TTP07-03

Spin asymmetries and correlations in Λ–pair production through the radiative return method^∗

Henryk Czyż Institute of Physics, University of Silesia, PL-40007 Katowice, Poland.

Agnieszka Grzelińska and Johann H. Kühn Institut für Theoretische Teilchenphysik, Universität Karlsruhe, D-76128 Karlsruhe, Germany. (Dated: December 5, 2007)

Exclusive baryon pair production through the radiative return is a unique tool to determine the electric and the magnetic form factors in the timelike region over a wide range of energies. The decay of Λ-baryons into p + π^− can be used to measure their spin and to analyze spin-spin correlations in the Λ̄Λ system. We evaluate the spin dependent hadronic tensor, which describes this reaction, calculate the corresponding cross section for e^+e^− → ΛΛ̄ and e^+e^− → ΛΛ̄γ with subsequent decays of Λ and Λ̄ and present a compact formula for the correlated distribution. We demonstrate that the relative phase between the electric and the magnetic form factor can be determined in this analysis by considering single spin asymmetries and correlated decay distributions. The reaction is implemented in the event generator PHOKHARA. It is demonstrated that the relative phase can be measured with the event sample presently accumulated at B- factories.

PACS numbers: 13.66.Bc, 13.88.+e, 13.40.Gp, 13.30.Eg, 14.20.Jn

I. INTRODUCTION

Measurements of the proton–antiproton production through the radiative return, as suggested in [1], have lead to a determination of the proton electric and magnetic form factors, G_E and G_M , in the time-like region over an energy which ranges from threshold to nearly 3 GeV [2]. The study of the angular distributions allows to separate the contributions from |G_M |^2 and |G_E |^2 to the cross section. In the absence of longitudinally polarized beams and without measuring of the polarization of the produced baryons, the relative phase between G_M and G_E does not enter the predictions [1]. In this paper we demonstrate that ΛΛ̄– production through the radiative return can be used to fully determine modulus and relative phase Δϕ of Λ electric and magnetic form factors. We present a compact form for the hadronic tensor

H_{μν} = ⟨Λ̄Λ|J_μ|0⟩ ⟨0|J^†_ν |Λ̄Λ⟩ = J_μJ^†_ν , (1)

including its spin dependent part and analyze single–spin asymmetries and spin–spin correlations for ΛΛ̄ production through e^+e^− annihilation and through the radiative return. The self analyzing decays Λ → pπ^− and Λ → nπ^0 can be used to directly translate the spin asymmetries and correlations into predictions for the decay products. The spin component normal to the production plane is a measure of sin(Δϕ), while spin–spin correlations can be used to resolve the remaining twofold ambiguity and determine the relative phase completely.

∗Work supported in part by BMBF under grant number 05HT6VKA, EU 6th Framework Program under contract MRTN- CT-2006-035482 (FLAVIAnet), TARI project RII3-CT-2004- 506078, Polish State Committee for Scientific Research (KBN) under contract 1 P03B 003 28

In addition to this theoretical study we construct an event generator (an extension of the event generator PHOKHARA [1, 3–9]), which includes the spin correlated decays of Λ and Λ̄. We adopt a simple model for the form factor and demonstrate, that the determination of the phase is indeed feasible. Once required by an experiment, the approach can be trivially extended to the full baryon octet.

II. THE METHOD

The reactions e^+(p_1)e^−(p_2) → Λ̄(q_1, S_1)Λ(q_2, S_2) and e^+(p_1)e^−(p_2) → Λ̄(q_1, S_1)Λ(q_2, S_2)γ(k) (with photon emitted from one of the initial states) are both in Born approximation fully described by electromagnetic current with two independent form factors

J_μ = −ie · ū(q_2, S_2) × ( F^Λ_1 (Q^2)γ_μ −

F^Λ_2 (Q^2) 4m_Λ

[γ_μ, Q/ ] ) v(q_1, S_1), (2)

related to the electric G_E and magnetic G_M form factors by G_M = F^Λ_1 + F^Λ_2 , G_E = F^Λ_1 + τF^Λ_2 , (3)

with τ =

Q^2 4m^2_Λ and Q = q_1 + q_2.

