HEN–423 September 1, 1999

Bose-Einstein Results from L3^∗

W. J. Metzger (for the L3 collaboration)

University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands E-mail: W.Metzger@cern.ch

Two studies using Bose-Einstein correlations are reported. The first, a threedimensional analysis of hadronic Z decays, finds that the pion source is not spherical, but elongated along the thrust direction. The second study compares e^+e^− → W^+W^− events at √ s = 189 GeV where only one W decays hadronically with events where both do. No evidence is found for Bose-Einstein correlations between pions from different W bosons.

1 Elongation of the Pion Source in Hadronic Z decays

Using the L3 detector^1 at LEP, we have performed two analyses using Bose-Einstein correlations. The first concerned hadronic decays of the Z. It used about 1 million hadronic Z events at √ s ≈ 91.2 GeV ≈ M_Z. A three-dimensional analysis of pairs of identically charged pions was performed in the longitudinal center of mass system of the pion pair, with the longitudinal direction along the thrust axis of the event. This system has the advantage that the longitudinal and one of the transverse spatial dimensions are independent of the temporal dimension of the pion source, allowing, since azimuthal symmetry may be assumed, a measurement of the transverse and longitudinal source dimensions. Since this study has now been published,^2 only the main results will be stated here: Using an azimuthally symmetric Gaussian parametrization we extracted the incoherence parameter, λ, and the spatial radii. A better fit was obtained using the Edgeworth expansion^{3, 4} of the Gaussian parametrization. The transverse radius was found to be significantly smaller than the longitudinal radius: R_{trans}/R_{long} = 0.81 ± 0.02^{+0.03}_{−0.19} Similar analyses have been performed by DELPHI^5 and OPAL.^6

2 Inter-W Bose-Einstein Correlations

The second analysis^7 studies Bose-Einstein (BE) correlations in e^+e^− → W^+W^−. BE interference is observed in hadronic Z-decay as an enhanced production of identical bosons at small four-momentum difference, Q. This effect is expected also in hadronic W-decay (intra- W BE interference). Since in fully hadronic WW events (W^+W^− → q_1q_2q_3q_4) the W-decay products overlap in space-time at LEP-2 energies, it is reasonable to expect^8 BE correlations (BEC) between particles coming from different W’s (inter-W BE interference). Such correlations, as well as so-called color reconnection, could bias the W mass measurements in the four-jet channel. This analysis is designed to investigate whether inter-W BEC exist. These results are preliminary.

∗To appear in the proceedings of XXIX Int. Symposium on Multiparticle Dynamics, Brown Univ., Providence, R.I., U.S.A., August 9-13, 1999.

2.1 Method

The method used to study Bose-Einstein correlations (BEC) between identical hadrons originating from different W’s (inter-W BEC) is mainly based on that proposed by Chekanov, De Wolf, and Kittel.^9

Assuming for the moment that the two W’s decay independently, one can write^9 the two-particle density in the four-momenta p_1 and p_2,

ρ(p_1, p_2) = 1 N_{ev} dn_{pairs} dQ , (1)

where N_{ev} is the number of events, n_{pairs} is the number of particle pairs and Q ≡ √ −(p_1 − p_2)^2 is the four-momentum difference between the two particles, as

ρ_{4q}(p_1, p_2) = ρ^+(p_1, p_2) + ρ^−(p_1, p_2) + ρ^+(p_1)ρ^−(p_2) + ρ^−(p_1)ρ^+(p_2) , (2)

where the first (second) term is the density for two particles from the W^+ (W^−) and the last two terms, with products of the single-particle densities, are the density for one particle from each of the W’s. This can be rewritten, assuming ρ^+ = ρ^−, as

ρ_{4q}(p_1, p_2) = 2ρ_{2q}(p_1, p_2) + 2ρ_{2q}(p_1)ρ_{2q}(p_2) (3)

where ρ_{2q} is the density for particles from a single W. If, on the other hand, the decays of the two W’s are not independent, eq. 3 will not hold.

