arXiv:1302.0655v1 [hep-ph] 4 Feb 2013

APS/123-QED

Possibility for J/Ψ suppression in high multiplicity proton-proton collisions at √ s_{NN} = 7 TeV

Thomas Lang and Marcus Bleicher Frankfurt Institute for Advanced Studies (FIAS) and Institut für Theoretische Physik, Johann Wolfgang Goethe-Universität Max-von-Laue-Str. 1, 60438 Frankfurt am Main, Germany (Dated: February 5, 2013)

We study J/Ψ absorption in high multiplicity proton-proton (pp) collisions at √ sNN = 7 TeV.

We predict a modification of the J/Ψ-yield within the UrQMD transport approach, where explicit interactions of the J/Ψ with the surrounding comovers and a prehadronic phase with adjusted cross sections and J/Ψ melting is included. We present the analog of the nuclear modification factor in pp collisions at various charged particle multiplicities. It turns out that J/Ψ-Mesons may be suppressed towards higher particle multiplicities in pp collisions at LHC energies.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

One major goal of ultra-high energy heavy ion physics is to recreate the phase of quarks and gluons (the Quark Gluon Plasma, QGP) as it might have existed microseconds after the Big Bang. Various experimental facilities have been built to explore the properties of the QGP experimentally, while on the theory side a multitude of (potential) signatures and properties of the QGP have been predicted. Recently, the field of heavy ion physics has entered a new era with the start of the Large Hadron Collider (LHC) at CERN. For the first time this offers the opportunity to investigate collective effects already in proton-proton (pp) collisions, especially when high multiplicity interactions are selected [1–6].

In this letter, we explore the absorption of J/Ψ-Mesons at high charged particle multiplicities in pp collisions at √ s_{NN} = 7 TeV. Similar studies have recently been performed by [1–6] and found a substantial influence of the medium at high multiplicities on observables. This study is especially interesting, because it i) allows to explore if a collectively expanding system has been created in pp, ii) can provide insights into the pp baseline necessary for the interpretation of heavy ion collisions and iii) provides complementary information to the studies of AA collisions. Up to now, studies of J/Ψs in a dense and hot medium were restricted to (massive) nucleus-nucleus (AA) reactions. Here it was found that the initially produced charmonia are suppressed in heavy ion collisions compared to pp collisions at the same energy. Three effects to explain this suppression have been put forward:

• Nuclear absorption or baryonic suppression [7].

These effects depend on the thickness function of the two nuclei and therefore change with centrality. This ’normal’ suppression with centrality is not able to describe the measured J/Ψ-yield in very central AA collisions at SPS and RHIC energies [8–11]. Two possible interpretations of this ’additional’ suppression have been suggested and will be discussed next.

• Comover absorption [12–17]. Here the charmonia are additionally absorbed by inelastic scatterings with comoving mesons. It is assumed that the corresponding J/Ψ hadron cross sections are on the order of a several mb [18]. Nevertheless theoretical approximations for the absorption cross section differ by more than an order of magnitude [19]. In pp collisions at low energies (i.e. low particle densities) comover absorption is irrelevant.

• Debye screening [20]. An alternative explanation of the additional suppression is explained by the formation of a QGP. In a QGP the formation of J/Ψ- Mesons is suppressed due to Debye screening in the matter. The charm quarks will leave the reaction zone as hadrons with open charm. Therefore J/Ψ suppression in heavy ion collisions has been proposed as a possible signature for QGP formation [20]. However, see also [21] for a recent discussion.

For massive nuclear collisions at higher energies, it was also speculated that J/Ψ-Mesons might be reformed via J/Ψ ↔ cc or J/Ψ ↔ DD reactions, if the charm quark (or D-Meson) densities become substantial [22–24]. Further information in this respect might also be gained from correlation studies as suggested in [25, 26].

High multiplicity Proton-Proton interactions at LHC offer a completely new set of questions and possibilities as compared to nucleus-nucleus reactions at similar multiplicities. At these energies the particle multiplicities at central rapidities rise to the same order of magnitude as in heavy ion collisions at lower energies, and the energy densities may even exceed the values of central Au- Au/Pb-Pb reactions at SPS and RHIC. This allows to investigate charmonium suppression at high energy densities and temperatures in a rather clean environment excluding baryonic effects. It does also not suffer from the potential charm recombination due to the still low charm yields in pp, thus enabling one to explore the absorption mechanisms with higher precision.