The q_i, S_i, i = 1, 2 are the four momenta and the spin four vectors of Λ̄ and Λ with the properties S_i.q_i = 0, S^2_i = −1. We will not consider the initial lepton polarizations and denote their four momenta by p_1 (positron) and p_2 (electron). The resulting squared amplitudes, which describe the two processes under consideration, are then given by

|M^{0,1}|^2 = L^{0,1}_{μν} H^{μν} , (4) where 0(1) stands for the process without (with) photon. The hadronic tensor, which is identical for both cases, and defined as

H_{μν} = J_μJ^†_ν = H^S_{μν} + H^A_{μν} , (5)

is naturally splitted into symmetric (H^S_{μν} ) and antisymmetric (H^A_{μν} ) parts defined as

H^S_{μν} = 1 2 ( J_μJ^†_ν + J^†_μJ_ν ) , H^A_{μν} = 1 2 ( J_μJ^†_ν − J^†_μJ_ν ) . (6)

They are equal to

1 e^2 H S μν =^{|GM |2}_2 ( Q.S_2 {Q_μ, S_{1ν} }_+ + Q.S_1 {Q_μ, S_{2ν} }_+ − S_1.S_2 Q_μ Q_ν − Q^2 {S_{1μ}, S_{2ν} }_+ )

+|G_M |^2(^{Q2}_2 S_1.S_2 − Q.S_1 Q.S_2) g_{μν} + (_{|G} M −G_E |^2 m^2_Λ(τ −1)^2 Q.S1 Q.S2 + 2τ τ −1 ( |G_M |^2 −^1_τ |G_E |^2 ) S_1.S_2 ) q_μ q_ν

+^{τ |GM |2−Re(GM G∗E )} τ −1 (Q.S2 {qμ, S1ν }+ − Q.S1 {qμ, S2ν }+) + Im(G_M G^∗_E ) m_Λ(τ −1) {εβγδμ Q

β q^γ (S^δ_1 + S^δ_2 ), q_ν }_+ +^1_4 H^U_{μν} , (7) 1 e^2 H A μν = i^{Im(GM G∗E )} τ −1 (Q.S2 {qμ, S1ν }− − Q.S1 {qμ, S2ν }−) − i^{Re(GM G∗E )}

m_Λ(τ −1) {εβγδμ Q

βq^γ (S^δ_1 + S^δ_2 ), q_ν }_− + i^{|GM |2}_{2mΛ(τ −1)} ε_{βγμν} Q^β q^γ (Q.S_2 − Q.S_1) , (8)

where q = (q_2 − q_1)/2, {a_μ, b_ν }_± ≡ a_μb_ν ± b_μa_ν and

H^U_{μν} = 2|G_M |^2(Q_μQ_ν − g_{μν} Q^2)

−^{8τ}_{τ −1} ( |G_M |^2 −^1_τ |G_E |^2 ) q_μq_ν (9)

is the unpolarized hadronic tensor.

In the first step, for illustration and further reference, we shall discuss baryon production in electron–positron annihilation without photon radiation. The application to the radiative return will be presented subsequently.

The lowest order leptonic tensor, when one neglects the electron mass, is equal to

L^0_{μν} = πα s^2

(−2sg^{μν} + 4{p^μ_1 , p^ν_2 }_+)

= 2πα s diag(0, 1, 1, 0) , (10)

while the explicit form of L^1_{μν} (describing the radiative return), together with definitions and notation, can be found for instance in [5, 10]. In both cases the leptonic tensor is symmetric (apart from small imaginary part coming from the radiative corrections), hence the asymmetric part of the hadronic tensor does not contribute to the cross section

dσ(e^+e^− → Λ̄Λ) = 1 2s L^0_{μν} H^{μν} dΦ_2(p_1 +p_2; q_1, q_2) , (11)

which can be written in the following compact form

L^0_{μν} H^{μν} =^{4π2α2}_{s2} { 16 q.p^{τ |GM |2−Re(GM G∗E )} τ −1 (Q.S1 p.S2 − Q.S2 p.S1) + 2 s |GM | 2(s + 4 p.S_1 p.S_2) − [ 2τ s τ −1 ( |G_M |^2 −^1_τ |G_E |^2 ) +^{8|GM −GE |2}

m^2_Λ(τ −1)^2 (q.p) 2 ] Q.S_1 Q.S_2 −^{2τ}_{τ −1} ( |G_M |^2 −^1_τ |G_E |^2 ) (8 (q.p)^2 + 2 s m^2_Λ −^{s2}_2 )(S_1.S_2 − 1) − q.p^{16 Im(GM G∗E )}_{mΛ(τ −1)} ε_{βγμν} Q^βq^γ (S^μ_1 + S^μ_2 )p^ν } , (12)

where p = (p_2 − p_1)/2 and s = (p_1 + p_2)^2 = Q^2. This re- sult becomes more transparent, if we use the spin vectors of the Λ and Λ̄ in their respective rest frame

