PAX: Polarized Antiproton eXperiments

P. Lenisa on behalf of the PAX Collaboration

Universitá di Ferrara and INFN, 44100 Ferrara, Italy

Abstract.

Polarized antiprotons produced by spin filtering with an internal polarized gas target provide access to a wealth of single– and double–spin observables, thereby opening a window to physics uniquely accessible with the HESR at FAIR. This includes a first measurement of the transversity distribution of the valence quarks in the proton, and a first measurement of the moduli and the relative phase of the time–like electric and magnetic form factors G_{E,M} of the proton. In polarized and unpolarized pp̄ elastic scattering open questions like the contribution from the odd charge– symmetry Landshoff–mechanism at large |t| and spin–effects in the extraction of the forward scattering amplitude at low |t| can be addressed.

Keywords: Polarization fenomena in reactions, Polarized beams, Polarized Targets PACS: 29.27.Hj, 24.70.+s, 29.25.Pj

INTRODUCTION

The polarized antiproton–proton interactions at the High Energy Storage Ring (HESR) at the future Facility for Antiproton and Ion Research (FAIR) will provide unique access to a number of new fundamental physics observables, which can be studied neither at other facilities nor at HESR without transverse polarization of protons and antiprotons.

PHYSICS CASE

The transversity distributions is the last leading–twist missing piece of the QCD description of the partonic structure of the nucleon. It describes the quark transverse polarization inside a transversely polarized proton [1]. Unlike the more conventional unpolarized quark distribution q(x,Q^2) and the helicity distribution Δq(x,Q^2), the transversity h^q_1(x,Q^2) can neither be accessed in deep–inelastic scattering of leptons off nucleons nor can it be reconstructed from the knowledge of q(x,Q^2) and Δq(x,Q^2). It may contribute to some single–spin observables, but always coupled to other unknown functions. The transversity distribution is directly accessible uniquely via the double transverse spin asymmetry A_{T T} in the Drell–Yan production of lepton pairs. The theoretical expectations for A_{T T} in the Drell–Yan process with transversely polarized antiprotons interacting with a transversely polarized proton target at HESR are in the 0.3–0.4 range [2, 3]; with the expected beam polarization achieved using a dedicated low–energy antiproton polarizer ring (APR) of P ≈ 0.3 and the luminosity of HESR, the PAX experiment is uniquely suited for the definitive observation of h^q_1(x,Q^2) of the proton for the valence quarks.

The origin of the unexpected Q^2–dependence of the ratio of the magnetic and electric form factors of the proton as observed at the Jefferson laboratory [4] can be clarified by a measurement of their relative phase in the time–like region, which discriminates strongly between the models for the form factor. This phase can only be measured via SSA in the annihilation p̄p^↑ → e^+e^− on a transversely polarized target [5, 6]. The double–spin asymmetry will allow independently the G_E −G_M separation and serve as a check of the Rosenbluth separation in the time–like region which has not been carried out so far.

Arguably, in pp̄ elastic scattering the hard scattering mechanism can be checked beyond |t| =^1_2 (s − 4m^2_p) accessible in the t–u–symmetric pp scattering, because in the pp̄ case the u–channel exchange contribution can only originate from the strongly suppressed exotic dibaryon exchange. Consequently, in the pp̄ case the hard mechanisms [7, 8, 9] can be tested at t almost twice as large as in pp scattering.

THE PAX EXPERIMENT

The possibility to test the nucleon structure via double spin asymmetries in polarized proton–antiproton reactions at the HESR ring of FAIR at GSI in Darmstadt (Germany) has been suggested by the PAX collaboration with a Letter–of–Intent submitted on January 15, 2004. The physics program of PAX has been positively reviewed by the QCD Program Advisory Committee (PAC) on May 14–16, 2004. Following the QCD– PAC report and the recommendation of the Chairman of the committee on Scientific and Technological Issues (STI) and the FAIR project coordinator, the PAX collaboration has optimized the technique to achieve a sizable antiproton polarization and the proposal for experiments at GSI with polarized antiprotons [10]. The work has been collected in a Technical Proposal submitted on January 15, 2005 [11].

The PAX collaboration proposes an approach that is composed of two phases. During these the major milestones of the project can be tested and optimized before the final goal is approached: An asymmetric proton–antiproton collider, in which polarized protons with momenta of about 3.5 GeV/c collide with polarized antiprotons with momenta up to 15 GeV/c. These circulate in the HESR, which has already been approved and will serve the PANDA experiment. The overall machine setup of the HESR complex is schematically depicted in Fig. 1. Its main features are:

1. An Antiproton Polarizer (APR) built inside the HESR area with the crucial goal of polarizing antiprotons, to be accelerated and injected into the other rings. The polarization method is based on spin-filtering of the circulating beam by an internal target to the storage ring. This technique has been successfull demonstrated with protons [12] and tests are foreseen to optimize it for an antiproton beam.