Thomas Lang and Marcus Bleicher. Possible J/Ψ suppression in high multiplicity proton-proton collisions at LHC energies 2

II. THE MODEL AND RESULTS

For the present study of J/Ψ-interactions with the medium, we modified the UrQMD transport approach to include known effects not present in the standard simulation. Here we assume a high temperature regime with melting of the J/Ψ (T > 325 MeV), a prehadronic stage (155 MeV < T < 325 MeV) and finally a hadronic stage (T < 155 MeV). As UrQMD can not directly provide the temperature of the medium we map the transition temperatures to scalar quark densities using the chiral equation of state implemented in the UrQMD hydro model [27]. We obtain for T = 325 MeV a quark density of n_q = 12 fm^{−3} and for T = 155 MeV a quark density of n_q = 0.6 fm^{−3}. The local scalar quark densities at the position of the J/Ψ are then used to obtain the corresponding J/Ψ cross sections in each UrQMD time step. In the following the assumptions for the hadronic, prehadronic and melting phase are explained:

Melting regime (T > 325 MeV, n_q > 12/fm^3): The onset of charmonium melting for J/Ψs is, on the basis of [28], at 325 MeV. One should keep in mind that charmonium states are supposed to still persist in the QGP, their wave function should broaden nevertheless with increasing energy density [28]. Therefore in the present study J/Ψs are assumed to melt if the energy density is high enough and the charmonia stay in this hot medium for some time. Here we choose, on the basis of [28], a proper time of 1 fm/c for the charmonium decay in the hot medium.

Prehadronic regime (T > 155 MeV, n_q > 0.6/fm^3): The temperature of the phase transition is, in-line with the lattice QCD estimates [29, 30], set to 155 MeV. In this prehadronic phase we mimic the QGP effects in UrQMD by pre-formed hadrons. To calculate charmonium dissociation we use fixed cross sections in the hot medium. The inelastic cross sections to mimic the effective dissociation of the QGP on J/Ψ in the prehadronic phase are obtained by adjusting the hadronic cross sections to data at SPS energies, see Fig.1. The reason we use SPS data to fix the cross sections is the negligible amount of recombination of D-Mesons to charmonium states due to the low D-Meson density at SPS energies. For this exploratory study we take constant cross sections in the prehadronic phase with a meson-J/Ψ elastic and inelastic cross section of 0.78 mb, while the baryon-J/Ψ cross sections are obtained by quark number scaling.

Hadronic regime (T < 155 MeV, n_q < 0.6/fm^3): The hadronic phase includes elastic scattering of J/Ψparticles and its dissociation by baryons and mesons as well. Furthermore recombination of D-Mesons to charmonium states is implemented using detailed balance, but found to be negligible in pp collisions due to the low D-Meson abundance. For the inelastic charmoniummeson cross sections in the hadronic phase we use a 2- body transition model [31, 32].

σ_{1+2→3+4}(s) = 2^4

E_1E_2E_3E_4 s |M_i|^2 ( m_3 + m_4 √ s )_6 p_f p_i . (1) Here E_i denotes the energies of the ingoing and outgoing particles, M_i the masses and p_i and p_f the initial and final momenta in the 2-particle rest frame. The effective matrix element |M_i|^2 = 0.65, is fixed to Pb-Pb collisions at SPS energies. The matrix element is increased by a factor of three for an excited D-Meson in the outgoing channel and decreased by a factor of three for a strange D-Meson in the outgoing channel [31, 32]. The corresponding back-reaction for D-Meson recombination is given by detailed balance,

σ_{3+4→1+2}(s) = σ_{1+2→3+4}(s)

(2S_1 + 1)(2S_2 + 1) (2S_3 + 1)(2S_4 + 1) p^2_f p^2_i (2) where S_i denotes the spin of the particles. For the inelastic baryon-J/Ψ interactions we use a constant dissociation cross section of 4.18 mb obtained from [9, 33]. For all elastic cross sections of charmonia in the hadronic phase we use a constant cross section of 5 mb. In this hadronic phase the usual UrQMD formation times are considered for the produced hadrons. The formation time of the J/Ψ itself is negligible due to its large mass.