L^0_{μν} H^{μν} = 4π^2α^2 { |G_M |^2 ( 1 + cos^2 θ¯_Λ ) +^1_τ |G_E |^2 sin^2 θ¯_Λ +^{Im(GM G∗E )√}_τ sin(2θ¯_Λ) ( S^y_Λ + S^y_{Λ̄} )

−^{Re(GM G∗E )} √ τ sin(2θ¯_Λ) ( S^z_ΛS^x_{Λ̄} + S^z_{Λ̄}S^x_Λ ) + (_1 τ |G_E |^2 + |G_M |^2 ) sin^2 θ¯_Λ S^x_{Λ̄}S^x_Λ + (_1 τ |G_E |^2 − |G_M |^2 ) sin^2 θ¯_Λ S^y_{Λ̄}S^y_Λ −

(_1 τ |G_E |^2 sin^2 θ¯_Λ − |G_M |^2 ( 1 + cos^2 θ¯_Λ )) S^z_{Λ̄}S^z_Λ } , (13)

where S^i_Λ (S^i_{Λ̄}) is the ith component of the unit vector pointing into the direction of the Λ (Λ̄) spin, calculated in the Λ (Λ̄) rest frame, and θ¯_Λ is the Λ̄ polar angle in the e^+e^− center of mass frame. The y-direction is perpendicular to the production plane with the positive direction defined through ē_y = ē_e+ × ē¯_Λ, where ē_e+ and ē¯_Λ are the unit vectors pointing into the positron and Λ̄ momenta directions respectively (see Fig. 1).

FIG. 1: (color online). Definition of the three reference frames used to obtain Eq. (13).

The linear polarization is a consequence of the relative phase between electric and magnetic form factors and points into the direction normal to the production plane [11, 12] (and references therein). The correlation coefficients C_{x,z}, C_{x,x}, C_{y,y}, C_{z,z} are in general non vanishing even if the relative phase between G_E and G_M is zero or π. The absolute values of the electric and magnetic form factors can be measured without measuring the polarization of the baryons via the Rosenbluth method, i.e. by analyzing the angular distributions of the baryons. In previous investigations it was shown [11] that the relative phase can be determined by using longitudinally polarized beams. From Eq.(13) it is obvious that a measurement of S^y, which can be performed for Λ, as discussed below, determines that phase modulo π. The remaining twofold ambiguity can be eliminated through a study of the correlation between S^z_Λ and S^x_{Λ̄} (or S^x_Λ and S^z_{Λ̄} ), which is proportional to Re(G_M G^∗_E ).

The measurement of the subsequent two body decays of Λ → π^−p, π^0n and its charge conjugate allow for a straightforward spin analysis of the decaying Λs. The neutral modes are experimentally more demanding. In the remaining part of this work we will therefor refer only to the charged modes even if the theoretical description of both is identical. The decay distribution, when the spin of the proton is not measured, is proportional to

R_Λ = 1 − α_Λ S̄_Λ · n̄_π− , (14)

where n̄_π− is a unit vector in the direction of the π^− momentum. The factor α_Λ = 0.642(13) characterizes the analyzing power of the angular distribution. For the antiparticle α¯_Λ = −α_Λ.

To combine production and decay, one sums over the intermediate spins of the Λ and Λ̄ and uses the fact that the sums over the Λ polarizations can be performed easily, ∑ pol.

S̄_Λ = 0 , ∑ pol.

S^i_ΛS^j_Λ = δ^{ij} . (15)

The spin vectors in the Eq.(13) are then effectively replaced by S̄_Λ → −α_Λn̄_π− and S̄¯_Λ → −α¯_Λn̄_π+ .

