arXiv:nucl-th/0512099 v1 28 Dec 2005

Empirical Determination of Threshold Partial Wave Amplitudes in p p → p p ω

G. Ramachandran^1, J. Balasubramanyam^{2,3}, M. S. Vidya^4, and Venkataraya^5. 1 Indian Institute of Astrophysics,Koramangala,Bangalore,560034 2K. S. Institute of Technology, Bangalore, 560062,India 3 Department of Physics, Bangalore University, Bangalore, 560034,India. 4 V/17, NCERT Campus, Sri Aurobindo Marg, New Delhi 110016, India. 5 Vijaya College, Bangalore, 560011, India.

Abstract

Using the model independent irreducible tensor approach to ω production in pp collisions, we show theoretically that, it is advantageous to measure experimentally the polarization of ω, in addition to the proposed experimental study employing a polarized beam and a polarized target.

Threshold production of light as well as heavy mesons in N N collisions has attracted considerable attention [1, 2] in recent years, as the reactions are sensitive to the short range N N interaction and involve only a few partial waves. Experimental studies have reached a high degree of sophistication with measurements of spin observables in charged [3] as well as neutral [4] pion production in ⃗p⃗p collisions. Amongst the various proposed theoretical models including those which invoke subnucleonic degrees of freedom, the Julich meson exchange model [5] may be said to have yielded theoretical predictions which are nearer to data. Although this model was more successful in the case of charged pions [3], it failed to provide an overall satisfactory reproduction of the data on neutral pions [4]. Both Moskal et al[1]., and Hanhart [1], have remarked that “ apart from rare cases, it is difficult to extract a particular piece of information from the data”. In this context, a model independent approach [6] which was developed using irreducible tensor techniques [7] has been employed [8] to analyze the data [4] on ⃗p⃗p → ppπ^0 and Deepak, Haidenbauer and Hanhart [8] have recently found that the Julich model deviates very strongly from empirically extracted estimates for the^3P_1 →^3P_0p and to a lesser extent for the^3F_3 →^3P_2p. They also find that the Δ degree of freedom is important for the quantitative understanding of the reaction. The analysis has reiterated once again the importance of Δ contribution which has been noted in several earlier studies [9]. The rich spin structure [10] of N N → N Δ and N Δ → N Δ has also been analyzed. Of the sixteen amplitudes associated with N N → N Δ as many as ten are second rank spin tensors and Ray [11] has drawn attention to their importance based on a partial wave expansion model where he found that “the total and differential cross-section reduced by about one half, the structure in the analyzing powers increased dramatically, the predictions of D_{NN} became much too negative, while that for D_{LL} became much too positive and the spin correlation predictions were much too small when all ten of the rank 2 tensor amplitudes were set to zero, while the remaining six amplitudes were unchanged.” The study of meson production has also focussed attention on the “missing resonance problem” [12] which refers to the predicted [13] highly excited N^∗ states which have not been seen in πN scattering. Moreover heavy meson production not only probes distances [2] which are shorter than that in the case of pion production, but also the strange quark content of the nucleon. In particular the cross-section ratio for N N → N N ω/ϕ has been measured [14] in view of the dramatic violations [15] of the OZI [16] rule observed in p̄p collisions. Heavy meson production has also attracted attention in the context of dilepton spectra and medium modifications [17]. In particular the total cross-sections for pp → ppω have been measured [18]at five c.m. energies in the range 3.8 MeV to 30 MeV above threshold and the total and differential cross-sections [19] at 92 and 173 MeV above threshold. There is also a proposal [20] to study experimentally the heavy meson production in ⃗N ⃗N collisions. A model independent irreducible tensor formalism [21] has recently been developed to analyze such measurements where it was also pointed out that the polarization of ω can be studied by looking at the decay ω → π^0γ.

