9^{th} July 1997

Anomalous J/ suppression in Pb-Pb interactions at 158 GeV/c per nucleon

NA50 Collaboration

M.C. ABREU^{6a}, B. ALESSANDRO^{11b}, C. ALEXA^2, J. ASTRUC^8, C. BAGLIN^1, A. BALDIT^4, M. BEDJIDIAN^{12}, F. BELLAICHE^{12}, S. BEOLÈ^{11b}, V. BOLDEA^2, G. BONAZZOLA^{11b}, P. BORDALO^{6h}, A. BORHANI^9, A. BUSSIÈRE^1, V. CAPONY^1, J. CASTOR^4, T. CHAMBON^4, B. CHAURAND^9, I. CHEVROT^4, B. CHEYNIS^{12}, E. CHIAVASSA^{11b}, C. CICALÓ^3, S. CONSTANTINESCU^2, J. CRUZ^6, W. DABROWSKI^{11b}, A. DE FALCO^3, G. DELLACASA^{11d}, N. DE MARCO^{11b}, A. DEVAUX^4, S. DITA^2, O. DRAPIER^{12}, B. ESPAGNON^4, J. FARGEIX^4, F. FLEURET^9, P. FORCE^4, M. GALLIO^{11b}, L. GATIGNON^5, Y.K. GAVRILOV^7, C. GERSCHEL^8, P. GIUBELLINO^{11b}, M.B. GOLUBEVA^7, M. GONIN^9, P. GORODETZKY^{10}, J.Y. GROSSIORD^{12}, P. GUAITA^{11b,e}, F.F. GUBER^7, A. GUICHARD^{12}, R. HAROUTUNIAN^{12}, M. IDZIK^{11b}, D. JOUAN^8, T.L. KARAVITCHEVA^7, L. KLUBERG^9, A.B. KUREPIN^7, G. LANDAUD^4, Y. LE BORNEC^8, C. LOURENÇO^5, L. LUQUIN^4, P. MACCIOTTA^3, A. MARZARI-CHIESA^{11b}, M. MASERA^{11b}, A. MASONI^3 , S. MOURGUES^4, A. MUSSO^{11b}, F. OHLSSON-MALEK^{12}, P. PETIAU^9, A. PICCOTTI^{11b}, J.R. PIZZI^{12}, W.L. PRADO DA SILVA^{11b,f} , G. PUDDU^3, C. QUINTANS^6, C. RACCA^{10}, L. RAMELLO^{11c}, S. RAMOS^{6h}, P. RATO-MENDES^{11b}, L. RICCATI^{11b}, A. ROMANA^9, S. SARTORI^{11}, P. SATURNINI^4, E. SCOMPARIN^{11b,g}, S. SERCI^3, S. SILVA^6, C. SOAVE^{11b}, P. SONDEREGGER^{5h}, X. TARRAGO^8, P. TEMNIKOV^3, N.S. TOPILSKAYA^7, G. USAI^3, C. VALE^6, E. VERCELLIN^{11b}, 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 Laboratório de Instrumentação e Física Experimental de Partículas (LIP), Lisbon, Portugal; 7 Institute for Nuclear Research (INR), Moscow, Russia;

8 Institut de Physique Nucléaire, Université Paris-Sud et IN2P3-CNRS, Orsay, France; 9 Laboratoire de Physique Nucléaire des Hautes Energies, Ecole Polytechnique et IN2P3-CNRS, Palaiseau, France;

10 Centre de Recherches Nucléaires, Université Louis Pasteur et IN2P3-CNRS, Strasbourg, France; 11 Università di Torino e INFN, Turin, Italy ;

12 Institut de Physique Nucléaire de Lyon, Université Claude Bernard et IN2P3-CNRS , Villeurbanne, France.

a Also at FCUL, Universidade de Lisboa, Lisbon, Portugal;^b Dipartimento di Fisica Sperimentale;^c Dipartimento di Scienze e Tecnologie Avanzate;^d II Facoltà di Scienze, Alessandria;^e Now at Dipartimento di Fisica, Università di Padova, Padua, Italy;^f Now at UERJ, Rio de Janeiro, Brazil;^g Now at CERN, Geneva, Switzerland;^h Also at IST, Universidade Técnica de Lisboa, Lisbon, Portugal.