As a result the relation between cross sections of the reaction e^+e^− → Λ̄Λ and the reaction e^+e^− → Λ̄(→ π^+p̄)Λ(→ π^−p), when the spins of the final proton and antiprotons are not measured, is simple. Using the narrow width approximation one finds dσ ( e^+e^− → Λ̄(→ π^+p̄)Λ(→ π^−p) ) = dσ ( e^+e^− → Λ̄Λ ) (S_{Λ,}¯_Λ → ∓α_Λn_π∓ )

× dΦ̄_2(q_1; p_π+ , p_{p̄})dΦ̄_2(q_2; p_π− , p_p) × Br(Λ̄ → π^+p̄)Br(Λ → π^−p) , (16)

where dΦ̄_2 is the two body phase space normalized to 1, α_Λ is the asymmetry parameter of the Λ and n_π+ (n_π− ) is a four vector, which in the Λ̄ (Λ) rest frame is equal to (0, n̄_π+ ) ((0, n̄_π− )), with n̄_π+ (n̄_π− ) being the unit vector in the direction of p̄_π+ (p̄_π− ). The symbol (S_{Λ,}¯_Λ → ∓α_Λn_π∓ ) indicates that S_Λ has to be replaced by −α_Λn_π− and S¯_Λ by α_Λn_π+ .

Let us now present a qualitative discussion of the observables for the radiative return. In [1] it was shown that in the case of single photon emission from the initial state leptons, by choosing as reference frame the hadronic rest frame with the z-axis opposite to the photon direction (we will call that frame RF from now on), one gets (for Q^2 ≪ s, which is fulfilled at B–factories) the following simple approximate expression for the leptonic tensor

L^{ij} ≃

(4πα)^2 Q^4y_1y_2

(1 + cos^2 θ_γ ) 2 diag(1, 1, 0) , (17) which is sufficient for a qualitative discussion. The y-axis is chosen in the e^+e^− cms frame as ē_y = ē_e+ × ē_γ , where ē_e+ and ē_γ are unit vectors pointing the directions of the positron and photon momenta, respectively. It remains unchanged after the transformation from the e^+e^− cms frame to the hadronic rest frame described above. Here y_{1,2} =^{s−Q2}_{2s} (1 ∓ cos θ_γ ), θ_γ is the photon polar angle in the e^+e^− center of mass frame and i, j = 1, 2, 3 in L^{ij} . Other components of L^{ij} do not contribute to the matrix element. The close similarity with Eq. (10) is obvious. As a result

L^{ij} H_{ij} ≃^{(4πα)3}_{4Q2 y1y2} ( 1 + cos^2 θ_γ ) { |G_M |^2 ( 1 + cos^2 θ¯_Λ ) +^1_τ |G_E |^2 sin^2 θ¯_Λ − α_Λ^{Im(GM G∗E )√}_τ sin(2θ¯_Λ) ( n^y_{π−} − n^y_{π+} )

+α^2_Λ^{Re(GM G∗E )} √ τ sin(2θ¯_Λ) ( n^z_{π−} n^x_{π+} + n^z_{π+} n^x_{π−} ) − α^2_Λ

(_1 τ |G_E |^2 + |G_M |^2 ) sin^2 θ¯_Λ n^x_{π+} n^x_{π−}

−α^2_Λ

(_1 τ |G_E |^2 − |G_M |^2 ) sin^2 θ¯_Λ n^y_{π+} n^y_{π−} + α^2_Λ

(_1 τ |G_E |^2 sin^2 θ¯_Λ − |G_M |^2 ( 1 + cos^2 θ¯_Λ )) n^z_{π+} n^z_{π−} } , (18)

with the angle θ¯_Λ being defined now in RF frame and n_π+ (n_π− ) in the Λ̄ (Λ) rest frame. Hence after measuring |G_M | and |G_E | with the method proposed in [1] and successfully used by BaBar for the proton form factors [2] (no information on the spin is necessary in this case), one can measure the combination α_Λ sin(Δϕ), where Δϕ is the relative phase of the two form factors. This can be achieved for example by measuring the asymmetry

A^±_y = dσ(a^± > 0) − dσ(a^± < 0) dσ(a^± > 0) + dσ(a^± < 0)

, (19)

where a^{+(−)} = sin(2θ¯_Λ) n^y_{π+(π−)}. Since α_Λ is known with good precision [13], sin(Δϕ), and thus Δϕ, is determined up to a twofold ambiguity, which can be resolved by measuring the correlations between n^z_{π−} and n^x_{π+} . In principle, by studying the double spin correlations one can measure both the sign of cos(Δϕ) and α_Λ. However, the expected number of events at B–factories amounts to a few hundred to a few thousand distributed in the energy range 4m^2_Λ < Q^2 < 10 GeV^2, depending on the accumulated luminosity and the angular cuts in the experimental analysis (see Section IV). The measurement of α_Λ thus cannot be competitive to the existing measurements [13].