Let us compare the present parameter set to data obtained at SPS, which is in the same charged particle region as the pp data at LHC. To model the initial state for the J/Ψ-particles one needs the momentum distribution and the spatial distribution at the production points. For the momentum distribution of the produced charmonia at SPS we use an ansatz from [34]. dN dx_F dp_T ∼ (1 − |x_F |)^c e^{−bpT pT} (3) The distribution in x_F is taken from [35] with c = a/(1 + b/ √ s), where a = 16 and b = 24.9 [31, 36]. The exponent for the transverse distribution is b_{pT} = 2.08 GeV^{−1} [34]. Our spatial distribution for the charmonium production at SPS is based on the Glauber model and calculated using the UrQMD model. Here we perform a pre-run for each event where we write down the nucleon collision points that we get when we switch off all interactions. These nucleon collision points are used in the subfollowing full event for possible charmonium production coordinates. Fig. 1 depicts J/Ψ decays to muons scaled by the number of Drell-Yan pairs dependent on the number of participants N_{part} and the corresponding number of charged particles N_{ch}. UrQMD data are compared to data of the NA50 experiment [8]. In line with the expectations we observe a strong decrease of the J/Ψ yield towards central interactions. One should note that the present set-up is slightly different from the one suggested by Spieles et al. [15, 16]. Here we assume the presence of prehadronic states in comparison to the previous analysis that incorporated a time dependent formation time.

Thomas Lang and Marcus Bleicher. Possible J/Ψ suppression in high multiplicity proton-proton collisions at LHC energies 3

FIG. 1: (Color online) J/Ψ decays to muons scaled by the number of Drell-Yan pairs dependent on the number of participants Npart and the corresponding number of charged particles N_{ch}. UrQMD data are compared to data of the NA50 experiment [8]. The normalization factor Bμμσ(J/Ψ)/σ(DY )2.9−4.5 =34.9 in pp interactions at 158 GeV is taken from [8].

There are also further differences in the energy dependence of the hadronic cross sections, which were assumed to be constant in the Spieles analysis.

Let us now turn to the analysis of the LHC pp data. The momentum distribution of J/Ψs at LHC has been measured with the various experiments at a center of mass energy of 7 TeV. Because we are interested in the late stage effects, we do not attempt to model the initial state, but fit the rapidity distribution of [37] using a double Gaussian fit dσ_{J/Ψ} dy = A √ 2π · σ · ( e^{− 12} (^{y−μσ} )^2 + e^{− 12} (^{y+μσ} )^2 ) (4) and the transverse momentum distribution of [38] and [39] using d^2σ(J/Ψ) dp_T dy = p_T · ( A · ( 1 + ( p_T B )_C ))−z (5) with the parameters A,B,C and z. We fit the parameters for the transverse momentum distribution for each measured rapidity bin separately. The parameters are displayed in Table I.

To obtain the initial spatial distribution of the J/Ψ emission points in pp reactions we smear the production points located in the proton-proton collision plane with a Gaussian distribution of variance σ = 0.88 fm. Let us now explore pp collisions at a center of mass energy of √ s_{NN} = 7 TeV within this approach. Since PYTHIA without tunes does not provide a satisfactory description of the charged particle vs. J/Ψ yield correlation, we employ the^{dNJ/Ψ}_{dy} vs N_{ch} distribution from [40] for the initial J/Ψ production. We now investigate the influence rapidity A B C z |y| < 1.2 0.459 6.72 1.8 5.04 1.2 < |y| < 1.6 0.601 9.13 1.8 8.03 1.6 < |y| < 2.4 0.33 4.57 1.8 4.52 2.4 < |y| < 2.5 0.685 22.0 1.1 21.1 2.5 < |y| < 3.0 0.234 5.13 1.7 5.18 3.0 < |y| < 3.5 0.188 4.42 1.8 4.44 3.5 < |y| < 4.0 0.215 4.54 1.8 4.68 |y| > 4.0 0.282 4.95 1.75 5.46

TABLE I: Coefficients for the momentum distribution in Formula 5.

FIG. 2: (Color online) Number of J/Ψ particles dependent on the charged particle multiplicity in proton-proton collisions. UrQMD calculations are compared to measurements at AL- ICE [41]. We employed a rapidity cut of |y| < 0.9 for the J/Ψs and η < 1 for the charged particles to make our simulation comparable to the ALICE measurements.

of the ’medium’ created by analysis of the pp collisions in various charged particle multiplicity bins. Fig. 2 shows a comparison of our calculation to data measured at LHC. At low multiplicities one observes a good agreement to data. At higher charged particle multiplicities we observe a slight suppression of the J/Ψ yield compared to the data. However, one should note that the magnitude of the input by [40] has been tuned to describe the pp data without additional late stage effects, meaning that a slight re-adjustment of the parameters might improve the description of the data. To make the J/Ψ suppression in high multiplicity pp reactions more visible we show the ratio R_{pp} of finally observed J/Ψs over initially produced J/Ψs in Fig.3 for each multiplicity bin at mid rapidity (|y| ≤ 1):