ABSTRACT. The Drell-Yan and J/ψ cross-sections measured in Pb-Pb collisions are compared with the values extrapolated from the results obtained in proton and light ion induced reactions. While the Drell-Yan production exhibits the normal expected behaviour, the yield of J/ψ in Pb-Pb interactions is abnormally low, as it lies 9 standard deviations below the expected value. Moreover, the departure from the expected behaviour increases significantly from peripheral to central collisions. 1

1. Introduction

It is now a well established prediction from lattice QCD calculations [1] that, under extreme energy density conditions, ordinary hadronic matter will undergo a phase transition to the so-called Quark-Gluon Plasma (QGP).

The main feature of this phase of matter is that the elementary constituents of hadrons are deconfined, i.e. that quarks and gluons do not form any more individual hadrons and are free to move within the medium. From the very beginning and before the start up of the experimental search in the field, it was pointed out [2] that deconfinement would induce color screening which in turn would prevent J/ψ formation, making of “J/ψ suppression” one of the gold-plated signatures for QGP experimental evidence. Starting from 1986 on, high energy ion beams (O, S and finally Pb) became available at CERN. They made possible the search for QGP formation in ultrarelativistic nucleus-nucleus collisions where it was believed that the required conditions could be reached at best. Experiment NA38 developed an extensive program studying charmonium in p-A and A-B reactions with incident proton, oxygen and sulfur ions on different nuclear targets. The results obtained for J/ψ production [3] led to a solid systematic experimental reference. They triggered a considerable amount of theoretical work [4] and can be understood, according to some authors, in an overall coherent framework [5].

In this letter, we compare the Pb-Pb values measured by the NA50 experiment, as reported in the preceding letter [6], with the values previously obtained with lighter incident ions.

2. Drell-Yan cross-sections

The behaviour of the Drell-Yan cross-section in Pb-Pb collisions is compared with the values obtained in p-p, p-d, p-W and S-U interactions with the same basic spectrometer [7]. For the various systems, the kinematical domains are not strictly identical on one hand and, on the other, the incident momentum (and thus √ s) is significantly different i.e., 450 GeV/c for p-p and p-d and 200 GeV/c for p-W and S-U. The comparison is therefore made using the so-called K-factor which accounts for higher order corrections to the lowest order Drell-Yan theoretical cross-section. We thus compute, for each system K_{DY} = σ^{DY}_{exp} / σ^{DY}_{GRV} �_{LO} where σ^{DY}_{exp} is the measured value of the cross-section and σ^{DY}_{GRV} �_{LO} the lowest order Drell-Yan cross-section computed, with the appropriate √ s and in the same kinematical domain, using the GRV-LO [8] set of parton distribution functions.

The results are listed in Table 1 and plotted in figure 1 as a function of the product AB of the target and projectile atomic mass numbers. They all show good agreement both with each other and with the well known Drell-Yan theoretical calculations. In particular, the Pb-Pb Drell-Yan cross-section determined as detailed above, exhibits a behaviour which is fully compatible with expectations from other experiments.

3. J/ψ cross-sections

The results obtained for the Drell-Yan process show the absence of any significant bias in our absolute cross-section measurements. We can now compare the J/ψ production cross-section in Pb-Pb interactions with values obtained previously with different beam and target combinations with the same spectrometer. For this purpose, we calculate the “cross-section per nucleonnucleon collision”, i.e. the cross-section divided by the product AB of the projectile and target atomic mass numbers. The values obtained under different experimental conditions are rescaled to 200 GeV/c incident momentum and recomputed, if necessary, in the kinematical domain D defined by:

0 ≤ y_{cms} ≤ 1 and | cos θ_{CS} | < 0.5 All the values obtained with the 450 GeV/c data (p-p, p-d, p-C, p-Al, p-Cu and p-W), are globally scaled down with the same factor using the following procedure. First, the 450 GeV/c and 200 GeV/c data are fitted independently, assuming that the J/ψ cross-section is proportional to (AB)^α. The results are respectively α = 0.92 ± 0.02 and α = 0.91 ± 0.03. Their good compatibility justifies a simultaneous fit to the 450 GeV/c and 200 GeV/c data imposing the same value of α for the two samples, which gives α = 0.920 ± 0.015, in fair agreement with previous p-A results [9]. The global rescaling factor obtained from this fit is 0.406 ± 0.038, to be compared with the value 0.418 ± 0.083 which would result from the x_F and √ s dependence of the J/ψ cross-section as given by the Schuler parametrization [10]. The “rescaled” 450 GeV/c data together with the 200 GeV/c data are plotted in figure 2 which also shows the result of the simultaneous exponential fit described above.

The Pb-Pb “cross-section per nucleon-nucleon collision” measured in the NA50 experiment is 0.51 ± 0.04 nb [6]. As already obtained in the domain D, it only needs a √ s correction which is calculated from the Schuler parametrization [10]. The correction factor is 1.32 ± 0.04, and the corresponding cross-section value is 0.67 ± 0.05 nb.

The results are listed in Table 2 and plotted in figure 2 as a function of AB. The Pb-Pb result is about 5 standard deviations off the fitted function and lies below the expected value by a factor R^{cross}�^{section} K = 0.74 ± 0.06.

This is a first hint that J/ψ production is anomalously suppressed in Pb-Pb interactions.

According to [5] the “normal” behaviour of J/ψ production which corresponds to a value of the exponent α close to 0.91, can be interpreted as the result of the break-up of a pre-resonant object meant to become later on, if not destroyed, the fully formed resonant J/ψ state. Within this interpretation, the J/ψ production cross-section can be written to the first order as σ(AB → J/ψ) ∝ (AB) exp (−ρ_0 σ_{abs} L̄) (1) where (AB) accounts for the (cc̄) creation probability in A-B collisions and the decreasing exponential for its break-up probability, with cross-section σ_{abs}, along its path through nuclear matter. The parameter ρ_0 = 0.17 fm�^3 is the nuclear matter standard average density. For any given p-A or A-B system, L̄ stands for the mean length of the path of the (cc̄) system through nuclear matter of mean density ρ_0: L̄ = < L̄(b) > .

At a given impact parameter b, L̄(b) can be calculated as: L̄(b) = 1 ρ_0 < Z ρ dz > . For a given position of the (cc̄) pair creation point inside the colliding nuclei, the integral is taken along the potential path of the (cc̄) system through these nuclei. The average takes into account all possible positions, for a given value of b, of the (cc̄) pair creation point, weighted by the probability to create it at that point.

In previous reports of preliminary results of the NA50 experiment [11], L̄ was calculated assuming for ρ(r) the sharp-surface approximation^1. In this paper, we choose the standard three-parameter Woods-Saxon form with numerical parameters from [12]. Anyway, it should

1In this particular case, for a projectile and a target of atomic mass numbers A_p and A_t respectively, when integrated over the impact parameter, L̄ is simply given by L̄ = L̄_p + L̄_t with L̄_{p,t} = 3/4 r_0^{Ap,t}�^1_{Ap,t} A^{1/3}_{p,t} and r0 = 1.1 fm

be stressed that the exact choice of the nuclear density model does not affect the essential features of our results. Figure 3 shows, as a function of L̄, the same “cross-sections per nucleonnucleon collision” as figure 2. The simultaneous fit of the expression given in equation (1) to the 450 GeV/c and 200 GeV/c data leads to σ_{abs} = 6.2 ± 1.1 mb when the Pb cross-section is excluded from the fit. The significant departure of the Pb value from the fitted exponential function is a clear evidence that the J/ψ suppression observed in Pb-Pb interactions cannot be anymore accounted for by nuclear absorption effects.

