nucl-th/9909027 13 Sep 1999

Istituto Nazionale Fisica Nucleare

Sezione di ROMA

Piazzale Aldo Moro, 2 I-00185 Roma, Italy

INFN-1262/99 September 1999

A Poincaré-covariant current operator for interacting systems and deuteron electromagnetic form factors

F.M. Lev^a, E. Pace^b and G. Salmè^c

aLaboratory of Nuclear Problems, Joint Institute for Nuclear Research, Dubna, Moscow region 141980, Russia bDipartimento di Fisica, Università di Roma ”Tor Vergata”, and Istituto Nazionale di Fisica Nucleare, Sezione Tor Vergata, Via della Ricerca Scientifica 1, I-00133, Rome, Italy cIstituto Nazionale di Fisica Nucleare, Sezione di Roma I, P.le A. Moro 2, I-00185 Rome, Italy

In front-form dynamics a current operator for systems of interacting particles, which fulfills Poincaré, parity and time reversal covariance, together with hermiticity, can be defined. The electromagnetic form factors can be extracted without any ambiguity and in the elastic case the continuity equation is automatically satisfied. Applications to the calculation of deuteron form factors are presented, and the effects of different nucleonnucleon interactions, as well as of different nucleon form factors are investigated.

Proceedings of PANIC 99, Uppsala, June 1999. To appear in Nucl. Phys. A

1. INTRODUCTION

The electromagnetic (e.m.) current operator and the states of a system must have correct transformation properties with respect to the same representation of the Poincaré group. For systems of interacting particles some of the Poincaré generators are interaction dependent and, therefore, it is not a simple task to construct a current operator, able to fulfill the proper Poincaré, parity and time reversal covariance, as well as current conservation, hermiticity and charge normalization. Instead of including perturbatively the relativistic properties through p/E series, or considering field-theoretic approaches, we adopt the front-form Hamiltonian dynamics [1] with a fixed number of particles, which includes relativity in a coherent, non-perturbative way and allows one to retain a large amount of the successfull phenomenology developed within the ”non-relativistic” domain. In this dynamics seven, out of ten, Poincaré generators are interaction free. In particular, the Lorentz boosts are interaction free and the states can be written as products of total momentum eigenstates times intrinsic eigenstates. In the two-body case, if the mass operator, M̃, for the intrinsic functions is defined according to M̃^2 = M^2_0 + V (with M_0 the free mass operator and V the interaction operator), then the mass equation has the same form as the nonrelativistic Schroedinger equation in momentum representation [2].

In Ref. [3](a) it was shown that all the requirements of Poincaré covariance can be satisfied, if, in the Breit frame where the momentum transfer, ⃗q, is directed along the spinquantization axis, z, the current operator is covariant with respect to rotations around z. Since in the front form the rotations around the z axis are kinematical, the extended Poincaré covariance (i.e., Poincaré covariance plus parity and time reversal covariance) is satisfied by a current operator which in our Breit frame is given by the sum of free, one-body currents (i.e., J^μ(0) = P^N_{i=1} j^μ_{free,i}, with N the number of constituents in the system). The hermiticity can be easily implemented and, in the elastic case, the extended Poincaré covariance plus hermiticity imply current conservation [3](a,e).

Our Poincaré covariant current operator has been already succesfully tested in the case of deep inelastic scattering [3](b). In this paper we calculate deuteron e.m. properties; more details for the magnetic moment and the quadrupole moment and other results for the deuteron elastic form factors (f.f.) can be found in Refs. [3](e) and [3](c,d), respectively.

2. DEUTERON ELECTROMAGNETIC FORM FACTORS

In the elastic case, for a system of spin S one has only 2S + 1 non-zero independent matrix elements for the current defined in Ref. [3](a), corresponding to the 2S + 1 elastic form factors. Then the extraction of elastic e.m. form factors is no more plagued by the ambiguities which are present when, as usual, the free current is considered in the reference frame where q^+ = q_o + q_z = 0 (indeed, if the current is taken free in the q^+ = 0 frame, one has four independent matrix elements to calculate the three deuteron f.f. [4]).

Our results for the deuteron magnetic and quadrupole moments, corresponding to different N � N interactions, are reported in Fig. 1, together with the non relativistic

Figure 1. (a) Deuteron magnetic moment, μ_d, against the asymptotic normalization ratio η, for the Av14 [5], RSC [6], Paris [7], CD-Bonn [8], Nijmegen1, Nijmegen93, RSC93 [9], and Av18 [10] N � N interactions (mentioned in decreasing order for η). Full dot represents the experimental values for μ_d and η; empty triangles and diamonds correspond to the non-relativistic and relativistic results, respectively, while dashed and solid lines are linear fits for these results. Full triangle and diamond are the results of the CD-Bonn interaction. (b) The same as in (a), but for the deuteron quadrupole moment, Q_d. (After Ref. [3](e))

ones, against the deuteron asymptotic normalization ratio η = A_D/A_S. A remarkable linear behaviour appears for both quantities and in our Poincaré covariant calculation the relativistic effects bring both μ_d and Q_d closer to the experimental values, except for the charge-dependent Bonn interaction [8].

