scaling function (1 − M_{J/ψ} / √ s)^{12}. The correction factor is 1.32, which leads to increase the value of B_{μμ}σ_{J/ψ} / A_{proj} ×B_{tgt} from 0.44 ± 0.03 nb to 0.58 ± 0.04 nb.

Figure 3: The J/ψ cross-section divided by the product A_{proj} � Btgt of the projectile and target atomic mass numbers ( J/ψ cross-section “per nucleon-nucleon collision”) as a function of the product Aproj � Btgt.

All the measured cross-sections, except for Pb-Pb interactions, fit correctly a power law (A×B)^α, with α = 0.91 ± 0.02, and this value is in perfect agreement with other p-A data^6. Contrasting with this result, the Pb-Pb cross-section is more than 5 standard deviations off the fitted straight line describing the NA38 results.

This behaviour of the J/ψ production observed in NA38, corresponding to an exponent α slightly smaller than 1, can be interpreted^7 as the result of the break-up, inside the nuclear matter, of a pre-resonant cc̄g state which would have become later the resonant J/ψ state. The J/ψ observed cross-section reflects then the survival probability of the cc̄g state.

This observation has led in the past^8 to introduce a new parameter called L, which is the average path length of the pre-resonant cc̄g or J/ψ state through the two colliding nuclei, calculated in their rest frame. For a given value of b and for any couple of projectile and target, L(b) can be derived from purely geometrical considerations.^a Thus, σ_{J/ψ} can be written as σ_0 e�^{n0 L̄ σabs} where n_0 = 0.14 fm�^3 is the standard nucleon density in nuclear matter, L̄ is averaged over all the possible values of the impact parameter b and σ_{abs} is the

aA model of hard spheres has been used.

absorption cross-section. A fit of this expression to the experimental data leads to σ_{abs} = 6.3±1.2mb, when excluding the Pb-Pb data from the fit.

Figure 4: The average path length L of the cc̄g state inside nuclear matter as a function of the transverse energy ET in Pb-Pb collisions.

4 Cross-sections as a function of centrality

As already mentioned in section 1, the transverse energy E_T measured with the electromagnetic calorimeter is correlated with the impact parameter b. A selection of the events in transverse energy bins is therefore equivalent to a selection in b bins, or in L bins. The relation between L and E_T is presented in figure 4, where the saturation of L for large values of E_T reflects the shape of L(b). Thus, in order to study the cross-sections as a function of centrality, the data have been divided into 5 transverse energy bins, as shown in figure 5, where the distribution of the measured E_T value is presented.

The accuracy of our results can be substantially improved if we consider the ratio of the J/ψ to Drell-Yan cross-sections, rather than the previous “cross-section per nucleon-nucleon collision”, as the Drell-Yan cross-section is proportional to the product A×B. There is indeed a significant advantage, from an experimental point of view, to adopt this new presentation, since the ratio σ_{J/ψ}/σ_{DY} is unsensitive to all systematic errors, including inefficiencies and beam flux uncer-

Figure 5: The neutral transverse energy ET spectrum of opposite-sign muon pairs for masses larger than 2.9 GeV/c2. The data are not corrected for subtarget identification inefficiency at low ET .

tainties, which are identical for the two samples of events. A correction has to be applied to the measured Drell-Yan cross-sections to take account of the differences between the elementary p-p, p-n and n-n Drell-Yan cross-sections.

Figure 6 shows the ratio of J/ψ to Drell- Yan cross-sections measured in NA50 in the five E_T bins defined in figure 5, rescaled at 200 GeV/c, and compared with other available results from NA38 and NA51 obtained for different values of L̄. The NA50 result integrated over all values of E_T and corrected for subtarget identification inefficiency is also presented in figure 6. When the Pb-Pb points are excluded, an absorption cross section of 6.2 ± 0.7 mb is obtained from the fit to the data of the exponential relation given in section 3.2. The Pb-Pb integrated result ( B_{μμ}σ_{J/ψ}/σ_{DY} = 12.5 ± 0.4 ) corresponding to an average L̄ of 10.7 fm, lies more than 9 standard deviations below the value expected from pure nuclear absorption models : R_K = (σ_{meas.}/σ_{expec.})_{P b}�_{P b} = 0.71 ± 0.03 The measurements in the 5 bins in E_T show a strong dependence of this effect with the centrality of the collision. The point corresponding to the most central Pb-Pb collisions (b < 2.5 fm) is lower than the expected value by a factor 0.52 ± 0.05,

Figure 6: The ratio of J/ψ to Drell-Yan cross-sections as a function of L. The Pb-Pb data are rescaled at 200 GeV/c, as well as the p-p and p-d results.

while for the most peripheral one (b > 8 fm) the result is close to the value observed in the most central S-U interactions.

