arXiv:1104.3053v1 [hep-ph] 15 Apr 2011

Entropy scaling and thermalization in hadron-hadron collisions at LHC

Supriya Das,^∗ Sanjay K. Ghosh,^† Sibaji Raha,^‡ and Rajarshi Ray^§ Department of Physics, Bose Institute, 93/1 A.P.C. Road, Kolkata - 700009, India and Centre for Astroparticle Physics & Space Science, Bose Institute, Block EN, Sector V, Kolkata - 700091, India (Dated: April 18, 2011)

The recent LHC data have once more brought the issue of the formation of thermalized state of matter in hadron-hadron collisions into the forefront. In this letter, we have shown that the scaling of the information entropy of the chaotically produced particles is valid up to recently available data from p+p collisions at √ s = 2.36 TeV obtained by ALICE experiment. We predict that at the highest energies projected for LHC, almost all the particles will be produced chaotically, indicating that a collective behavior should be observed in hadronic collisions, as indicated by one of present authors quite some time ago.

PACS numbers: 12.38Mh, 13.85.-t, 25.75.-q

The properties of strongly interacting matter at extreme conditions have been an intense area of research for quite some time now. The results from relativistic heavy-ion collision experiments [1, 2] have enriched our knowledge of matter at high temperatures and small densities. One of the main goals of these experiments is to test our understanding of Quantum Chromodynamics, the fundamental theory and look for the formation of deconfined quark-gluon matter.

The non-perturbative nature of QCD makes it difficult to understand all aspects of particle production in strongly interacting systems. The huge number of particles produced in heavy-ion collision experiments makes it even more difficult to decipher the proper sources of these particles. Under such circumstances, one can look at the simpler systems, such as hadron-hadron collision to gain better understanding of particle production mechanisms and their possible sources.

Though the research on the multi-particle productions in different systems, such as high energy hadron-hadron, hadron-nucleus and nucleus-nucleus collisions are being pursued by various groups for a long time (see e.g. [3] and references therein), a proper theory of multiparticle production remains elusive till date. More so, as nonperturbative nature of the interactions involved makes it difficult to calculate the soft processes. One of the possible routes to the understanding of multiplicity is to investigate the equation of state of the matter produced in these collisions [4, 5]. This, along with a hydrodynamic picture to take care of the overall energy-momemtum conservation during the space-time evolution of the excited matter, can give some idea of the dependence of multiplicity on energy.

Multiplicity distribution of hadrons produced in high energy particle collisions has long been known to deviate from a Poisson distribution and has been regarded as a potentially useful source of information about the underlying production processes. Multiplicity distributions have been predicted using various models of the low -p_t hadron production processes in hadron-hadron collisions [6–10].

The Feynman scaling hypothesis led to the idea of KNO scaling [11]. However it may be noted that the inelastic hadronic interactions do not strictly follow the KNO scaling [12, 13]. Inelastic cross section is usually made up of single diffraction dissociation and the nonsingle diffractive (NSD) part, the latter being the main source of particles produced. The collision energy dependence of the NSD multiplicity was nicely explained by this scaling up to the ISR energies. But this scaling law broke down [14, 15] once the collision energy reached the higher SPS energies.

Analysis of the multiplicity data using statistical moments [14, 15] and scaling laws provide new ideas to interpret the results. A new quantity, the entropy of multiplicity distributions [16, 17], was proposed to revive the scaling law in high energy hadronic collisions at the collider energies. An important observation was the dependence of the multiplicity distribution on energy and rapidity bins based on the assumption of the existence of two kinds of sources [17, 18]. Firstly, the chaotic source, which is concentrated at small rapidities and has the characteristics of thermally equilibrated system and secondly, the coherent source, that contributes to the whole rapidity region. It was also shown that the new scaling, based on entropy, holds good for the entire range of energy starting from ISR ( √ s = 19 GeV) up to the highest available collision energy at SPS ( √ s = 900 GeV) only if the entropy is calculated from the chaotically produced particles [19]. With increasing energy, the weight of the chaotic or thermally equilibrated source is expected to increase. This may also be indicative of the production of QGP, one of the main goal of all these investigations. Recently, deconfinement in hadronic collisions at TeV energies has been explored using 1-d hydrodynamic model by E735 collaboration [20].

In this letter, we will extend the results from this scaling law [19] for the NSD multiplicity distributions in pp collisions at the highest available collision energies at LHC and try to extrapolate to the highest energy projected at the LHC. We shall argue that even in hadronhadron collisions, one can expect a thermalised state of matter at sufficiently high collision energies, as was already alluded to in [4, 5].