In Fig. 2 we report our results for the deuteron f.f. A(Q^2) and B(Q^2). For A(Q^2) the dependence on the nucleon f.f. is very high, stronger than the effect of different

N � N interactions (see also Refs. [3](c,d)). If the poorly known neutron electromagnetic

structure is properly fitted, the overall behaviour of the experimental data can be reproduced, in particular the recent A(Q^2) data of Refs. [13] and [14] (open dots and upward triangles, respectively, in Fig. 2(a)) are well described. With respect to the nucleon f.f. model of Ref. [11], small changes are obtained for G^n_M and higher values for G^n_E in the range 0.5 � 1(GeV/c)^2. The tensor polarization T_{20}(Q^2) has a considerable dependence on the interaction [3](c,d) and only a weak dependence on the nucleon f.f., as well known, so that it cannot be described, together with A(Q^2) and B(Q^2), by a simple fit of the neutron form factors. In order to obtain a more precise description of the data one should explicitly introduce two-body currents, which will have to fulfill separately the constraints of extended Poincaré covariance and hermiticity. A more stringent comparison with new TJNAF data for B(Q^2) will be possible in the near future.

Figure 2. (a) The deuteron form factor A(Q^2)/(G^2_D � F ) (with G_D = (1 + Q^2/0.71)�^2 and F = (1 + Q^2/0.1)�^{2.5}) obtained by the N � N Reid soft core interaction [6] and the nucleon f.f. of Ref. [11] (solid line), and Ref. [12] (dot-dashed line). The dotted line is obtained using the proton f.f. of Ref. [11] and a fit for the neutron form factors. For the experimental data see Refs. [3](c,d). (b) The same as in (a), but for deuteron form factor B(Q^2)/(G^2_D � F_1) (with F_1 = (1 + Q^2/0.1)�^3).

3. CONCLUSION

In the Breit frame where the three-momentum transfer is directed along the spin quantization axis, the current operator has to be covariant for rotations around the z axis. All the necessary requirements for extended Poincaré covariance, hermiticity, current conservation and charge normalization can be satisfied by a current obtained by free, onebody terms in that frame [3](a,e).

We have applied our results to the calculation of the deuteron elastic f.f., without any ambiguity. We were able to obtain, for the first time in a covariant relativistic approach without ad hoc assumptions on the values of specific matrix elements of the current, unambiguos results for both μ_d and Q_d, close to the experimental data [3](e). The f.f. A(Q^2) and B(Q^2) show remarkable effects from different models for the nucleon f.f., while T_{20}(Q^2) has an higher dependence on different N � N interactions.

Our approach, based on the reduction of the whole complexity of the Poincaré covariance to the SU(2) symmetry [3](a), can represent a simple framework where to investigate the many-body terms to be added to the free current.

REFERENCES

1. P.A.M. Dirac, Rev. Mod. Phys. 21 (1949) 392.

2. F. Coester, S.C. Pieper and F.J.D. Serduke, Phys. Rev. C 11 (1975) 1. 3. (a) F. Lev, E. Pace, G. Salmè, Nucl. Phys. A 641 (1998) 229; (b) Phys. Rev. C 57 (1998) 2655; (c) Proceedings of the Workshop on ”Electron Nucleus Scattering”, ed. O. Benhar, A. Fabrocini and R. Schiavilla (Edizioni ETS, Pisa, 1999) p. 401; (d) in ”Perspectives on Theoretical Nuclear Physics”, ed. A. Fabrocini, G. Pisent and S. Rosati (Edizioni ETS, Pisa, 1999) p. 309 and (e) submitted to Phys. Rev. Lett.

4. I.L. Grach and L.A. Kondratyuk, Yad. Fiz. 39 (1984) 316. 5. R.B. Wiringa, R.A. Smith and T.A. Ainsworth, Phys. Rev. C 29 (1984) 1207. 6. R.V. Reid, Ann. of Phys. 50 (1968) 411. 7. M. Lacombe et al., Phys. Rev. C 21 (1980) 861.

8. R. Machleidt, F. Sammarruca, Y. Song, Phys. Rev. C 53 (1996) R1483. 9. V.G.J. Stoks, R.A.M. Klomp, C.P.F. Terheggen, J.J. de Swart, Phys. Rev. C 49 (1994) 2950.

10. R.B. Wiringa, V.G.J. Stoks and R. Schiavilla, Phys. Rev. C 51 (1995) 38. 11. M. Gari and W. Krümpelmann, Z. Phys. 322 (1985) 689. 12. G. Hoehler et al., Nucl. Phys. B 114 (1975) 505. 13. L.C. Alexa et al., Phys. Rev. Lett. 82 (1999) 1374. 14. D. Abbott et al., Phys. Rev. Lett. 82 (1999) 1379.