hep-ex/9908050 12 Aug 1999

How Could CP-Invariance and Physics Beyond SM Be Tested in Polarized Proton Collisions at RHIC?

V. L. Rykov^1

Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA

PACS: 13.85.Qk; 13.88.+e; 14.70.-e; 12.60.Cn

Abstract

Just in months ahead, the first high luminosity collisions of two polarized proton beams are expected to occur at RHIC in BNL at √ s up to 500 GeV [1], bringing a new quality to the collider physics. In collisions of polarized particles, the presence of two axial vectors of initial polarizations, fully controlled by experimenters, may dramatically increase the number of available for tests correlations between participating vectors, generating asymmetries that could relatively easily be measured. In frame of Standard Model (SM), many of these asymmetries are either strongly suppressed or strictly prohibited. Therefore, if some of them were found nonzero, this could be an indication of a new physics beyond SM. If certain criteria met, it might be difficult to explain the observed nonzero correlations in theories without CP- and/or T-violation.

Key words: RHIC; Polarization; Spin-dependent asymmetries; Gauge bosons; Physics beyond SM; CP-violation.

Introduction

The expectations for a New Physics at the energy scale of hundreds of GeV are high. To some extent, the current status of SM is reminiscent to that of weak interactions in early 70th just before the discovery of J/ψ-meson and c-quark. At that time, something new had been expected to happen at the scale of a few GeV. Otherwise, the theories of weak interactions mediated by

1 Phone: (313)–577–2781; fax: (313)–577–0711; e–mail: rykov@physics.wayne.edu

Preprint submitted to Elsevier Preprint 12 August 1999 a vector W -boson could not survive because of their failure to explain the low K^0_L → μ^+μ^− decay rate [2]. Since 1977 [3], it is well understood that SM of electroweak interactions would experience quite serious complications if some new physics (Higgs? Compositeness? . . . ) does not show up at the energies below ∼1 TeV. The energy range just above or even about W - and Z-masses is not excluded [4].

For 35 years since the discovery of CP-violation [5], many attempts have been undertaken to find more CP- and/or T-violating processes other than few known nonleptonic and semileptonic K^0-decays. The negative results of these searches have found a quite natural explanation in frame of Cabibbo-Koba-yashi-Maskawa (CKM) quark mixing matrix phenomenology with a single nonzero phase that makes this matrix complex [6]. At present time, the CKMmatrix formalism is de facto the common language for SM interpretation of all already discovered CP-violating phenomena. At the currently achieved level of experimental and theoretical uncertainties, no clear contradictions had been found of the relations between few measured CP-odd parameters and the constrains of CKM-matrix.

A noticeably high “CP-activity” has been quite evident for the last decade, and there is even more to come. Plans for CP-violation studies are in the research programs of all particle physics accelerator laboratories around the world, not mentioning B-factories proposed almost exclusively with the CP-violation in mind. Not undermining in any way the indisputable significance of the recent CP-activity, it should be underlined that its efforts are focused mainly on testing the CKM-based SM predictions for “direct” CP-violation in K^0- decays as well as large CP-violation in b-quark transformations. Meanwhile, there is a quite widespread dissatisfaction and disbelief [7–13] that a single nonzero phase in CKM-matrix may be the only emergence of CP-violation in foreseeable energy range, and there are good reasons for such a discomfort. For example, various approaches to understanding the baryon asymmetry of the Universe require much stronger CP-violation than it is suggested in the minimal CKM-based SM [7]. In many models, CP-odd effects, sufficiently large for being detectable at high energy colliders, could be generated [7,8,12–14]. On the other hand, as it had been pointed out just a few years ago [13]: “At present time published limits do not exist for the size of most CP-violating processes at 100 GeV scale. Thus heretofore undetected large (∼50%) CPviolation could occur in some processes at high energy hadron colliders”.

Since time of the first pp-collisions in the SPS, the energy scale of ∼10^2 GeV is a common playground for experimenters. For the last decade, a number of papers have been published^2 , exploring the feasibility to test CP- and Tinvariance at large colliders in the modes other than B-decays. Most publica-

2 See, for example, refs. [12–15].

tions are focused on unpolarized colliders where the detection of CP- and/or T-violation requires to carry out quite difficult measurements of either fine balances between particle and antiparticle production in CP-conjugate processes, or polarizations^3 of final jets to detect potentially nonzero T-odd correlations. Recently, some indications of the jet handedness correlations in Z^0- decays, which were of the opposite sign to that expected in SM, had been reported [18]. The authors looked into the jet fragmentation mechanisms for a possible explanation. Alternatively, a presence of a tensor qqZ-coupling may also be responsible for the wrong sign correlations.