The purpose of the present paper is to point out that measurements of the differential crosssection together with the spin polarization of ω and the analyzing powers are sufficient to determine empirically the leading partial wave amplitudes at threshold without any discrete ambiguities. The partial wave amplitudes not only depend on the c.m. energy E at which the reaction takes place but also on the invariant mass W give in natural units by

W = (E^2 + M_ω − 2EE_ω)^{1/2}, (1) of the two protons in the final state, where E_ω denotes the energy of the meson and M_ω its rest mass. If p_i and p_f denote respectively the initial and final relative momenta between the two protons in their respective c.m frames, we have

E^2 = 4(p^2_i + M^2), W^2 = 4(p^2_f + M^2), (2)

where M denotes the rest mass of the proton. Choosing W (or equivalently E_ω)and the polar angles (θ_f , φ_f ) of p_f together with the polar angles (θ, φ) of the meson momentum q in the c.m frame as the five independent kinematical variables, we may write the unpolarized differential cross section, as

d^5σ_0 dW dΩdΩ f = (2π)^{−5} W E_ω (E − E_ω) 16 p_i q p_f Tr(T T^†) = 1 4

Tr(MM^†), (3)

in a kinematically complete experiment, where T denotes the on-energy-shell transition-matrix for the reaction, T^† its hermitian conjugate and Tr denotes trace. Following [7] we may express M, in a model independent way, as

M = 1∑ s_f ,s_i=0

(s_f +s_i) ∑ λ=|s_f −s_i|

(1+s_f )∑

S=|1−s_f |

(S+s_i)∑

Λ=|S−s_i| ((S^1(1, 0) ⊗ S^λ(s_f , s_i))^Λ · M^Λ(Ss_f s_i; λ)), (4)

where the irreducible tensor amplitudes M^Λ_ν (Ss_f s_i; λ) of rank Λ are given by

M^Λ_ν (Ss_f s_i; λ) = W (1s_f Λs_i; Sλ)[λ] ∑ j,ll_f Ll_i f^j_{Ssf si,llf Lli} W (s_il_iSL; jΛ) × ((Y_l(q̂) ⊗ Y_{lf} (p̂_f ))^L ⊗ Y_{li} (p̂_i))^Λ_ν , (5)

where (l_i, s_i) and (l_f , s_f ) characterize respectively initial and final states of the N N system in terms of their relative orbital angular momentum and total spin quantum numbers, j denotes the total angular momentum which is conserved and l, the orbital angular momentum of the emitted spin 1 meson. The channel spin quantum number S in the final state is the resultant of combining the spin 1 of the ω with s_f and likewise l and l_f combine to give L.The partial wave amplitudes f^j_{Ssf si,llf Lli} = (4π)^{−2}(−1)^{L+li +si−j} [j]^2[S][1]^{−1}[s_f ]^{−1} ×⟨((ll_f )L(1s_f )S)j||T ||(l_is_i)j⟩, (6) depend only on the c.m. energy E, and invariant mass W of the two nucleon system in the final state. The above equations are valid for all c.m energies E. In particular, at threshold, we may set l_f = 0. In view of the observed [19] anisotropic angular distribution of ω at 173 MeV excess energy above threshold, we may take into consideration both l = 0 and 1. We then have to consider only two irreducible tensor amplitudes

M^1_ν (101; 1) = (12 √ 3π)^{−1}Y_{1ν}(p̂_i)f_1 (7) M^1_ν (100; 0) = (12π)^{−1}Y_{1ν}(q̂)f_2 + (6 √ 5π)^{−1}(Y_1(q̂) ⊗ Y_2(p̂_i))^1_ν f_3, (8)

where the short hand notation f_1, f_2, f_3 is used for convenience to denote threshold partial wave amplitudes shown in Table I. After integration with respect to dΩ_{pf} , the unpolarized differential cross-section is obtained as d^3σ_0 dW dΩ = 1 192π^2

[a_0 + 9 10 a_2 cos^2θ], (9)

where an experimental measurement of (9) readily enable us to determine the coefficients

Table 1: Threshold partial wave amplitudes for pp → ppω.

