arXiv:0910.0138v4 [hep-ph] 21 Mar 2010

On the role of the time scale Δt in Bose−Einstein correlations

Gideon Alexander^1 and Erez Reinherz-Aronis^2

School of Physics and Astronomy Raymond and Beverly Sackler Faculty of Exact Sciences Tel-Aviv University, 69978 Tel-Aviv, Israel

Abstract

The time scale parameter Δt, which appears in the Bose-Einstein Correlations (BEC) treated in terms of the Heisenberg uncertainty relations, is reexamined. Arguments are given for the role of Δt to be a measure of the particles’ emission time rather than representing the strength property of the correlated particles. Thus in the analyses of the Z^0 hadronic decays, the Δt given value of ∼10^{−24} seconds, is the particles’ emission time determined by the Z^0 lifetime. In heavy ion collisions Δt measures the emission time of the particles produced in a nucleus of atomic number A. This emission time is shown here to be equal to Δt =^{mπ a2}_{h̄c2} A^{2/3} that is, proportional to the nucleus surface area. This relation agrees rather well with the experimental Δt values deduced from the BEC analyses of heavy ion collisions.

PACS: 06.30.Ft; 06.30.Bp; 25.75.Gz; 25.75.Ag Keywords: Bose-Einstein correlations; particle emission time; heavy ion collisions

1gideona@post.tau.ac.il 2erezra@post.tau.ac.il

1 Introduction

Bose-Einstein Correlations (BEC) of identical pairs of spin zero hadrons, produced in a variety of particle interactions, have been studied over more than four decades. From those studies which were carried out in one dimension, a single length parameter R_{1D} was extracted which is taken to represent the radius of a spherical symmetric Gaussian interaction volume. Further on these studies were extended to the spin 1/2 baryon pairs, like the proton-proton and the ΛΛ systems, by using the Fermi-Dirac Correlations (FDC) procedure [1]. Experimentally it has been observed that in the Z^0 gauge boson hadronic decays the R_{1D} value decreases as the hadron mass m increases [1]. To account for this feature two main approaches have been proposed. The first [2] rests on the Heisenberg uncertainty relations which correlate the dimension R_{1D} with m via a time scale parameter Δt. In the same approach one has also considered the three dimensions (3D) BEC analyses having the axes R_{long}, R_{side} and R_{out}, defined in the Longitudinal Center of Mass System (LCMS) [3]. In this case, similar to the relation of R_{1D} to m and Δt, R_{long} was found to depend on Δt and m_T [4]. Here m_T is defined as the average transverse mass given by m_T = 1 2 (√ m^2 + p^2_{T 1} + √ m^2 + p^2_{T 2} ) , where p_{T 1} and p_{T 2} are the transverse momenta of the two identical particles [1]. The second proposed approach [5] rests mainly on the Bjorken-Gottfried relation [6] which associates R_{long} and R_T , the longitudinal and transverse dimensions, with m_T .

Here our study is confined to the first approach with the aim to gain further insight to the BEC and FDC time scale Δt associated with R_{1D} . In addition to the Z^0 hadronic decays we also examine the BEC results of the identical hadron pairs produced in central heavy ion collisions. Finally we draw the attention to the interest in analyzing the BEC of the Z^0Z^0 digauge bosons expected to be produced copiously in the recently constructed 14 TeV pp collider, the LHC at CERN, in its future high luminosity setup.

2 Physics background

A compilation of the measured one dimension R_{1D} values, obtained from BEC and FDC studies of identical hadron pairs present in the Z^0 decays at LEP, are shown in Fig. 1a as a function of the outgoing hadron mass m. The error bars attached to the R_{1D} values include the statistical and systematic uncertainties. To note is the significant spread of the R_{1D}(m_π0 ) values between two of the experiments. This spread occurs often in the BEC and FDC measurements which can be traced back to the different adopted procedures and choices of the reference sample. Notwithstanding this deficiency, R_{1D} is seen to decrease with the increase of the particle mass. That this behavior of R_{1D}(m) is not only limited to the Z^0 hadronic decays is demonstrated in Fig. 1b. This figure shows the R_{1D} results obtained from BEC and FDC analyses of the outgoing hadrons, from pion to deuteron pairs, produced in the central P b + P b collisions at 158/A GeV [7].