III. THE IMPLEMENTATION INTO THE EVENT GENERATOR PHOKHARA

To allow for quantitative studies we have implemented the process into the event generator PHOKHARA [1, 3– 9]. This implementation will be available within the version PHOKHARA6.0. We use the leading order matrix element only, since the expected cross section is small and correspondingly the expected statistical precision is low. The radiative corrections are expected to be of the order of a few percent [1]. The generation of events is based on the method used in the generator TAUOLA [16], performing first the generation with the unpolarized cross section dσ(e^+e^− → ΛΛ̄) and generating in the second step the proper distributions of the decay products by evaluating the ratio of the cross sections with and without spin effects. Standard tests (see for example [6]), where the generation results were compared with existing analytic formulae, assure the technical accuracy of the implementation at the level of 10^{−4}.

The cross section σ(e^+e^− → Λ̄Λ) was measured at one energy [14] only, and with poor accuracy. No form factor has been extracted. Thus one has to relay on theoretical assumptions. For the isospin and SU(3) structure of the electromagnetic form factors of the baryon octet we adopt the model ansatz suggested in reference [15]. There all form factors are given in terms of ω-, ϕ- and ρ-dominated contributions. Indeed, the ρ piece does not contribute in the case of Λ̄Λ production. The adopted model predicts real form factors G_M and G_E and thus zero relative phase Δϕ. The size of the relative phase between G_M and G_E does not alter the cross section and thus till now no experimental information is available on Δϕ. To show the effects of a possibly large relative phase we add an ad hoc phase in the analysis presented in the next section.

IV. FEASIBILITY STUDY FOR B- FACTORIES

FIG. 2: (color online). The predicted differential cross section of the reaction e^+e^− → Λ(→ π^−p)Λ̄(→ π^+p̄)γ

The predicted cross sections as functions of Q^2, with no cuts on the final state particles (open circles) and with angular cuts roughly corresponding to the angular range covered by the BaBar detector (filled circles), are shown in Fig. 2. The integrated cross sections, for √ Q^2 values from threshold up to 3 GeV, are equal to 18 fb when no angular cuts are applied and 1.3 fb, if we restrict the polar angles of the produced charged particles between 30 and 150 degrees. So typically at B-factories we expect about 130 events per 100 fb^{−1} accumulated luminosity. With the already accumulated luminosity at BaBar (390 fb^{−1}) and BELLE (710 fb^{−1}) the Λ form factors can be studied with a decent accuracy.

As already said, the adopted model predicts almost zero asymmetry A^±_y . However, a priori a much larger relative phase between the G_M and G_E could be present. In Fig.3 the predicted asymmetry is shown for the maximal relative phase between the form factors. It is clear that in this case the measurement of the phase is feasible. Thus the experimental studies of the asymmetry will allow to obtain further constrains on the form factor models supplementing the information obtained by the |G_M | and |G_E | measurement through angular distributions of the

FIG. 3: (color online). The asymmetry A^+_y (see Eq.(19) for definition) for the maximal relative phase (Δϕ = π/2) between the GM and GE form factors.

Λs. More refined strategies of this measurement are conceivable if the asymmetry is studied as a function of θ_Λ. Furthermore, the sample is doubled by considering Λ and Λ̄ decays.