4. J/ψ cross-section as a function of the centrality of the collision.

In this section, we make use of the fact that the Drell-Yan cross-section scales with the number of nucleon-nucleon collisions, as once more confirmed with the present data. This scaling feature requires in fact that the measured Drell-Yan cross-sections be corrected to account for the relative amount of interacting protons and neutrons, as the Drell-Yan mechanism depends on the isospin of the nucleon. We therefore correct for this “isospin effect” and replace the measured Drell-Yan cross-section by: σ^{DY}_{corr} = σ^{DY}_{meas} (AB) (σ^{DY}_{GRV LO})_{pp} (σ^{DY}_{GRV LO})_{AB} which is equivalent to the Drell-Yan cross-section we would have measured for the same two nuclei were they only made of protons. This procedure leads to the following correction factor: σ^{DY}_{corr}/σ^{DY}_{meas} = 1.30 This corrected Drell-Yan cross-section, deduced from our measurement, should be proportional to the product AB so that the ratio of cross sections σ_{J/ψ} / σ_{DY} is now strictly proportional to the J/ψ “cross-section per nucleon-nucleon collision”.

The values of the ratio σ_{J/ψ} / σ_{DY} , rescaled^1 to 200 GeV/c, with the Drell-Yan cross-section taken in the mass interval 2.9-4.5 GeV/c^2 and corrected for “isospin effect”, are listed in table 3 as a function of the average L̄ of L̄(b) in each E_T bin. The value of L̄ in each bin is calculated from the L̄ − E_T correlation presented in figure 4. This correlation results from the L̄(b) dependence on b and from the b − E_T correlation shown in the preceding letter [6].

The ratio of cross-sections σ_{J/ψ}/σ_{DY} is plotted in figure 5 as a function of L̄ in each of the five E_T bins. The ratios of J/ψ to Drell-Yan cross-sections measured in NA38 and NA51 experiments are also presented in figure 5. The p-W, p-U and S-U measurements, all done at 200 GeV/c incident momentum, are well fitted by an exponentially decreasing law and lead to an absorption cross-section of 6.1 ± 0.7mb, in perfect agreement with the value already obtained from the data^2 shown in figure 3. This exponential behaviour, characteristic of nuclear absorption, holds from p-p until the most central S-U interactions. It breaks down for values of L̄ immediately higher.

The departure of the Pb data from the absorption-like behaviour as observed in proton and light ion induced reactions can be quantified using the ratio R^{J/ψ/DY} K (L̄) = (σ_{J/ψ} / σ_{DY} )_{measured} (σ_{J/ψ} / σ_{DY} )_{absorption} which is given for each E_T bin in table 3. The errors quoted in this table for the values of R_K include the systematic uncertainty related to the normalization of the open charm contribution, as mentioned in ref. [6].

It is of interest to notice that the value obtained in the first bin (for the most peripheral

1The scaling factor for Drell-Yan cross-section from 158 GeV/c to 200 GeV/c amounts to 1.31 in the mass range 2.9-4.5 GeV/c^2.

2When including the p-p and p-d measurements, the fitted value is 5.9 � 0.7 mb.

reactions) R^{J/ψ/DY} K ( 5 GeV < E_T < 45 GeV ) = 0.95 ± 0.09 is fully compatible with the absorption model expectation.

The J/ψ to Drell-Yan cross-section ratio has also been measured for the full sample of events, whatever the centrality [6]. The result, corrected for the “isospin effect”, is: B_{μμ} σ_{J/ψ} / σ_{DY} = 12.4 ± 0.2 ± 0.2 This ratio leads to R^{J/ψ/DY} K (All E_T ) = 0.71 ± 0.03 showing that the J/ψ yield in Pb-Pb interactions is 9 standard deviations away from the value expected from pure nuclear absorption. It is also worthwhile underlining the remarkable agreement of our most accurate estimate of R_K, deduced from the ratio of J/ψ to Drell-Yan crosssections, with the value obtained from our absolute J/ψ cross-section measurement: R^{cross}�^{section} K = 0.74 ± 0.06.

5. Conclusion

It has been predicted that J/ψ suppression would unambiguously sign the quark gluon plasma formation which, as a phase transition, would normally exhibit observable discontinuities.