5 ψ0_{/(J/ψ) cross-section ratio}

In order to perform the analysis of ψ0 production,

ψ0_{events are extracted from the NA50 dimuon}

mass spectra by the same method as already explained. However, care has to be taken of the high mass tail of the DD̄ contribution, which is also introduced in the mass spectrum fit, as this contribution is no longer negligible compared to the total number of ψ0 events. Averaged over all E_T values, the measured ratio of ψ0 to J/ψ cross-sections is : (B0_{μμ σψ0 /Bμμ σJ/ψ )P b} �P b^{= (0.59 ± 0.09)%}

This ratio is compared to the results of other previous experiments in figure 7. No rescaling correction has been applied to take account of the various beam energies, as Fermilab E789 experiment has shown^9 that the ratio ψ0/(J/ψ) is independent of the energy. For proton-nucleus collisions, the ratio appears also independent of the mass of the target, the average value beeing (1.8 ± 0.1)%. This is well understood in the frame of the absorption model, where the preresonant cc̄g state is expected to have the same behaviour inside nuclear matter, whatever the final charmonium state. As shown in figure 7, a deviation from this behaviour was already observed in NA38 S-U collisions, where the result was B0_{μμ} σ_ψ0 /B_{μμ} σ_{J/ψ} = (0.76 ± 0.06)%. Taking account of the large statistical error of the NA50 result, we can only conclude that the suppression of the ψ0 relative to the J/ψ does not change significantly between S-U and Pb-Pb collisions. It can be deduced from the data shown in figures 6 and 7 that the absolute ψ0 production normalised to the Drell-Yan cross-section seems to decrease even more than the J/ψ production when S-U and Pb-Pb interactions are compared :

( B0_{μμ σψ0} σ_D�_Y )_{P b} �P b^{= (0.46 ± 0.08).(} B0_{μμ σψ0} σ_D�_Y

)_S �U while the corresponding number for J/ψ production is 0.56 ± 0.02 The analysis of the ψ0/(J/ψ) cross-section ratio as a function of E_T , i.e. of centrality, does not show any significant variation in the Pb-Pb data, in contrast with the NA38 S-U results^{10}. So, while a first indication of unexpected charmonium suppression had been already observed with ψ0 in central S-U collisions^{10}, the NA50 results show that, in Pb-Pb interactions, both J/ψ and ψ0 are increasingly suppressed with centrality in the same proportion.

Figure 7: The ratio of ψ^0 to J/ψ cross-sections in p-A, S-U and Pb-Pb collisions.

Conclusion

We have observed in Pb-Pb collisions at 158 GeV per nucleon a strong reduction in the J/ψ and

ψ0_{production cross-sections compared to the ex-}

trapolations based on the “absorption” model from previous experiments. Several authors^{11} consider that this effect could indeed be explained by the occurrence of the quark and gluon plasma phase, the J/ψ production being totally suppressed in regions where the energy density exceeds a critical value slightly greater than the density obtained in central S-U collisions. Other attempts^{12} considering the interaction of the charmonia with “comoving” particles do not seem presently to describe quantitatively all the available results on J/ψ and ψ0 production in nuclear collisions.

References

1. T. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986).

2. C.Lourenço, Ph.D. Thesis, Universidade Técnica de Lisboa (1995).

3. M. Glück, E. Reya and A. Vogt, Phys. Lett.

B 306, 391 (1993).

4. C. Baglin et al., Phys. Lett. B 270, 105 (1991); C.Lourenço, Ph.D. Thesis, Universidade Técnica de Lisboa (1995).

5. G.A. Schuler, CERN-TH 94/7170 (1994). 6. NA3 Collaboration, J. Badier et al., Z. Phys.

20, 101 (1983); E772 Collaboration, D.M. Alde et al., Phys. Rev. Lett. 66, 133 (1991); M.S. Kavit et al., PRL 72, 1318 (1994) 7. D. Kharzeev and H. Satz, Phys. Lett. B 366, 316 (1996).

8. C. Gerschel and J. Hüfner, Z. Phys. C 56, 71 (1992).

9. E789 Collaboration, P.l. McGaughey et al., Quark matter 1996 proceedings , (to be published.)

10. C. Baglin et al., Phys. Lett. B 345, 617 (1995); A. Borhani, Ph.D. Thesis, Université Pierre et Marie Curie, Paris (1996).

11. J.-P. Blaizot and J.-Y. Ollitrault, Phys. Rev.

Lett. 77, 1703 (1996); D. Kharzeev, BI-TP 96/42 (1996);

C.Y. Wong, ORNL-CTP 96/07 (1996). 12. A. Capella et al., LPTHE-Orsay 96/55 (1996); S. Gavin et al., LBL 37980 (1996).