The scaling variable, information entropy has been calculated within the context of the two component model [17] from multiplicity distribution. According to this model the emission of particles occurs from a convolution of a chaotic source with Planck-Polya distribution and a coherent source with Poisson distribution. The entropy for symmetric rapidity intervals |η| ≤ η_c , for some arbitrary η_c, and at center of mass energy √ s is given by,

S(η_c, √ s) = (⟨n_{ch}(η_c, √ s)⟩ + 1) ln(⟨n_{ch}(η_c, √ s)⟩ + 1) − ⟨n_{ch}(η_c, √ s)⟩ ln⟨n_{ch}(η_c, √ s)⟩ (1)

where n_{ch} is the chaotic fraction of the total multiplicity. (Similarly, n_{co} and n_{tot} denote the coherent and the total multiplicity, respectively, so that n_{tot} = n_{ch} + n_{co}.) n_{ch} may be obtained as a product of the total multiplicity with the chaotic fraction P̃ as,

⟨n_{ch}⟩ = P̃ ⟨n_{tot}⟩ (2) where the chaotic fraction is given by,

P̃ = [C_2 − (1 + 1/⟨n_{tot}⟩)]^{1/2} (3)

and C_2 = ⟨n_{tot}^2⟩/⟨n_{tot}⟩^2 is the second moment of multiplicity distribution. A scaling law then emerges if we plot the scaled entropy S/η_{max} as a function of the scaled variable ξ = η_c/η_{max} where

η_{max} = ln[( √ s − 2m_π)/m_n] (4)

In Fig. 1 we have plotted S/η_{max} as a function of ξ for different collision energies starting from SPS [14, 15] to the highest available energy at LHC [21]. As can be seen, all the experimental data follow a single curve within the estimated statistical errors. A single scaling law is thus able to describe multi-particle productions up to the highest energy available for hadron-hadron collisions.

Expecting that the scaling law holds at even higher energies, an important consequence is that we can predict both the average multiplicity as well as the nature of the particles produced at higher energies. For this one has to extrapolate the available data to the desired √ s for

FIG. 1: Entropy scaling from two component model.

both the average total multiplicity ⟨n_{tot}⟩ and the average chaotic multiplicity ⟨n_{ch}⟩. For the extrapolation in √ s, we choose those three values of ξ for which experimental data are available for the highest √ s=2.36 TeV at ALICE. Experimental data are not available at exactly these values of ξ at lower values of √ s. They are first obtained through interpolation from the experimental data for ⟨n_{tot}⟩ and the model data for ⟨n_{ch}⟩.

FIG. 2: ⟨n_{ch}⟩ as a function of ξ. The squares and circles correspond to data and interpolated points respectively and the bands show the limits of statistical errors. The dotted line is from the fit described in the text.

In Fig. 2 we have plotted the ⟨n_{ch}⟩ as a function of ξ for different collision energies. A good fit is obtained for different collision energies with the logistic function,

⟨n_{ch}⟩ = a + b − a 1 + e^{−(ξ−c)/d} (5) where a, b, c and d are parameters to be fitted. With this fit, we could obtain the value of ⟨n_{ch}⟩ at any value of ξ for a given √ s. Thus we could obtain the ⟨n_{ch}⟩ at the desired values of ξ.

FIG. 3: ⟨n_{ch}⟩ as a function of collision energy. The squares and circles correspond to data and predicted points respectively and the bands show the limits of statistical errors. The dotted line is from the fit described in text.

We can now plot the mean multiplicity of chaotically produced particles ⟨n_{ch}⟩, as a function of collision energy for different values of ξ (Fig. 3) obtained from eqn. 5 and ALICE data at √ s=2.36 TeV. Once the new scaling law for entropy has been established it follows that ⟨n_{ch}⟩ behaves as a power law with √ s for large values of ⟨n_{ch}⟩.

Indeed a good fit is obtained with the formula,

⟨n_{ch}⟩ = b √ s^c (6)

where b and c are parameters to be fitted. The fit parameters are given in the Table I. Using this fitting function one can now predict the value of ⟨n_{ch}⟩ at higher collision energies that are expected to be obtained at LHC in near future.

ξ Parameters Correlations

0.051362 b = 0.10(1) c = 0.47(2) (b, c) = −0.991

0.102724 b = 0.24(2) c = 0.45(1) (b, c) = −0.990

0.133542 b = 0.35(5) c = 0.43(2) (b, c) = −0.994

TABLE I: Fit parameters of ⟨n_{ch}⟩ with √ s for different ξ

A similar exercise for the average total multiplicity ⟨n_{tot}⟩ (Figure. 4) gives the collision energy dependence of the average total multiplicity for different ξ. We again find the best fit to have a similar functional form as in eqn. 6. The fit parameters are shown in Table II.

FIG. 4: ⟨ntot⟩ as a function of collision energy. The squares and circles correspond to data and predicted points respectively and the bands show the limits of statistical errors. The dotted line is from the fit described in text.