In Ref. [2] it has been shown that from the Heisenberg uncertainty relations one can derive a connection between R_{1D} and the non-zero particle mass m, namely

R_{1D}(m) = c √ h̄Δt √ m , (1)

where Δt is a time scale parameter. This time scale has been taken in [2] to be equal to 10^{−24}

Figure 1: R_{1D} as a function of the hadron mass obtained from BEC and FDC analyses. (a) Values obtained from the Z^0 hadronic decays by the LEP experiments [8–12]. The solid line represent Eq. (1) with Δt=10^{−24} seconds while the dotted lines are for Δt=(1 ± 0.5) × 10^{−24} seconds. (b) BEC analyses of hadron pairs emerging from central P b + P b collisions at 158/A GeV taken from [7]. The continuous line is the result of a fit of Eq. (1) to the data of the Plastic Ball detector whereas the dotted line is the result of the fit to all the data points shown in the figure.

seconds representing the strong interactions, and thus independent of the hadron mass and its identity. As a result, the R_{1D} behavior on the hadron mass was fairly well reproduced by Eq. (1) which is represented by the continuous line in Fig. 1a. Furthermore, this line essentially coincides with the one deduced from a general QCD potential [2]. Here we point out that the data given in the figure are the decay product of the Z^0 gauge boson, the lifetime of which is of the order of 10^{−24} seconds. Thus the success of the choice of Δt=10^{−24} seconds, may in fact be, as we further argue, due to the decay particles’ emission time which is prescribed by the Z^0 boson lifetime.

3 The time scale Δt

It is clear that the R_{1D}(m_π) values obtained from BEC analyses of pion pairs emerging from collisions like the electron-nucleon [13] and neutrino-nucleon [14] are very similar to those obtained in e^+e^− and pp collisions and thus exclude the possibility that Δt is related to the interaction strength of the incoming particles. As for the association of Δt with the interaction strength of the outgoing identical correlated particles, it is instructive to examine Fig. 2 where, using Eq. (1), the expectation of R_{1D}(m) are plotted against m for three Δt values of 10^{−24}, 10^{−19} and 10^{−12} seconds standing for strong, electro-magnetic and weak interactions. As can be seen, if indeed Δt is representing the interaction strength of the outgoing particles then for weak interacting particles the R_{1D} measured by BEC or FDC should reach unreasonable high values as compared to those measured in Z^0 hadronic decays.

Figure 2: The expected R_{1D} dependence on the particle mass for three Δt values of 10^{−24}, 10^{−19} and 10^{−12} seconds, representing respectively strong, electro-magnetic and weak interactions of the outgoing particles. The data in the figure are the LEP measured R_{1D} values from Z^0 decays.

An additional evidence against the association of Δt with the interaction strength of the outgoing particles is coming from the BEC measurement of the non-zero transverse momenta photon pairs, directly produced in the central P b + P b interactions at 158/A GeV [15]. In this case Eq. (1) cannot be applied since m_γ = 0. However, from the Heisenberg uncertainty relations one can also derive [4] a relation between the longitudinal dimension R_{long}, defined in the LCMS, and the average transverse mass m_T , namely R_{long}(m_T ) = c √ h̄Δt √ m_T , (2) which is applicable to photons with a non-zero transverse momentum. The BEC analysis of the directly produced photon pairs of the WA98 collaboration [15] was divided into two transverse momentum P_T regions which yielded the following R_{1D} and their associated chaoticity λ_{1D} parameter values:

R^I_{1D} = 5.9 ± 1.2 fm; λ^I_{1D} = 0.0028 ± 0.0007; for 100 < P_T < 200 MeV/c

R^{II}_{1D} = 6.1 ± 1.4 fm; λ^{II}_{1D} = 0.0029 ± 0.0017; for 200 < P_T < 300 MeV/c ,

where the statistical and systematic errors are added in quadrature. These R_{1D}(γ) values are consistent with the R_{1D}(m_π) values obtained in the same P b+P b collision experiment at 158/A GeV. Since in general the R_{1D}(m) values are similar within 10 to 20 % to the corresponding R_{long}(m_T = m), it is also instructive to note that the value R_{1D}(γ) ≃ 5.6 fm measured at an average m_T of 200 MeV is consistent with the value of R_{long}(m_T = 200 MeV) ≃ 5.9 fm both measured in the P b + P b reactions [7]. From this one can safely infer that the Δt associated with the directly produced photons is in any case away by a few orders of magnitude from the Δt region that represents the elecro-magnetic interaction strength (see Fig. 2). Following these observations we assign Δt to be the particles’ emission time.

In the Z^0 decay, as well as in hadron interactions, like in pp reactions, the particle’s collision and emission times are practically of the same order of magnitude. This apparently is not the case in heavy ion collisions. In the P b + P b collisions at 158/A GeV, measured by the WA98 collaboration [7], the R_{1D} values obtained from identical hadron pairs are seen in Fig. 1b to be described very well, apart from the slight departure of R_{1D}(m_p), by the continuous line. This line is the result of a fit of Eq. (1) to the data yielding Δt = (1.28 ± 0.03) × 10^{−22} seconds, much longer than the particles’ collision time of ∼10^{−24} seconds. Here it is important to note that the success of this fit is taken by the WA98 collaboration as an indication for a common emission duration of the various particle pairs produced in the P b+P b reactions. Furthermore, in the same experiment the R_{long} dependence on m_T is very well reproduced by Eq. (2) with a fit result of Δt=(1.61 ± 0.05) × 10^{−22} seconds.

Inasmuch that Eq. (1) can also describe successfully the R_{1D}(m) results of other heavy ion reactions, apart from the P b + P b collisions, one is naturally led to combine Eq. (1) evaluated at m = m_π, that is R_{1D}(m_π) = c √ h̄Δt √ m_π , (3)

with the known expression (see e.g. [1]) that relates the measured R_{1D}(m_π) of pion pairs with the atomic number A (see Fig. 3a), namely

R_{1D}(m_π) = aA^{1/3} , (4) where a is a constant of the order of 1.0 fm. From these two last equations one obtains

Δt = m_πa^2 h̄c^2 A^{2/3} . (5)

Moreover, BEC analyses of pion pairs emerging from central P b + P b collisions at the energies 20/A, 30/A, 40/A, 80/A and 158/A GeV show that the radii values measured in the LCMS reference frame are only very little, if at all, dependent on the collision energy [16]. As a consequence, Eq. (5) is expected to be independent of the collisions energy so that Δt is essentially only proportional to A^{2/3}, the surface area of the nucleus.

The relation between Δt and the atomic number A is presented in Fig. 3b where the dotted, continuous and dashed lines are calculated from Eq. (5) respectively for a = 0.8, 1.0 and 1.2 fm. The data used for the figure were taken from the well measured R_{1D} values of central heavy ion collision experiments, in the atomic number range of 12 to 207, reported in Refs. [17–20]. From these R_{1D} data the Δt values shown in the figure were calculated using Δt = m_πR^2_{1D}(m_π)/(h̄c^2) as derived from Eq. (1). As can be seen, the Δt data are accounted for by Eq. (5) in or near the range defined by a = 0.8 and a = 1.2 fm lines. To note is that the spread of the Δt values increases, as expected, with A. As seen from Fig. 3b the common particle emission time is predominantly proportional to the nucleus surface area. These particle emission times, in the range of A covered by Fig. 3b, are of the order of 10^{−23} seconds to be compared with the typical estimates inferred from hydrodynamical-like and other models applied to heavy ion collisions [21].