In the collisions of polarized particles, the number of potentially interesting T-odd as well as T-even correlations^4 built from two axial^5 and many polar^6 vectors could be enormously large. A new physics and CP/T-violation mechanism behind these correlations could virtually be anywhere and everywhere [7–16]: in QCD quark-gluon and gluon-gluon coupling; in electroweak interactions mediated by the usual vector bosons as well as by suggested in some theories W^′ and Z^′ of higher masses; in Higgs sector; in the leptoquark exchange; due to spontaneous CP/T-violation; etc. However, an observation of a nonzero T-odd correlation may never be treated by itself as an evidence of T- or CP-violation because these correlations are easily generated by purely CP- and T-even initial and final state interactions. This is particularly serious issue at low momentum transfers, resulting in a very limited number of low energy processes being suitable to really test CP/T-invariance by measuring T-odd correlations [11,19–21]. At momentum transfers ∼10^4 (GeV/c)^2 and more, the “spurious” asymmetries due to initial and final state interactions are expected to be small [12,13]. Nevertheless, even in high energy hard collisions, a comparison of asymmetries in CP-conjugate processes is still required for a conclusion on unambiguous and model independent observation of CPviolation, i.e. the same problem as in the measurements of balances between particle and antiparticle productions needs to be solved.

With all similarities, there is one important difference between comparisons of production cross sections and spin dependent asymmetries in CP-conjugate processes. In the case of cross sections, the CP-noninvariance of a detector may be the cause of false CP-odd-like effects due to unaccounted differences in detection efficiencies to particles and antiparticles^7 . In contrast, the measurement of spin dependent asymmetry in any particular process is usually not sensitive to uncertainties of the overall detection efficiency scale. Therefore, unaccounted differences of these scales in CP-conjugate processes do not

3 . . . or handedness [17,18] . . .

4 CP-violation may show up not only via T-odd asymmetries but also through purely T-even ones (see secs. 1 and 2 for examples). 5 Polarization vectors of projectiles.

6 Momenta of incident and final particles and jets in various processes. 7 See discussion in ref. [13].

introduce systematic errors to the asymmetry comparison. It is also worth noticing that, in the cases of small background (spurious) asymmetries, just “wrong” relative signs of detected asymmetries in CP-conjugate processes^8 would be a sufficient evidence for CP-violation. And the last not the least, most reasonable models with CP-violation quite easily generate CP-odd spin dependent asymmetries, while measurements of cross section differences, averaged over initial and final polarizations, are often not sensitive to CP-violating amplitudes. The number of asymmetries to test would be particularly large if both transversely and longitudinally polarized projectiles were available.

Unlike in the accelerator experiments focused on decays of secondaries, the primary collisions and incident polarized particles themselves are parts of the reactions under investigation in the measurements of spin dependent asymmetries. Therefore, for having such experiments on CP-violation to be conclusive, an availability of CP-conjugate initial states is a must. From this point of view, pp-colliders with two polarized beams [22] would clearly be among the best and the most capable machines. In polarized pp collision, all variety of quark-antiquark, quark-gluon, and gluon-gluon interactions in CP-conjugate processes could be tested. Complimentary, polarized e^+e^−- and μ^+μ^−-colliders could be used for studying CP/T-violation in the neutral current lepton scattering and annihilation, and at the energies above the threshold of W -pair production, the CP/T-invariance of charged current interactions could also be checked. Unfortunately, neither of these colliders with two polarized beams is currently available. Meanwhile, the CP-asymmetric collisions of two polarized proton beams are expected to be seen soon at RHIC in BNL [1], pursuing the goal to comprehensively explore the proton spin structure [23] as well as carry out a wide range study of parity violating phenomena in W^±- and Z^0- boson productions and decays [24]. Although being obviously not the best for CP-invariance tests, collisions of two high energy polarized protons still have capabilities for, at minimum, scouting the problem in the processes with a reasonably clear picture of underlining parton interactions. At RHIC, the processes of hadronic leptoproduction via photon, W^±-, and Z^0-boson exchange, qq → W^± → ll and qq → Z^0/γ → l^+l^− , (1)

will probably be the cleanest ones to search for CP- and/or T-violation and other unusual and unexpected phenomena in.