ξ Parameters Correlations

0.051362 b = 0.24(3) c = 0.37(2) (b, c) = −0.991

0.102724 b = 0.53(4) c = 0.36(1) (b, c) = −0.991

0.133542 b = 0.8(1) c = 0.35(2) (b, c) = −0.995

TABLE II: Fit parameters of ntot with √ s for different ξ

The predicted values of both ⟨n_{ch}⟩ and ⟨n_{tot}⟩ are marked on the respective figures Fig. 3 and Fig. 4, and listed in Table III. The table also shows the contribution of the multiplicity of the coherent source ⟨n_{co}⟩. At these high energies the ⟨n_{co}⟩ is consistent with zero. The nature of ⟨n_{co}⟩ is shown in Fig. 5. We see that the ⟨n_{co}⟩, after an increase at the collision energies up to 900 GeV, indeed shows a dip towards higher energies. The four points are not enough to obtain a suitable functional form to fit these data. The line is just a guide to the eye.

This analysis suggests that at the higher energies the chaotic part of multiplicity completely dominates over the coherent fraction. Data at higher collision energies that would be available shortly would test these prdictions.

To summarise, we have established the scaling law for the information entropy obtained in a two source model, as a function of √ s upto the maximum possible range available at present. The multiplicity of chaotically produced particles has been evaluated from a twosource model in hadronic collisions starting from lowest SPS energy to the highest available LHC energy. Our study leads to the prediction that at the highest energies projected for LHC almost all the particles are produced

FIG. 5: ⟨nco⟩ as a function of collision energy. Dotted line is to guide the eye. √ s ξ ⟨n_{tot}⟩ ⟨n_{ch}⟩ ⟨n_{co}⟩ (GeV)

7000

0.051362 6.7(2) 6.6(2) 0.1(3) 0.102724 13.4(4) 12.5(4) 0.9(6) 0.133542 17(1) 16(1) 1(1)

14000

0.051362 8.7(4) 9.1(4) -0.4(6) 0.102724 17.3(6) 17.0(7) 0.3(9) 0.133542 22(2) 21(2) 1(1)

TABLE III: Different multiplicities with varying ξ for different √ s.

chaotically i.e. the chaoticity fraction P̃ , reaches almost unity, indicating the formation of a thermalized source and the possibility of observation of collective behaviour in hadronic collisions.

∗ supriya@bosemain.boseinst.ac.in

† sanjay@bosemain.boseinst.ac.in ‡ sibaji@bosemain.boseinst.ac.in;sibajiraha@bic.boseinst.ernet.in § rajarshi@bosemain.boseinst.ac.in

[1] J. Alam, S. Raha and B. Sinha, Phys. Rep. 273 (1996) 243-362.

[2] Quark-Gluon Plasma (1-4), ed. R. C. Hwa and X. Wang, World Scientific.

[3] R. M. Weiner, Int. J. Mod. Phys. E15 (2006) 37. [4] M. Plümer, S. Raha and R. M. Weiner, Nucl. Phys. A418 (1984), 549c.

[5] M. Plümer, S. Raha and R. M. Weiner, Phys. Lett. 139B (1984), 198.

[6] S. Pokorski and L. Van Hove, Acta. Phys. Pol. 85 (1974) 229.

[7] E. H. de Groot, Phys. Lett. 57B (1975) 159. [8] A. Capella et al. Phys. Lett. 81B (1979) 68; Z. Phys. C3 (1980) 329.

[9] A. B. Kaidalov, Phys. Lett. 116B (1982) 459. [10] S. Barshay, Phys. Lett. 116B (1982) 193. [11] Z. Koba, H.B. Nielsen and P. Olesen, Nucl. Phys. B40 (1972), 317.

[12] A. Wroblewski, Acta. Phy. Pol. B4 (1973) 857. [13] W. Thome et al., Nucl. Phys. B129 (1977) 365. [14] G.J. Alner et al., Phys. Lett. 138B (1984), 304. [15] G.J. Alner et al., Phys. Lett. 167B (1986), 476. [16] V.S̆imák, M S̆umbera and I Zborovský, Phys. Lett. B 206 (1988), 159.

[17] G.N. Fowler, E.M. Freidlander, R.M. Weiner and G.

Wilk, Phys. Rev. Lett. 57 (1986), 2119.

[18] A. Giovannini and L. Van Hove, Z. Phys. C30 (1986) 391.

[19] P.A. Carruthers, M. Plümer, S. Raha and R.M. Weiner, Phys. Lett. B212 (1988), 369.

[20] T. Alexopoulos et al., Phys. Lett. B528 (2002), 43. [21] K. Aamodt et al., Eur. Phys. J. C68 (2010), 89.