Experimentally, ρ_{4q}(p_1, p_2) and ρ_{2q}(p_1, p_2) can be measured using fully hadronic and semi-hadronic (W^+W^− → q_1q_2ℓν), respectively. We determine the product of the single particle densities by measuring the two-particle density in mixed events. These events are constructed from pairs of semi-hadronic events where the leptonic W decays are discarded and the remaining hadronic decays are aligned along their thrust axes. Furthermore, we demand that the total visible energy of the two W’s have a value of √ s±10 GeV. The resulting mixed events have an average multiplicity in agreement with the average multiplicity of real four-jet events. Thus eq. 3 becomes

ρ_{4q}(p_1, p_2) = 2ρ_{2q}(p_1, p_2) + 2ρ_{mix}(p_1, p_2) . (4)

The independence of the W decays is tested by testing the validity of eq. 4. Of course, BEC are not the only possible correlations. However, BEC affect only identical bosons at small Q. Therefore, eq. 4 is examined for both like-sign and unlike-sign pairs as a function of Q. The advantage of this method is that it measures inter-W correlations directly from the experimental data, without any need for normalisation by a Monte-Carlo model.

To test eq. 4 we can test whether

Δρ(Q) = ρ_{4q}(Q) − [2ρ_{2q}(Q) + 2ρ_{mix}(Q)] (5)

is zero. Alternatively, we can test whether

D(Q) = ρ_{4q}(Q) 2ρ_{2q}(Q) + 2ρ_{mix}(Q) = Δρ(Q) 2ρ_{2q}(Q) + 2ρ_{mix}(Q)

+ 1 (6)

is 1. To suppress possible artificial distortions due to event mixing, we also use the double ratio D^′(Q) = D(Q)/D(Q)_{MC, noBE} where D_{MC, noBE} is determined from a Monte-Carlo sample without BEC. A deviation at small Q of D(±, ±) or D^′(±, ±) from unity or of Δρ(±, ±) from zero can be interpreted as evidence for inter-W BEC.

Figure 1: Distributions according to generator-level pythia of (a) Δρ(±, ±) and (b) Δρ(+, −) for BEC between all particles (BEA), only between particles from the same W (BEI), only between particles from different W’s (BEB) and when the BEC are switched off (BEO). BEC are simulated using the be_{32} algorithm.

2.2 Demonstration by pythia

To check the method described in the previous section, we examined the relevant distributions obtained at the generator level of the Monte Carlo generator pythia^{10} using both the luboei and the be_{32} algorithms.^{11} Four BE scenarios were investigated: BEC between all particles (BEA); only between particles from the same W (BEI); only between particles coming from different W’s (BEB); and without any BEC (BEO). No color-reconnection was included and only charged pions were taken into account. The results for Δρ are shown in Fig. 1.

A clear enhancement at small Q is observed for like-sign pairs (Fig. 1a) when inter-W BEC are present (BEA and BEB scenarios). Moreover, the distribution is the same for these two cases. When no inter-W BEC (BEI and BEO scenarios) are present the distribution is flat and zero. This distribution thus behaves as expected.

The Δρ distributions for unlike-sign pairs (Fig. 1b) shows a small effect for BEA and BEB and no effect for BEI and BEO. This small effect is understood as an artifact of the be_{32} algorithm; its shifting of momenta of particles to obtain the desired two-particle correlation for identical particles also modifies the distributions of non-identical particles. This effect is much larger for luboei.

Thus, despite its small signal, inter-W BEC can be observed in the Δρ distribution, where the scenarios BEA and BEB show an enhancement at small Q while the BEI and BEO scenarios do not. A similar conclusion is reached for D and D^′.

Figure 2: Distributions according to the uncorrected L3 data of (a) Δρ(±, ±) and (b) Δρ(+, −). Also shown are the Monte Carlo predictions of koralw after full detector simulation with BEC (luboei) between all particles (BEA) and without BEC (BEO).

2.3 Results

The data, corresponding to about 176 pb^{−1}, were recorded by L3^1 in 1998 at √ s = 189 GeV.

After selection, there are 1026 semi-hadronic and 1514 fully hadronic W^+W^− events, which contain about 52k and 302k well-measured like-sign pairs, respectively.

The resulting distributions for Δρ are shown in Fig. 2. Also shown are the predictions of koralw^{12} after the events generated by this Monte Carlo have been passed through the L3 detector simulation program,^{13} reconstructed and subjected to the same selection criteria as the data. Two scenarios are shown: (1) BEC between all particles in an event (BEA) and (2) no BEC (BEO).

The data agree well with koralw without BEC, both for like-sign and unlike-sign pairs, and are inconsistent with koralw with BEC from luboei. koralw shows an enhancement in the Δρ distribution for the BEA scenario. This enhancement occurs for like-sign pairs as a consequence of BEC; an enhancement also occurs in unlike-sign pairs as an artifact of luboei.