In the rest of this paper, few examples of measurable asymmetries for processes (1) are shown^9 . These asymmetries, if found nonzero, could be an indication of a new physics beyond SM and, if certain criteria met, of a CP-

8 i.e. inconsistent with the CP-invariance; production cross sections could never be of “wrong” relative signs.

9 Some double-spin asymmetries had briefly been discussed earlier in reports [25].

and/or T-violation.

1 Phenomenological model (example)

Fig. 1. The lowest order graphs for qq → ll (e^+/e^− and ν_e/ν_e are shown here for leptons).

In the lowest order, processes (1) are represented by the s-channel annihilation graphs shown in Fig. 1. Unusual interactions, including CP- and/or T-violation, may be present in either or both of two vertices. To be specific, the further discussion is held in frame of one phenomenological modification of SM’s electroweak coupling which had earlier been used elsewhere [12]. In this model, an effective Lagrangian of charged current q_uq_dW -interactions is:

L_c = g 2 √ 2 { [W^−_μ q_dγ^μ(f^+_V + f^−_V γ_5)q_u + W^+_μ q_uγ^μ(f^{�+}_V + f^{�−}_V γ_5)q_d] + + 1 Λ_q

[∂_νW^−_μ q_dσ^{μν} (f^+_T + f^−_T γ_5)q_u + ∂_νW^+_μ q_uσ^{μν} (f^{�+}_T − f^{�−}_T γ_5)q_d] } (2) where g is a coupling constant, presumably on the order of the electroweak one, Λ_q is the energy scale of the “full strength” tensor^{10} interactions, and the asterisk denotes the complex conjugate. The notations q_u and q_d are for the “upper” (u and c)^{11} and “lower” (d, s, b) quarks respectively. The usual (V –A) interactions correspond to f^+_V = f^−_V = 1 with f^±_T equal to zero^{12} . The CP- and T-invariance of model (2) is broken if any or all “formfactors” f^±_{V,T} were complex. In the neutral current effective Lagrangian of type (2) for qqZ-interactions^{13} , three formfactors, f^±_V and f^+_T , must be real. CP-violation may occur due to only tensor coupling with a purely imaginary f^−_T ≠ 0. In the calculations below, the effective Lagrangians of type (2) with changed notations: f^±_{V,T} → l^±_{V,T} and Λ_q → Λ_l, have also been used to describe the lepton

10 The shortcuts “vector” and “tensor” are used for couplings without and with derivatives ∂_ν , respectively.

11 t-quark is virtually not reachable at RHIC.

12 In this paper: γ_5 = −iγ^0γ^1γ^2γ^3 and σ^{μν} =^1_2 (γ^μγ^ν − γ^νγ^μ). 13 . . . of a truly neutral qq-pair, consisting of a fermion q and its antiparticle.

coupling to W - and Z-bosons. In this phenomenological and rather illustrative example, we do not speculate on the nature of underlining fundamental interactions which may potentially induce nonstandard terms and CP-odd phases in Lagrangian (2). We do not speculate on the expected magnitudes for these terms either. We just mention here that the currently available experimental data from the low energy searches for a weak tensor coupling generally do not exclude f^±_T and/or l^±_T ∼1 for Λ_{q,l} ≥ 10^2 GeV [26].

In model (2), the tree-level cross section for charged current annihilation (1) of polarized quark and antiquark could be written as: dσ̂ dΩ ≃ g^4ŝ{ | M^{V V}_{fi} |^2 +^{√ŝ}_{Λq} | M^{V T}_{fi} |^2 +^ŝ_{Λ2q} | T^{T T}_{fi} |^2 }

64{(ŝ − M^2_W )^2 + ŝ^2Γ^2_W /M^2_W } (3)

where M_W and Γ_W are for the W -boson mass and width, respectively; √ ŝ is the total center-of-mass (c.m.) energy of colliding quark and antiquark; | M^{V V}_{fi} |^2 represents the contribution of qqW vector coupling; | M^{T T}_{fi} |^2 is due to qqW tensor coupling; and | M^{V T}_{fi} |^2 is for the interference between vector and tensor. Using the standard technique, the following formulae for | M_{fi} |^2, summed over final lepton polarizations, could be obtained in the c.m. frame of colliding quark and antiquark^{14} :

| M^{V V}_{fi} |^2 = 1 16 { | f^+_V + f^−_V |^2 · | l^+_V + l^−_V |^2 (1 − λ_q)(1 + λ_q) +