There is now an extensive set of experimental results obtained so far by the NA38 collaboration as well as by other proton experiments, both for J/ψ and ψ0 production in proton-nucleus and nucleus-nucleus interactions. An overall coherent picture arises from this set of results. This picture is quantitatively fully consistent with a mechanism which attributes to nuclear absorption of a pre-resonant state the past observed J/ψ “suppression”. The study of Pb-Pb interactions in 158 GeV per nucleon incident momentum shows a clear departure of the J/ψ production rate from the absorption behaviour, as experimentally observed with lighter incident projectiles up to sulphur. Integrated on impact parameter, the measured J/ψ production rate is a factor 0.71 ± 0.03 below the value expected from nuclear absorption as extrapolated from previous experimental results. The most central interactions are a factor 0.62 ± 0.04 below the expected value. This effect probably requires the onset of a very dense state of matter together with very specific matter properties to be accounted for.

As already mentioned, several authors [14] attribute this very peculiar overall behaviour to the onset of some new physics. Others have developed scenarios which quantitatively reproduce the features of the data up to S-U reactions [5], but fail to explain the Pb-Pb data. More recent works [15] consider also interactions with comovers and are able to approach qualitatively the experimental Pb-Pb results. However, they poorly reproduce the results obtained so far for lighter projectiles and proton-induced reactions, whereas a good agreement with these data should be obviously a prerequisite of any explanation of the results presented in this paper.

References [1] H. Satz, Ann. Rev. Nucl. Part. Sci. 35 (1985) 245;

E. Laermann, Quark Matter ’96, Nucl. Phys. A 610 (1996) 1c. [2] T. Matsui and H. Satz, Phys. Lett. B 178 (1986) 416. [3] C. Baglin et al., Phys. Lett. B 220 (1989) 471;

L. Fredj, Thesis, Université Blaise Pascal, Clermont-Ferrand (1991); C. Baglin et al., Phys. Lett. B 255 (1991) 459; C. Baglin et al., Phys. Lett. B 270 (1991) 105;

C. Lourenço et al., Quark Matter ’93, Nucl. Phys. A 566 (1994) 77c; A. Borhani, Thesis, Université Pierre et Marie Curie, Paris (1996).

[4] A. Capella et al., Phys. Lett. B 206 (1988) 354;

J. Ftačnik et al., Phys. Lett. B 207 (1988) 194; C. Gerschel and J. Hüfner, Phys. Lett. B 207 (1988) 253; S. Gavin et al., Phys. Lett. B 207 (1988) 257;

J.-P. Blaizot and J.-Y. Ollitrault, Phys. Lett. B 217 (1989) 392; C. Gerschel and J. Hüfner, Z. Phys. C 56 (1992) 171; J. Hüfner and B.Z. Kopeliovich, Phys. Rev. Lett. 76 (1996) 192.

[5] D. Kharzeev and H. Satz, Phys. Lett. B 366 (1996) 316 and references therein. [6] See preceding letter of this issue.

[7] C. Lourenço, Thesis, Universidade Técnica de Lisboa (1995). [8] M. Glück et al., Z. Phys. C 53 (1992) 127;

M. Glück et al., Phys. Lett. B 306 (1993) 391. [9] J. Badier et al., Z. Phys. 20 (1983) 101;

D.M. Alde et al., Phys. Rev. Lett. 66 (1991) 133; L. Antoniazzi et al., Phys. Rev. D 46 (1992) 4828; M.S. Kowitt et al., Phys. Rev. Lett. 72 (1994) 1318.

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

[11] M. Gonin et al., Quark Matter ’96, Nucl. Phys. A 610 (1996) 404c. [12] C. W. de Jager et al., Atomic data and nuclear data tables 14 (1974) 485. [13] C. Baglin et al., Phys. Lett. B 251 (1990) 472.

[14] D. Kharzeev, Quark Matter ’96, Nucl. Phys. A 610 (1996) 418c;

J.-P. Blaizot and J.-Y. Ollitrault, Phys. Rev. Lett. 77 (1996) 1703; N. Armesto et al., Phys. Rev. Lett. 77 (1996) 3736; C.Y. Wong, Quark Matter ’96, Nucl. Phys. A 610 (1996) 434c; D. Kharzeev et al., Z. Phys. C 74 (1997) 307.