4 Summary and conclusions

The role of the time scale Δt parameter, associated with the BEC and FDC of identical particle pairs, has been examined in the framework of the Heisenberg uncertainties relations. From the studies of the Z^0 decays, the Δt is seen to be associated with the particle pair emission time of the order of 10^{−24} seconds, as determined from the Z^0 lifetime, rather than being a measure of the particles interaction strength property.

In heavy ion collisions one should differentiate between the typical collision time of ∼10^{−24} seconds for strong interactions, and the emission time of the produced particles. This is well illustrated by the WA98 experiment where the collision time is negligible in comparison to the particle’s emission time of about 10^{−22} seconds.

Merging the known dependence of R_{1D}(m_π) on the atomic number A namely, R_{1D}(m_π) = aA^{1/3}, with the R_{1D} dependence on the particle mass as derived from the Heisenberg uncer-

Figure 3: (a) The measured R_{1D} from BEC of pion pairs produced in heavy ions collisions as a function of A^{1/3} reproduced from reference [19]. The straight line represents the relation R = aA^{1/3} with a = 1.2 fm. (b) Δt as a function of the atomic number A. The data points are extracted via Eq. (1) from the measured R_{1D} values reported in Refs. [17–20]. The dotted, continuous and dashed lines represent Eq. (5) respectively for a = 0.8, 1.0 and 1.2 fm.

tainties, yields the equation Δt = m_πa^2 h̄c^2 A^{2/3} .

This expression relates the particle emission time Δt with the surface area of the nucleus which agrees with the experimental results as is illustrated in Fig. 3b.

Even though the BEC analysis of two directly produced photons in P b + P b collisions supports the notion that Δt is the particle emission time, a decisive answer to this issue should come from BEC and/or FDC of weak interacting particles. Presently no such information exists. The μ^±μ^± pairs are in general the decay product of pions and/or kaons so that they are not produced simultaneously. As for the e^±e^± system produced in particle reactions, it also has similar drawbacks. For this reason it may be worthwhile to consider a BEC analysis of the two weakly interacting Z^0Z^0 system even though they are expected at lower order to be dominated by a coherent production in pp collisions. High order corrections may well introduced a small non-coherent contributions which will be sufficient to allow a BEC analysis as was the case in the di-photon BEC analysis [15] which succeeded with a chaoticity λ value as small as ≈ 0.003. In case that Δt is determined by the interaction strength of the Z^0 gauge boson then its R_{1D} value should be very high as seen from Fig. 2. Finally we note that the opportunity to carry out a BEC analysis of the Z^0Z^0 pair may be realized at the 14 TeV CERN Large Hadron pp Collider in its upgraded luminosity configuration where sufficiently high event statistics can be accumulated.

Acknowledgments

We would like to thank E. De Wolf, W. Kittel, E. Levin, M. Lisa, W.J. Metzger and E. Sarkisyan-Grinbaum for many helpful comments and remarks. Part of this work has been done by G.A. in the DESY/Zeuthen laboratory to which he is thankful.

References

[1] See e.g. G. Alexander, Rep. Prog. Phys. 66 (2003) 481-522. [2] G. Alexander, I. Cohen, E. Levin, Phys. Lett. B452 (1999) 159-166.

[3] T. Csörgö, S. Pratt, Proc. Workshop on Relativistic Heavy Ion Physics, Budapest, 1991, (Eds.

T. Csörgö et al.), pp. 75-90.

[4] G. Alexander, Phys. Lett. B506 (2001) 45-51.