2.4 Summary

The possible existence of BEC between particles originating from different W’s was studied using 1514 fully- and 1026 semi-hadronic WW-events, collected by L3 at √ s = 189 GeV.

From the two-particle densities for real fully-hadronic events and for fully-hadronic events without inter-W BEC (constructed by an event mixing technique from real semi-hadronic events), we obtained the distributions of Δρ(±, ±), D(±, ±) and D^′(±, ±). None of these distributions show any excess at small values of Q. An excess is to be expected from inter- W BEC. On the other hand, the distributions agree very well with koralw without BEC. Thus there is no evidence for BEC between identical particles originating from different W’s (inter-W BEC).

Acknowledgments

I am most indebted to Jorn van Dalen, whose work this is.

1. L3 Collab., B. Adeva et al., Nucl. Instrum. Methods A 289 (1990) 35;

J.A. Bakken et al., Nucl. Instrum. Methods A 275 (1989) 81; O. Adriani et al., Nucl. Instrum. Methods A 302 (1991) 53; B. Adeva et al., Nucl. Instrum. Methods A 323 (1992) 109; K. Deiters et al., Nucl. Instrum. Methods A 323 (1992) 162; B. Acciari et al., Nucl. Instrum. Methods A 351 (1994) 300; A. Adam et al., Nucl. Instrum. Methods A 383 (1996) 342.

2. M. Acciarri et al., Phys. Lett. B 456 (1999) 354-366.

3. S. Hegyi and T. Csörgő, Proc. Budapest Workshop on Relativistic Heavy Ion Collisions, Preprint KFKI-1993-11/A, p. 47; T. Csörgő, Proc. Cracow Workshop on Multiparticle Production, eds. A. Białas et al. (World Scientific, Singapore, 1994) p. 175.

4. F.Y. Edgeworth, Trans. Cambridge Phil. Soc. 20 (1905) 36. See also, e.g., Harald Cramér, Mathematical Methods of Statistics (Princeton Univ. Press, 1946).

5. DELPHI Collab., Two-dimensional Analysis of the Bose-Einstein Correlations in e^+e^− Annihilation at the Z^0 Peak, DELPHI 99-120 CONF-307 (1999), submitted to Int. Europhys. Conf. on High Energy Physics 99, Tampere; R. Mureşan, talk at XXIX Int. Symposium on Multiparticle Dynamics (1999).

6. OPAL Collab., OPAL PN387 (1999), Transverse and Longitudinal Bose-Einstein Correlations in Hadronic Z^0 Decays, submitted to Int. Europhys. Conf. on High Energy Physics 99, Tampere.

7. J.A. van Dalen, W. Kittel, W.J. Metzger, Study of Bose-Einstein Correlations in Wpair Production at √ s = 189 GeV, L3 Note 2405 (1999), submitted to Int. Europhys.

Conf. on High Energy Physics 99, Tampere.

8. A. Ballestrero et al., in Physics at LEP2, eds. G. Altarelli, T. Sjöstrand and P. Zwirner, CERN 96-01 (1996) 141; L. Lönnblad and T. Sjöstrand, Phys. Lett. B 351 (1995) 293 and Eur. Phys. J. C 2 (1998) 165; V. Kartvelishvili, R. Kvatadze, R. Møller, Phys. Lett. B 408 (1997) 331; S. Jadach and K. Zalewski, Acta Phys. Polonica B 28 (1997) 1363; K. Fiałkowski, R. Wit, Acta Phys. Polonica B 28 (1997) 2039; K. Fiałkowski, R. Wit, J. Wosiek, Phys. Rev. D 58 (1998) 094013. Š. Todorova-Nová and J. Rameš, Strasbourg preprint IReS 97-29 (1997).

9. S.V. Chekanov, E.A. De Wolf, W. Kittel, Eur. Phys. J. C 6 (1999) 403. 10. T. Sjöstrand, Comp. Phys. Comm. 82 (1994) 74. 11. Leif Lönnblad and T. Sjöstrand, Eur. Phys. J. C 2 (1998) 165.

12. M. Skrzypek et al., Comp. Phys. Comm. 94 (1996) 216 and Phys. Lett. B 372 (1996) 289.

13. The L3 detector simulation is based on GEANT, see R. Brun et al., CERN report CERN DD/EE/84-1 (Revised), 1987, and uses GHEISHA^{14} to simulate hadronic interactions.

14. H. Fesefeldt, RWTH Aachen report PITHA 85/02, 1985.