[15] A. Capella et al., Phys. Lett. B 393 (1997) 431;

S. Gavin and R. Vogt, Phys. Rev. Lett. 78 (1997) 1006.

P rojectile − target AB K − factor

p − p 1 2.27 ± 0.06 ± 0.16 p − d 2 2.71 ± 0.07 ± 0.19 p − W 184 2.42 ± 0.16 ± 0.24 S − U 7616 2.24 ± 0.03 ± 0.18 P b − P b 43100 2.56 ± 0.04 ± 0.18

Table 1 The Drell-Yan K-factor. Measurements were done at 450 GeV/c for p-p and p-d (experiment NA51), 200 GeV/c for p-W and S-U (experiment NA38) and 158 GeV/c for Pb-Pb (experiment NA50).

Reaction P_{lab}(per nucl.) AB L̄ B_{μμ}σ_{J/ψ} / AB (GeV/c) (fm) (nb)

p − p 450 1 0.00 2.10 ± 0.15 p − d 450 2 0.13 2.19 ± 0.16 p − C 450 12 1.22 1.79 ± 0.14 p − Al 450 27 1.89 1.60 ± 0.14 p − Cu 450 63 2.62 1.62 ± 0.13 p − Cu 200 63 2.62 1.69 ± 0.41 p − W 450 184 3.94 1.44 ± 0.11 p − W 200 184 3.94 1.43 ± 0.15 p − U 200 238 4.57 1.40 ± 0.35 O − Cu 200 1008 3.98 1.28 ± 0.17 O − U 200 3808 5.92 1.19 ± 0.16 S − U 200 7616 6.49 1.02 ± 0.11 P b − P b 158 43100 8.57 0.67 ± 0.05

Table 2 The J/ψ cross-section divided by AB, in nb units, rescaled to 200 GeV/c and recomputed in the kinematical domain D from experiments NA38, NA51 and NA50.

E_T bin range L̄ B_{μμ}σ_{J/ψ} / σ_{DY} R_K (GeV) (fm)

5 − 45 6.94 ± 0.49 19.7 ± 1.6 0.95 ± 0.09 45 − 70 7.98 ± 0.36 14.4 ± 0.7 0.77 ± 0.05 70 − 105 8.86 ± 0.30 13.8 ± 0.3 0.81 ± 0.03 105 − 135 9.43 ± 0.17 10.9 ± 0.3 0.68 ± 0.03 135 − 175 9.71 ± 0.15 9.7 ± 0.4 0.62 ± 0.04 All E_T 8.57 12.4 ± 0.2 0.71 ± 0.03

Table 3 The ratio of the J/ψ to the Drell-Yan cross-section as a function of centrality, rescaled at 200 GeV/c. The Drell-Yan cross-section is corrected for the “isospin effect” as explained in the text and taken in the mass range 2.9-4.5 GeV/c^2. The values of L̄ correspond to the average of L̄(b) for the events observed in each bin. For each E_T bin, the width of the corresponding L̄ distribution is given. In the last line presenting the results averaged over E_T , the values are corrected to take into account the subtarget identification inefficiency.

Fig. 1. The Drell-Yan K-factor as a function of the product AB of the projectile and target atomic mass numbers. The dashed line shows the average value of the data.

Fig. 2. The J/ψ “cross-section per nucleon-nucleon collision”as a function of the product AB of the projectile and target atomic mass numbers. The results obtained at 450 GeV/c and the Pb-Pb cross-section are rescaled as explained in the text.

Fig. 3. The J/ψ “cross-sections per nucleon-nucleon collision” as a function of L̄. The results obtained at 450 GeV/c and the Pb-Pb cross-section are rescaled as explained in the text.

Fig. 4. Correlation between E_T and L̄ calculated for Pb-Pb collisions at 158 GeV/c for Drell- Yan events.

Fig. 5. The ratio of J/ψ to Drell-Yan cross-sections as a function of L̄.