Partial Wave Initial State Final State Amplitudes f_1 = f^1_{101;0001}^3P_1 (^1Ss)^3S_1 f_2 = f^0_{100;1010}^1S_0 (^1Sp)^3P_0 f_3 = f^2_{100;1012}^3D_2 (^1Sp)^3P_2

a_0 = [|f_1|^2 + 3|f_2 + 1 √ 10 f_3|^2] (10)

a_2 = [|f_3|^2 − 2 √ 10 ℜ(f_2f^∗_3 )] (11) The state of polarization of ω, with c.m energy E_ω, may be defined in terms of its spin density matrix ρ whose elements are given by ρ_{mm}′ = 1 4 ∑ s_f m_f ∫ dΩ_f ⟨s_f m_f ; 1m|MM^†|1m^′; s_f m_f ⟩ (12)

=

Trρ

3 2∑ k=0 (−1)^qC(1k1; m^′ − qm)[k]t^k_q , (13)

in terms of Fano statistical tensors t^k_q of rank k such that Trρ is given by (9) and t^0 = 1.

It is advantageous now to express the vector and tensor polarizations t^1_q and t^2_q in the transverse frame which is a right handed frame whose Z-axis is chosen along p_i × q with p_i along X-axis. It may be noted that the polar angles of q in this frame are (^π_2 , θ) if we continue to use θ to denote the angle between q and p_i, i.e. q · p_i = q p_i cosθ. We then have

Trρ t^1_0 =

3 64π^2 √ 3 5 b sinθ cosθ (14)

Trρ t^2_0 =

1 384π^2 √ 1 2 [c_0 + 18 10 c_2 cos^2θ] (15)

Trρ t^2_{±2} =

1 256π^2 √ 1 3 [d_0 − 12 d_2 cos^2θ ∓ 6 i d_3 sin2θ] (16)

in the transverse frame. The coefficients are given by

b = −ℑ(f_2f^∗_3 ) (17)

c_0 = [−|f_1|^2 + 6|f_2 + 1 √ 10 f_3|^2] (18)

c_2 = a_2 (19)

d_0 = [|f_1|^2 + 6|f_2 + 1 √ 10 f_3|^2] (20)

d_2 = [|f_2|^2 + 1 4 |f_3|^2 − 1 √ 10 ℜ(f_2f^∗_3 )] (21)

d_3 = [|f_2|^2 − 1 5 |f_3|^2 − 1 √ 10 ℜ(f_2f^∗_3 )] (22)

Thus the experimental measurement of differential cross-section (9) and t^k_q enable us to determine empirically

|f_1|^2 = 1 2 (d_0 − c_0) (23)

|f_2|^2 = 1 36 (d_0 + c_0 + 8d_2 + 16d_3) (24)

|f_3|^2 = 20 9 (d_2 − d_3) (25)

ℜ(f_2f^∗_3 ) = √ 10 36 (d_0 + c_0 − 8d_2 − 4d_3) (26) ℑ(f_2f^∗_3 ) = −b (27)

Thus it is seen from our model independent theoretical analysis that priority should be given to measure the polarization of ω in pp → pp⃗ω. This enables us to determine empirically, not only the strengths of the partial wave amplitudes f_1, f_2, f_3 but also the relative phases between f_2 and f_3. Thus |f_2 +^{1√}_{10} f_3| is known except for an overall phase. The proposed study of ⃗p⃗p → ppω can then be used to determine the relative phase between (f_2 +^{1√}_{10} f_3) and f_1 as follows.