The combination Re(G_M G^∗_E ) (or cos(Δϕ)) can be extracted by measuring the asymmetry

A_{xz} = dσ(ã > 0) − dσ(ã < 0) dσ(ã > 0) + dσ(ã < 0) , ã = sin(2θ¯_Λ) (n^z_π− n^x_π+ + n^z_π+ n^x_π− ) . (20)

Knowing both sin(Δϕ) and cos(Δϕ) the relative phase is fixed. The predicted asymmetry A_{xz} for Δϕ = π and a B- factory energy is shown in Fig. 4. Measuring other spin correlations or respective asymmetries can in principle allow for the measurement of α_Λ and independent measurements of |G_M | and |G_E |. On the one hand, due to the limited statistics, correlations studies alone will not be competitive with the existing measurement of α_Λ [13] or with the extraction of |G_M | and |G_E | by means of the method proposed in [1]. On the other hand, for each value of Q^2 the distribution, which is differential in cos θ_Λ and in the variables describing the decay distributions of Λ and Λ̄, depends on the three quantities |G_M |, |G_E | and Δϕ only. A more refined experimental investigation of this distribution, using the generator PHOKHARA, may well lead to a reasonably precise determination of these three numbers.

V. SUMMARY

A compact formula has been presented for the spin dependent baryon production through e^+e^− annihilation

FIG. 4: (color online). The asymmetry Axz (see Eq.(20) for definition) for the maximal relative phase (Δϕ = π) between the GM and GE form factors.

and through the radiative return. It describes the dependence on a single spin as well as spin-spin correlations. Single spin asymmetries can be used to determine the relative phase between the electric and the magnetic form factor up to a twofold ambiguity, which can be resolved by analyzing spin–spin correlations. The construction of an extension of the Monte Carlo event generator PHOKHARA allowed us to demonstrate that the spin dependent decay distribution of Λ (and Λ̄) can be used to perform this analysis under realistic experimental conditions. Given enough data, the study could be extended in a straightforward way to Σ̄Σ, Ξ̄Ξ production with the subsequent decays Σ^+ → nπ^+, pπ^0, Σ^− → nπ^−, Ξ^0 → Λπ^0 and Ξ^− → Λπ^− as typical examples.

Acknowledgments

Henryk Czyż is grateful for the support and the kind hospitality of the Institut für Theoretische Teilchenphysik of the Karlsruhe University.

[1] H. Czyż, J. H. Kühn, E. Nowak and G. Rodrigo, Eur. Phys. J. C 35, 527 (2004) [arXiv:hep-ph/0403062].

[2] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 73, 012005 (2006) [arXiv:hep-ex/0512023].

[3] G. Rodrigo, A. Gehrmann-De Ridder, M. Guilleaume and J. H. Kühn, Eur. Phys. J. C 22, 81 (2001) [arXiv:hepph/0106132].

[4] G. Rodrigo, H. Czyż, J.H. Kühn and M. Szopa, Eur.

Phys. J. C 24, 71 (2002) [arXiv:hep-ph/0112184]. [5] J. H. Kühn and G. Rodrigo, Eur. Phys. J. C 25, 215 (2002) [arXiv:hep-ph/0204283].

[6] H. Czyż, A. Grzelińska, J. H. Kühn and G. Rodrigo, Eur.

Phys. J. C 33, 333 (2004) [arXiv:hep-ph/0308312]. [7] H. Czyż, A. Grzelińska, J. H. Kühn and G. Rodrigo, Eur.

Phys. J. C 39, 411 (2005) [arXiv:hep-ph/0404078]. [8] H. Czyż, A. Grzelińska and J. H. Kühn, Phys. Lett. B 611, 116 (2005) [arXiv:hep-ph/0412239].

[9] H. Czyż, A. Grzelińska, J. H. Kühn and G. Rodrigo, Eur.

Phys. J. C 47, 617 (2006) [arXiv:hep-ph/0512180]. [10] H. Czyż and J. H. Kühn, Eur. Phys. J. C 18, 497 (2001) [arXiv:hep-ph/0008262].

[11] A. Z. Dubnickova, S. Dubnicka and M. P. Rekalo, Nuovo Cim. A 109, 241 (1996).

[12] S. J. Brodsky, C. E. Carlson, J. R. Hiller and D. S. Hwang, Phys. Rev. D 69, 054022 (2004) [arXiv:hepph/0310277].

[13] W. M. Yao et al. [Particle Data Group], J. Phys. G 33, 1 (2006).

[14] D. Bisello et al. [DM2 Collaboration], Z. Phys. C 48, 23 (1990).

[15] J. G. Körner and M. Kuroda, Phys. Rev. D 16, 2165 (1977).

[16] S. Jadach, J. H. Kühn and Z. Wa̧s, Comput. Phys. Commun. 64, 275 (1990).