2. A second Cooler Synchrotron Ring (CSR, COSY–like) in which protons or antiprotons can be stored with a momentum up to 3.5 GeV/c. This ring shall have a straight section, where a PAX detector could be installed, running parallel to the experimental straight section of HESR.

3. By deflection of the HESR beam into the straight section of the CSR, both the collider or the fixed–target mode become feasible.

FIGURE 1. The proposed accelerator set–up at the HESR (black), with the equipment used by the PAX collaboration in Phase I: CSR (green), APR, beam transfer lines and polarized proton injector (all blue). In Phase II, by adding two transfer lines (red), an asymmetric collider is set up. It should be noted that, in this phase, also fixed target operation at PAX is possible.

It is worthwhile to stress that, through the employment of the CSR, effectively a second interaction point is formed with minimum interference with PANDA. The proposed solution opens the possibility to run two different experiments at the same time.

The physics program should be pursued in two different phases.

Phase I A beam of unpolarized or polarized antiprotons with momentum up to 3.5 GeV/c in the CSR ring, colliding on a polarized hydrogen target in the PAX detector. This phase is independent of the HESR performance.

This first phase, at moderately high energy, will allow for the first time the measurement of the time–like proton form factors in single and double polarized p̄p interactions in a wide kinematical range, from close to threshold up to Q^2 = 8.5 GeV^2. It would enable to determine several double spin asymmetries in elastic p̄^↑ p^↑ scattering. By detecting back scattered antiprotons one can also explore hard scattering regions of large t: In proton–proton scattering the same region of t requires twice the energy. There are no competing facilities at which these topical issues can be addressed. For the theoretical background, see the PAX Technical Proposal [11] and the recent review paper [13].

Phase II This phase will allow the first ever direct measurement of the quark transversity distribution h_1, by measuring the double transverse spin asymmetry A_{T T} in Drell– Yan processes p^↑ p̄^↑ → e^+e^−X as a function of Bjorken x and Q^2 (= M^2)

A_{T T} ≡ dσ^{↑↑} − dσ^{↑↓} dσ^{↑↑} + dσ^{↑↓}

= â_{TT}

∑_q e^2_qh^q_1(x1,M^2)h^q_1(x2,M^2) ∑_q e^2_qq(x1,M^2)q(x2,M^2) , where q = u,u,d,d ..., M is the invariant mass of the lepton pair and â_{T T} , of the order of one, is the calculable double–spin asymmetry of the QED elementary process qq → e^+e^−. The most promising scenario forsees a beam of polarized antiprotons from 1.5 GeV/c up to 15 GeV/c circulating in the HESR, colliding on a beam of polarized protons with momenta up to 3.5 GeV/c circulating in the CSR. Deflection of the HESR beam to the PAX detector in the CSR is necessary (see Fig. 1). By proper variation of the energy of the two colliding beams, this setup would allow a measurement of the transversity distribution h_1 in the valence region of x > 0.05, with corresponding Q^2 = 4...100 GeV^2 (see Fig. 2). A_{T T} is predicted to be larger than 0.3 over the full kinematic range, up to the highest reachable center–of–mass energy of √ s ∼ √ 200. The cross section is large as well: With a luminosity of 5 · 10^{30} cm^{−2}s^{−1} about 2000 events per day can be expected^1. For the transversity distribution h_1, such an experiment can be considered as the analogue of polarized DIS for the determination of the helicity structure function g_1, i.e. of the helicity distribution Δq(x,Q^2); the kinematical coverage (x,Q^2) will be similar to that of the HERMES experiment.

FIGURE 2. Left: The kinematic region covered by the h_1 measurement at PAX in phase II. In the asymmetric collider scenario (blue) antiprotons of 15 GeV/c impinge on protons of 3.5 GeV/c at c.m. energies of √ s ∼ √ 200 GeV and Q^2 > 4 GeV^2. The fixed target case (red) represents antiprotons of 22 GeV/c colliding with a fixed polarized target ( √ s ∼ √ 45 GeV).

Right: The expected asymmetry as a function of Feynman x_F for different values of s and Q^2 = 16 GeV^2.