If P and Q denote respectively the beam and target polarizations, the differential cross-section for ⃗p⃗p → ppω is given by d^3σ dW dΩ = ∫ dΩ_{pf} Tr(Mρ^iM^†) (28)

where ρ^i =^1_4 (1 + σ_1 · P )(1 + σ_2 · Q), (29) This leads to [21] d^3σ dW dΩ = d^3σ_0 dW dΩ [1 + P · A^B + Q · A^T + 2∑ k=0 ((P^1 ⊗ Q^1)^k · A^k)] (30)

The vector analyzing powers A^B , A^T and A are normal to the reaction plane containing p_i and q. Thus

A^B_Z − A^T_Z = 1 16π^2 √ 1 6 ℑ[f_1(f_2 + 1 √ 10 f_3)^∗]sinθ, (31)

A_Z = i 32π^2 √ 1 3 ℜ[f_1(f_2 + 1 √ 10 f_3)^∗]sinθ (32)

in the transverse frame.

Since |f_1| is known from (23) the relative phase between f_1 and (f_2 +^{1√}_{10} f_3) is determinable without any trigonometric ambiguity from (31) and (32). Thus f_1, f_2 and f_3 are determinable empirically except for an overall phase.

In summary, therefore, we advocate measurement of polarization of ω in pp → pp⃗ω in addition to the proposed experiments [20] on ⃗p⃗p → ppω, as this will enable the complete empirical determination of the leading threshold amplitudes f_1, f_2 and f_3 without any discrete ambiguities.

Acknowledgments

One of us (G.R.) is grateful to Professors B.V. Sreekantan, R. Cowsik, J.H. Sastry and R. Srinivasan for facilities provided for research at the Indian Institute of Astrophysics and another (J.B.) acknowledges much encouragement for research given by the Principal Dr. T.G.S. Moorthy and the Management of K.S. Institute of Technology.

References

[1] H. Machner and J. Haidenbauer, J. Phys. G: Nucl. Part. Phys 25, R231 (1999) ; P. Moskal, M. Wolke ,A. Khoukaz and W. Oelert, Prog. part . Nucl. Phys. 49, 1 (2002); G. Fäldt, T. Johnsson and C. Wilkin, Physica Scripta T 99, 146 (2002) ; C. Hanhart , Phys. Rep. 397, 155 (2004).

[2] K. Nakayama, Proc. Symposium on “Threshold Meson Production in pp and pd Interactions”, Schriften des Forschungszentrum Jülich, Matter.Mater, 11, 119 (2002); K. Tsushima and K. Nakayama, Phys. Rev. C68, 034612 (2003).

[3] B. Von Prezewoski et al.,Phys. Rev. C61, 064604 (2000); W. W. Daehnick et al., Phys. Rev.

C65, 024003 (2002).

[4] H. O. Meyer et al., Phys. Rev. C63, 064002 (2001)

[5] C. Hanhart, J. Haidenbauer, A. Reuter, C. Schutz and J. Speth, Phys. Lett. B358, 21 (1995);

C. Hanhart, J. Haidenbauer, O. Krehl and J. Speth, Phys.Lett. B444, 25 (1998); Phys. Rev. C61, 064008 (2000).

[6] G. Ramachandran, P. N. Deepak and M. S. Vidya, Phys. Rev. C62, 011001(R) (2000); G.

Ramachandran and P. N. Deepak, Phys. Rev. C63, 051001(R) (2001).

[7] G. Ramachandran and M. S. Vidya , Phys. Rev. C56, R12 (1997).

[8] P. N. Deepak and G. Ramachandran, Phys. Rev. C65, 027601 (2002); P. N. Deepak, C.