+ | f^+_V − f^−_V |^2 · | l^+_V − l^−_V |^2 (1 + λ_q)(1 − λ_q) } × { 1 + np � nk^{}2} + + 1 16 { | f^+_V + f^−_V |^2 · | l^+_V − l^−_V |^2 (1 − λ_q)(1 + λ_q) +

+ | f^+_V − f^−_V |^2 · | l^+_V + l^−_V |^2 (1 + λ_q)(1 − λ_q) } × { 1 − np � nk^{}2} + + ŝ 8Λ_l { | f^+_V + f^−_V |^2 (1 − λ_q)(1 + λ_q)+ | f^+_V − f^−_V |^2 (1 + λ_q)(1 − λ_q) } × × { | l^+_T |^2 + | l^−_T |^2 } × { 1 − (n_p � n_k)^2 } + (4.1) + 1 2 { (| l^+_V |^2 + | l^−_V |^2) − ŝ Λ^2_l

(| l^+_T |^2 + | l^−_T |^2) } × { (| f^+_V |^2 − | f^−_V |^2) ×

×{(ı?_q � nk)(ı?_q � nk ) −^1_2(ı?_q � ı?_q )[1 − (np � nk)^2]} ± (4.2)

± Im(f^+_V f^{�−}_V ) ×

×{(nk � [ı?_q � np])(ı?_q � nk) + (nk � [ı?_q � np])(ı?_q � nk)}^} (4.3)

14 There are no doubts that various pieces of these formulae were published and known since, probably, 60th–70th and some even earlier.

| M^{T T}_{fi} |^2 = 1 8 { (| l^+_V |^2 + | l^−_V |^2)[1 − (n_p � n_k)^2] + ŝ Λ^2_l

(| l^+_T |^2 + | l^−_T |^2)(n_p � n_k)^2 } × × { | f^+_T ± f^−_T |^2 (1 − λ_q)(1 − λ_q)+ | f^+_T ∓ f^−_T |^2 (1 + λ_q)(1 + λ_q) + (5.1)

+2(| f^+_T |^2 − | f^−_T |^2)(ı?_q � ı?_q ) − 4 Im(f^+_T f^{�−}_T )(n_p � [ı?_q � ı?_q ]) } (5.2)

| M^{V T}_{fi} |^2 = 1 2 { (| l^+_V |^2 + | l^−_V |^2) − ŝ Λ^2_l

(| l^+_T |^2 + | l^−_T |^2) } × (nk � np) × × { Re[(f^+_V f^{�+}_T ∓ f^−_V f^{�−}_T ) + λ_q(∓f^+_V f^{�−}_T + f^−_V f^{�+}_T )](n_k � [ı?_q � n_p]) −

− Im[(f^+_V f^{�−}_T ∓ f^−_V f^{�+}_T ) + λ_q(∓f^+_V f^{�+}_T + f^−_V f^{�−}_T )](ı?_q � n_k) +

+ Re[(f^+_V f^{�+}_T ± f^−_V f^{�−}_T ) − λ_q(±f^+_V f^{�−}_T + f^−_V f^{�+}_T )](n_k � [ı?_q � n_p]) +

+ Im[(f^+_V f^{�−}_T ± f^−_V f^{�+}_T ) − λ_q(±f^+_V f^{�+}_T + f^−_V f^{�−}_T )](ı?_q � n_k) } + + Re(l^+_V l^{�−}_V ) × × { Re[(∓f^+_V f^{�−}_T + f^−_V f^{�+}_T ) + λ_q(f^+_V f^{�+}_T ∓ f^−_V f^{�−}_T )](n_k � [ı?_q � n_p]) −

− Im[(∓f^+_V f^{�+}_T + f^−_V f^{�−}_T ) + λ_q(f^+_V f^{�−}_T ∓ f^−_V f^{�+}_T )](ı?_q � n_k) +

+ Re[(±f^+_V f^{�−}_T + f^−_V f^{�+}_T ) − λ_q(f^+_V f^{�+}_T ± f^−_V f^{�−}_T )](n_k � [ı?_q � n_p]) +