DETECTOR AND SIGNAL ESTIMATES

An extensive program of studies has been started to investigate different options for the PAX detector configuration, aiming at an optimization of the achievable performance. The primary goal of the PAX experimental program is to carry out a direct measurement of the h_1 transversity distribution. The proposed detector, described in the PAX techni-

1 A first estimate indicates that in the collider mode luminosities in excess of 10^{30} cm^{−2}s^−1 could be reached. We are presently evaluating the influence of intra–beam scattering, which seems to be one of the limiting factors.

FIGURE 3. Left: Conceptual design of the PAX detector employed to estimate the performance and to show the feasibility of the transversity measurement in the asymmetric antiproton-proton collider at PAX. The artistic view is prodced by GEANT. Right: Expected precision of the h^u_1(x) measurement for one year of data taking in the collider mode at PAX. A luminosity of 2 · 10^{30} cm^{−2}s^−1 and a polar angle acceptance between 20^∘ and 120^∘ were assumed. The top panel shows the precision achievable within the full Q^2 > 4GeV^2 kinematic range, whereas the bottom panel shows the precision achievable in the restricted Q^2 > 16GeV^2 range.

cal proposal and shown in Fig. 3, is well-suited to provide large invariant-mass e^+e^− pair detection, from both Drell-Yan reactions and p̄p annihilations. In addition, such a detector is able to efficiently detect secondaries in two body reactions, like elastic scattering events, where the over-constrained kinematic simplifies the event reconstruction and reduces the particle identification requirements. Alternative detector scenarios, e.g. with μ^+μ^− Drell-Yan pair detection capability, with an instrumented forward section or with extended hadron particle identification, are also under study. The present detector concept fulfills the following driving principles:

• Large acceptance. Good azimuthal coverage and symmetry are needed to be sensitive to the dependence of the observables on the angle between production plane and target spin orientation.

• Sensitivity to electron pairs. The overhelming hadronic background requires excellent lepton identification.

• Use of a toroidal magnet. The spectrometer magnet should not affect the transverse spin orientation of the beam and provide an environment to ensure the operation of the C̆erenkov detector. The toroid has almost neglible fringe-fields outside the active volume, both internally along the beam line and externally inside the tracking volume.

A detailed Monte Carlo study has been started to test the feasibility of the Drell- Yan measurement with the proposed detctor layout. The achievable precision of the ratio between the transverse h^u_1 and the well known unpolarized u(x) distributions of the proton, in different intervals of the Bjorken-x and after one year of data-taking is shown in Fig. 3.

The situation is even more favorable for the measurements of electromagnetic form factors and pp̄ elastic scattering foreseen in Phase I, as, in these cases, luminosity and cross-sections are such to guarantee high rates [11].

CONCLUSION

The PAX Collaboration has presented a rich and innovative physics program to be realized in the upcoming FAIR hadron facility. The storage of polarized antiprotons at HESR will open unique possibilities to test QCD in hitherto unexplored domains and make of FAIR a facility without competitors.

REFERENCES

1. A comprehensive review paper on the transverse spin structure of the proton can be found in: V.

Barone, A. Drago and P. Ratcliffe, Phys.Rep. 359, 1 (2002).

2. M. Anselmino, V. Barone, A. Drago and N. Nikolaev, Phys. Lett. B 594, 97 (2004). 3. A. Efremov, K. Goecke and P. Schweitzer, Eur. Phys. J. C 35, 207(2004).

4. M. K. Jones et al., [Jefferson Lab Hall A Collaboration], Phys. Rev. Lett. 84, 1398 (2000). O. Gayou et al., [Jefferson Lab Hall A Collaboration], Phys. Rev. Lett. 88, 092301 (2002).

5. A. Z. Dubnickova, S. Dubnicka, and M. P. Rekalo, Nuovo Cimento 109, 241 (1966). 6. S.J. Brodsky et al., Phys.Rev. D 69, 054022 (2004). 7. V. Matveev et al., Lett. Nuovo Cimento 7, 719 (1972).

8. S. Brodsky and G. Farrar, Phys. Rev. Lett. 31, 1153 (1973) and Phys. Rev. D 11, 1309 (1973). 9. M. Diehl, T. Feldmann, R. Jakob and P. Kroll, Phys. Lett. B 460, 204 (1999). 10. F. Rathmann et al., Phys. Rev. Lett. 94, 014801 (2005) 11. PAX Technical Proposal, Spokespersons P. Lenisa and F. Rathmann http://www.fz-juelich.de/ikp/pax 12. F. Rathmann et al., Phys. Rev. Lett. 71, 1379 (1993).

13. S.J. Brodsky Testing Quantum ChromoDynamics with Antiprotons arXiv:hep-ph/0412206 (2004)