Hanhart, G. Ramachandran and M. S. Vidya, Meson 2004. The 8th International Workshop on Meson Production, Properties and Interactions, Cracow, Poland 4-8 June 2004; P. N. Deepak, J. Haidenbauer and C. Hanhart, Phys. Rev. C72, 024004 (2005)

[9] G. Glass et al., Phys. Rev. D15, 36 (1977); F. Shimizu et al., Nucl. Phys. A386, 571 (1982);

A389, 445 (1982); A. D. Hancock et al.,Phys. Rev. C27, 2742 (1983); G. Glass et al., Phys. Lett. B129, 27 (9183); T. S. Bhatia et al., Phys. Rev. C28, 2071 (1983); B.K Jain, Phys. Rev. Lett. 50 815 (1983); A. B. Wicklund et al., Phys. Rev. D35, 2670 (1987); B.K Jain,Phys. Rev. C37, 1564 (1988); B.K.Jain and Neelima G. Kelkar, Phys. Rev. C43, 271 (1991);B.K Jain, Int. J Mod. Phys. E1 201 (1992); B.K Jain, Phys. Rev. C47, 1701 (1993); B.K Jain and A.B. Santra, Phys. Rep. 230 1 (1993);A.B. Santra and B.K Jain, Nucl. Phys. A634, 309 (1993); B.K Jain and B. Kundu, Phys. Rev. C53, 1917 (1996)

[10] R.R. Silbar, R.J. Lombard and W.M. Kloet, Nucl. Phys. A381, 381 (1982); G. Ramachandran , M. S. Vidya and M. M. Prakash, Phys. Rev. C56, 2882 (1997);G. Ramachandran and M. S. Vidya, Phys. Rev. C58, 3008 (1998).

[11] L. Ray, Phys. Rev. C42, 2409 (1994).

[12] T. Barns and H.P Morsch (Eds), Baryon Excitations, Lectures of COSY Workshop held at Forschungszentrum Jülich, 2-3 May 2000, ISBN 3-89336-273-8 (2000); C. Carlson and B. Mecking, International Conference on the structure of Baryons, BARYONS 2003, New Port News, Virginia 3-8 March 2002 (World Scientific, Singapore, 2003); S.A. Dytman and E. S.Swanson, Proceedings of NSTAR 2002 Wokshop, Pittsburg 9-12 Oct 2003 (World Scientific, Singapore, 2003).

[13] N. Isgur and G. Karl, Phys. Rev. D18, 4187 (1978); Phys. Rev. D19, 2653 (1979);N. Isgur, Phys. Rev. D23, 817 (1981); R. Koniuk and N. Isgur, Phys. Rev. D21, 1868 (1980); Phys. Rev. Lett. 44, 845 (1980);S. Capstick and N. Isgur, Phys. Rev. D34, 2809 (1986).

[14] F. Balestra et al., Phys. Rev. Lett. 81, 4572 (1998); F. Balestra, et al., Phys. Rev. C63, 024004 (2001).

[15] C. Amsler, Rev. Mod. Phys. 70, 1293 (1998); M. G. Sapozhnikov, Nucl. Phys. A655, 151c (1999); V. P. Nomokov and M. G. Sapozhnikov, hep-ph/0204259 v1 22 April 2002.

[16] S. Okubo, Phys. Lett. B5, 165 (1963); G. Zweig , CERN Report 8419/TH412 (1964); I. Iizuka, Prog. Theor. Phys. Suppl. 37-38, 21 (1966).

[17] A. Faessler, C. Fuchs and M. I.Krivoruchenko, Phys. Rev. C61, 035206 (2000); C. Fuchs, A.

Faessler, D. Cozma, B.V. Martemyanov, M.I. Krivoruchenko,nucl-th/0501031 v1 12 Jan 2005. [18] F. Hibou et al., Phys. Rev. Lett. 83, 492 (1999) [19] S. Abd El-Samad et al., (COSY-TOF Coll), Phys. Lett. B522, 16 (2001) [20] F. Rathmann et al., Study of Heavy Meson production in N N collisions with polarized Beam and Target, Letter of Intent to COSY-PAC No. 81 (Jülich 1999); Czec. J. phys, 52, c319 (2002).

[21] G. Ramachandran, M. S. Vidya, P. N. Deepak, J. Balasubramanyam and Venkataraya, Phys.Rev. C72, 031001(R) (2005)