+ Im[(±f^+_V f^{�+}_T + f^−_V f^{�−}_T ) − λ_q(f^+_V f^{�−}_T ± f^−_V f^{�+}_T )](ı?_q � n_k) } (6)

In the formulae above, n_p = p/| p | and n_k = k/| k | where p ≡ p_q is the momentum of the incident quark and k ≡ k_e� or k ≡ k_ν is the momentum of the final lepton; λ_q = (ζ_q · p_q )/ | p_q | and λ_q = (ζ_q · p_q )/| p_q | are for helicities, and ζ?_q and ζ?_q for transverse polarizations of the incident quark and antiquark, respectively. Only the main contributions to the cross section were kept in eqs. (4)–(6), neglecting all others suppressed by powers of m_{q,l}/ √ ŝ, where m_{q,l} is for the masses of participated in the reaction quarks and leptons. The upper and lower signs correspond to W^+ and W^− productions, respectively^{15} .

2 Discussion

As one can see from eqs. (3)–(6), new physics in the processes (1) at polarized hadron colliders may show up via a number of measurable characteristics.

15 For a neutral current process, the result does not depend on these signs due to restrictions on allowed choices for f^±_{V,T} .

The deviation of the qqW -coupling from the standard (V –A) form^{16} affects the lepton production distributions in polar angle θ = ^k p. However, this could hardly be exploited for new physics searches at hadron colliders because θ-distributions are also products of not so well known parton structure functions. In the real life, the measurements of lepton spectra and θ-distributions are rather used to reconstruct structure functions, assuming the known interactions at the parton level.

The same is true for dependences (4.1) and (5.1) of the production cross sections on quark helicities. To reconstruct these dependences back to the quarkparton level, using experimental data from hadron collisions, the knowledge of the spin-dependent parton structure functions is required. In the real life, again, the situation is quite opposite: the measurements of these structure functions themselves will be the main focus of the RHIC experimental program with polarized protons. At the tree-level of the model in consideration, neither θ-distributions nor helicity dependences of cross sections are sensitive to the CP-violating phases in Lagrangian (2), although this does not mean that such a sensitivity may not be present in others, more sophisticated theories.

The situation with asymmetries (4.2), (4.3), (5.2), and (6) in collisions of transversely polarized nucleons is quite different. In SM, most transverse asymmetries are either strongly suppressed or strictly prohibited. Therefore, if some of them were found to be sufficiently large, this would be an indication of deviations from SM, regardless of the spin structure of colliding hadrons.

The first example is the well known P- and T-even double-spin azimuthal anisotropy (4.2) of lepton production:

A_{T T} ∝ (| f^+_V |^2 − | f^−_V |^2) · | ζ?_q | · | ζ?_q | · cos(φ_{qq} − 2φ_{kq}) , (7)

where φ_{qq} = ^ζ?_q ζ?_q and φ_{kq} = ^k? ζ?_q with k? = k − (k · n_p)n_p. The tree-level A_{T T} = 0 in charged current (V –A)-interactions. However, A_{T T} is expected to be measurably large in the neutral current Drell-Yan process, qq → Z^0/γ → l^+l^−, making it attractive for measurements of the quark transversity distributions h_1(x) in proton [27–29].

The double-spin T-odd asymmetry (4.3) due to CP-violation in the qqW vector coupling looks similar to A_{T T} , but rotated by 45^o:

A^⊥_{T T} ∝ ± Im(f^+_V f^{�−}_V ) · | ζ?_q | · | ζ?_q | · sin(φ_{qq} − 2φ_{kq}) . (8)

In model (2), this asymmetry is the “true” CP-odd one and, because of that,

16 . . . or from the usual SM’s mixture of V and A in the neutral current qqZ/γcoupling.

it is of the opposite signs in two CP-conjugate processes of W^±-production. A “spurious” CP-even A^⊥_{T T} would not change sign under CP-conjugation. If A^⊥_{T T} anisotropy would have ever been detected in a neutral current annihilation^{13} , it could never be a true CP-odd but only a spurious CP-even one due to some CP-conserving initial and/or final state interactions.