[5] A. Bialas et al., Phys. Rev. D62 (2000) 114007-7; Acta Phys. Polon. B32 (2001) 2901-2910. [6] K. Gottfried, Phys. Rev. Lett. 32 (1974) 957-961; F.E. Low and K. Gottfried, Phys. Rev. D17 (1978) 2487-2491; J.D. Bjorken, Phys. Rev. D27 (1983) 140-151; Phys. Rev. D7 (1973) 282-283.

[7] WA98 Collaboration, M.M. Aggarwal et al., arXiv:0709.2477. [8] OPAL Collaboration, G. Abbiendi et al., Phys. Lett. B559 (2003) 131-143. [9] L3 Collaboration, P. Achard et al., Phys. Lett. B524 (2002) 55-64.

[10] The preliminary R_{1D} (p̄p̄) of DELPHI is given by M. Kucharczyk, 39th Rencontres de Moriond on QCD and High-Energy Hadronic Interactions, La Thuile, 28 Mar - 4 Apr 2004, hep-ex/0405057.

[11] ALEPH Collaboration, S. Schael et al., Phys. Lett. B611 (2005) 66-80. [12] ALEPH Collaboration, A. Heister et. al., Eur. Phys. J. C36 (2004) 147-159. [13] See e.g. ZEUS Collaboration, S. Chekanov et al., Phys. Lett. B583 (2004) 231-246. [14] See e.g. NOMAD Collaboration, P. Astier et al., Nucl. Phys. B686 (2004) 3-28. [15] WA98 Collaboration, M.M. Aggarwal et al., Phys. Rev. Lett. 93 (2004) 022301-5. [16] NA49 Collaboration, C. Alt et al., Phys. Rev. C77 (2008) 064908-20.

[17] W. B. Christie et al., Phys. Rev. C47 (1993) 779-787; NA44 Collaboration, A. Franz et al., Nucl.

Phys. A610 (1996) 240c-247c; NA44 Collaboration, H. Bøggild et al., Phys. Lett. B458 (1999) 181-189.

[18] F. Laue (for the STAR collaboration), Nucl. Phys. A698 (2002) 177-184.

[19] A.D. Chacon et al., Phys. Rev. C43 (1991) 2670-2688.

[20] WA98 Collaboration, M.M Aggarwal et al., Phys. Rev. C67 (2003) 014906-13.

[21] See e.g. M. Lisa, S. Pratt, R. Soltz, U. Wiedemann, Ann. Rev. Nucl. Part. Sci. 55 (2005) 357-402, http://arXiv.org/abs/nucl-ex/0505014.

List of Figures

1 R_{1D} as a function of the hadron mass obtained from BEC and FDC analyses. (a) Values obtained from the Z^0 hadronic decays by the LEP experiments [8–12]. The solid line represent Eq. (1) with Δt=10^{−24} seconds while the dotted lines are for Δt=(1±0.5)×10^{−24} seconds. (b) BEC analyses of hadron pairs emerging from central P b + P b collisions at 158/A GeV taken from [7]. The continuous line is the result of a fit of Eq. (1) to the data of the Plastic Ball detector whereas the dotted line is the result of the fit to all the data points shown in the figure. . . . . . . . . . . . . . . . 2 2 The expected R_{1D} dependence on the particle mass for three Δt values of 10^{−24}, 10^{−19} and 10^{−12} seconds, representing respectively strong, electro-magnetic and weak interactions of the outgoing particles. The data in the figure are the LEP measured R_{1D} values from Z^0 decays. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 3 (a) The measured R_{1D} from BEC of pion pairs produced in heavy ions collisions as a function of A^{1/3} reproduced from reference [19]. The straight line represents the relation R = aA^{1/3} with a = 1.2 fm. (b) Δt as a function of the atomic number A. The data points are extracted via Eq. (1) from the measured R_{1D} values reported in Refs. [17–20]. The dotted, continuous and dashed lines represent Eq. (5) respectively for a = 0.8, 1.0 and 1.2 fm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6