R_{pp} = dN^{f inal}_{J/Ψ} /dy|_{|y|≤1} dN^{initial} J/Ψ /dy|_{|y|≤1} (6) At very high charged particle multiplicities in pp the J/Ψs might be suppressed by ∼ 20% as compared to the initially produced J/Ψs at this multiplicity due to the

Thomas Lang and Marcus Bleicher. Possible J/Ψ suppression in high multiplicity proton-proton collisions at LHC energies 4

FIG. 3: (Color online) Number of J/Ψ particles dependent on the charged particle multiplicity. A rapidity cut of |y| < 1 is employed for all particles. The J/Ψ suppression in pp collisions at LHC and the Pb-Pb collisions at SPS show a very similar dependence on the charged particle multiplicity.

interaction with the medium formed in the pp collision. Without a selection of charged particle multiplicity bins, i.e. minimum bias, the average suppression is on the order of 10% . In the present set-up for the simulation, the prehadronic interactions, i.e. J/Ψ melting and J/Ψ dissociation by prehadrons, provide the major source of the suppression in pp collisions. The following hadronic phase has little effect on the J/Ψ abundance. Let us also compare our results to the J/Ψ suppression in Pb- Pb collisions at SPS energies at similar charged particle densities (Fig. 3, squares). The similarity suggests that the J/Ψ suppression may mainly depend on the charged particle multiplicity but not on the collision energy - at least if J/Ψ recombination can be neglected.

To summarize, we have explored the potential for charmonium suppression in inelastic proton-proton collisions at √ s_{NN} = 7 TeV as function of the charged particle multiplicity. To this aim we have supplemented the UrQMD simulations with a phenomenological prehadronic stage to allow for J/Ψ dissociation and melting in the hot and dense medium. It turns out that a small amount of J/Ψ suppression (up to 20 − 30% at dN_{ch}/dy|_{|y|<1} > 70) may be encountered even in pp interactions at LHC.

III. ACKNOWLEDGMENTS

We are grateful to the Center for Scientific Computing (CSC) at Frankfurt for the computing resources. T.Lang gratefully acknowledges support from the Helmholtz Research School on Quark Matter Studies. This work was supported by the Hessian LOEWE initiative through the Helmholtz International Center for FAIR (HIC for FAIR).

[1] S. Vogel, P. B. Gossiaux, K. Werner and J. Aichelin, Phys. Rev. Lett. 107, 032302 (2011) [arXiv:1012.0764 [hep-ph]].

[2] K. Werner, I. Karpenko, T. Pierog, M. Bleicher and K. Mikhailov, Phys. Rev. C 83, 044915 (2011) [arXiv:1010.0400 [nucl-th]].

[3] K. Werner, K. Mikhailov, I. Karpenko and T. Pierog, arXiv:1104.2405 [hep-ph].

[4] F. M. Liu and K. Werner, Phys. Rev. Lett. 106, 242301 (2011) [arXiv:1102.1052 [hep-ph]].

[5] K. Werner, I. Karpenko and T. Pierog, Phys. Rev. Lett.

106, 122004 (2011) [arXiv:1011.0375 [hep-ph]]. [6] S. Vogel, P. B. Gossiaux, K. Werner and J. Aichelin, Nucl. Phys. A 855, 448 (2011).

[7] C. Gerschel and J. Hufner, Ann. Rev. Nucl. Part. Sci.

49, 255 (1999) [arXiv:hep-ph/9802245].

[8] B. Alessandro et al. [NA50 Collaboration], Eur. Phys. J.

C 39, 335 (2005) [arXiv:hep-ex/0412036].

[9] R. Arnaldi et al. [NA60 Collaboration], J. Phys. G 32, S51 (2006) [arXiv:nucl-ex/0609039].

[10] B. Alessandro et al. [NA50 Collaboration], Eur. Phys. J.

C 49, 559 (2007) [arXiv:nucl-ex/0612013].

[11] A. Adare et al. [PHENIX Collaboration], Phys. Rev.

Lett. 98, 232301 (2007) [arXiv:nucl-ex/0611020]. [12] S. Gavin, M. Gyulassy and A. Jackson, Phys. Lett. B 207, 257 (1988).

[13] R. Vogt, Phys. Lett. B 430, 15 (1998)

[arXiv:hep-ph/9708294].

[14] N. Armesto and A. Capella, Phys. Lett. B 430, 23 (1998) [arXiv:hep-ph/9705275].

[15] C. Spieles, R. Vogt, L. Gerland, S. A. Bass, M. Bleicher, H. Stoecker and W. Greiner, Phys. Rev. C 60, 054901 (1999) [arXiv:hep-ph/9902337].

[16] C. Spieles, R. Vogt, L. Gerland, S. A. Bass, M. Bleicher, H. Stoecker and W. Greiner, J. Phys. G 25, 2351 (1999) [arXiv:hep-ph/9809441].

[17] A. Capella, L. Bravina, E. G. Ferreiro, A. B. Kaidalov, K. Tywoniuk and E. Zabrodin, Eur. Phys. J. C 58, 437 (2008) [arXiv:0712.4331 [hep-ph]].

[18] B. Zhang, C. M. Ko, B. A. Li, Z. w. Lin and B. H. Sa, Phys. Rev. C 62, 054905 (2000) [arXiv:nucl-th/0007003].

[19] B. Muller, Nucl. Phys. A 661, 272 (1999) [arXiv:nucl-th/9906029].

[20] T. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986). [21] A. Mocsy and P. Petreczky, J. Phys. G 35, 104154 (2008). [22] R. L. Thews, M. Schroedter and J. Rafelski, Phys. Rev.

C 63, 054905 (2001) [arXiv:hep-ph/0007323].

[23] A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel, Phys. Lett. B 652, 259 (2007) [arXiv:nucl-th/0701079].

[24] O. Linnyk, E. L. Bratkovskaya, W. Cassing and H. Stocker, J. Phys. G 35, 044037 (2008) [arXiv:0710.1535 [nucl-th]].

[25] X. Zhu, M. Bleicher, S. L. Huang, K. Schweda,

Thomas Lang and Marcus Bleicher. Possible J/Ψ suppression in high multiplicity proton-proton collisions at LHC energies 5

H. Stoecker, N. Xu and P. Zhuang, Phys. Lett. B 647, 366 (2007) [arXiv:hep-ph/0604178].

[26] H. van Hees, V. Greco and R. Rapp, Phys. Rev. C 73, 034913 (2006) [arXiv:nucl-th/0508055].

[27] H. Petersen, J. Steinheimer, G. Burau, M. Bleicher and H. Stocker, Phys. Rev. C 78 (2008) 044901 [arXiv:0806.1695 [nucl-th]].

[28] P. Petreczky, C. Miao and A. Mocsy, Nucl. Phys. A 855, 125 (2011) [arXiv:1012.4433 [hep-ph]].

[29] S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, C. Ratti and K. K. Szabo [Wuppertal-Budapest Collaboration], JHEP 1009, 073 (2010) [arXiv:1005.3508 [heplat]].

[30] W. Soldner [HotQCD collaboration], PoS LAT- TICE2010, 215 (2010) [arXiv:1012.4484 [hep-lat]].

[31] E. L. Bratkovskaya, W. Cassing and H. Stoecker, Phys.

Rev. C 67, 054905 (2003) [arXiv:nucl-th/0301083]. [32] E. L. Bratkovskaya, A. P. Kostyuk, W. Cassing and H. Stoecker, Phys. Rev. C 69, 054903 (2004)

[arXiv:nucl-th/0402042].

[33] B. Alessandro et al. [NA50 Collaboration], Eur. Phys. J.

C 48, 329 (2006) [arXiv:nucl-ex/0612012].

[34] O. Linnyk, E. L. Bratkovskaya and W. Cassing, Int. J.

Mod. Phys. E 17, 1367 (2008) [arXiv:0808.1504 [nuclth]].

[35] V. Abramov et al. [E672/706 Collaboration], [36] W. Cassing, E. L. Bratkovskaya and A. Sibirtsev, Nucl.

Phys. A 691, 753 (2001) [arXiv:nucl-th/0010071]. [37] K. Aamodt et al. [ALICE Collaboration], Phys. Lett. B 704, 442 (2011) [arXiv:1105.0380 [hep-ex]].

[38] V. Khachatryan et al. [CMS Collaboration], Eur. Phys.

J. C 71, 1575 (2011) [arXiv:1011.4193 [hep-ex]]. [39] R. Aaij et al. [LHCb Collaboration], Eur. Phys. J. C 71, 1645 (2011) [arXiv:1103.0423 [hep-ex]].

[40] E. G. Ferreiro and C. Pajares, arXiv:1203.5936 [hep-ph]. [41] B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 712, 165 (2012) [arXiv:1202.2816 [hep-ex]].