Without an interference to the vector, the tensor coupling of transversely polarized quarks to gauge bosons does not generate azimuthal anisotropies of lepton production at the tree level. However, it may generate cross section dependences (5.2) on the relative orientation of vectors ζ?_q and ζ?_q . The CP-even cross section difference Δσ_N ∝ (| f^+_T |^2 − | f^+_T |^2)(ζ?_q · ζ?_q ) would be nonzero if | f^+_T |≠| f^−_T |. CP-violation in the tensor coupling makes cross sections dependent on also the T-odd product (n_p · [ζ?_q × ζ?_q ]) with the measurable Δσ_⊥ = σ^R_⊥ − σ^L_⊥ ∝ Im(f^+_T f^{�−}_T )(n_p · [ζ?_q × ζ?_q ]), where cross sections σ^{R,L}_⊥ are for the “right”- and “left”-handed orientations of vectors ζ?_q , ζ?_q , and n_p, respectively. In formula (5.2), the true CP-odd Δσ_⊥ is of the same sign in W^+- and W^−-productions, but a spurious CP-even Δσ_⊥ must change its sign under CP-conjugation. In a neutral current annihilation, neither CPconserving interactions could generate a nonzero Δσ_⊥. Therefore, an observation of Δσ_⊥ ≠ 0 in a neutral-current quark (or lepton) and its antiparticle annihilation would be an unambiguous evidence of CP-violation. With all attractiveness, the reliable measurements of Δσ_{N,⊥} should be expected to be significantly more difficult compared to azimuthal anisotropies. The reason is the high sensitivity of Δσ_{N,⊥} measurements to spin misalignments, namely, to unaccounted longitudinal components of the colliding beam polarizations.

The single-spin and double-spin^{17} asymmetries of type (6), arising from the vector-tensor interference, are strongly suppressed at the SM’s tree level. Both, T-even and T-odd asymmetries may potentially be generated. As usually, to determine, whether CP-violation takes place, the relative signs of detected asymmetries in CP-conjugate processes must be compared. It is interesting to notice that, in eq. (6), the CP-odd imaginary parts are before T-even correlations (ζ? · n_k), while the CP-even real parts of participating formfactors f^±_{V,T} stand before T-odd products of three vectors, (n_k · [ζ? × n_p]). This, to some extent surprising result, is apparently the feature of the particular model in consideration, although it is probably not so difficult to invent other models where CP-violation could generate T-odd single- and double-spin asymmetries of type (6) as well.

Imaginary parts of formfactors l^±_{V,T} are not present in formulae (4)–(6) at all. This means that, without tracking the polarizations of final leptons, processes (1) are not sensitive to CP/T-violation in the lepton sector.

17 . . . with one quark transversely and the other one longitudinally polarized . . .

At the early stage of just “hunting” for unusual correlations at polarized hadron colliders, it is probably not necessary to know much about the spindependent parton structure functions of colliding hadrons. However, to distinguish CP-odd and CP-even correlations by comparing asymmetries in CPconjugate processes, at least the relative signs of polarizations and often the directions of motions of the primary hardly collided quark and antiquark need to be known. This means that it would be necessary, at minimum, to identify with a reasonably high certainty the parent projectiles of incident quark and antiquark in every single event of W^±- and/or Z^0-production. Then, some knowledges about h^q_1 and h^q_1 obtained from, for example, A_{T T} measurements in Drell-Yan process could be used to determine the relative q and q polarization signs.

The identification of the predominant parent projectiles for q and q would be quite obvious at pp-colliders. At proton-proton colliders, where the situation is not the same clear, the properties of gauge boson production kinematics may help. In pp-collisions, gauge bosons will mostly be produced in hard processes, involving a valence quark from one proton and sea antiquark from the other proton. From multiple simulations it follows that gauge bosons will likely be moving in the direction of the incident “hard” valence quark rather than in the direction of a “soft” sea antiquark [30]. This means that, if the polarization of one beam was altered, the effects detected in the forward and backward hemispheres in respect to the direction of this particular beam would have the different origins. In the forward direction, effects would mainly be due to changed polarizations of valence quarks. But in the backward hemisphere, effects would likely be caused by the alteration of polarizations of sea antiquarks. The production kinematics of Z-bosons will fully be reconstructed in every single event of type (1) as a part of the Z^0-decay identification procedure. In the case of W^±, the situation is more difficult because of the neutrino escape. However, according to simulations [30], the W ’s kinematics could also be determined with some certainty which would probably be sufficient to separate W -bosons, emerging into the forward and backward hemispheres.

What might be the expectations for magnitudes of the nonstandard asymmetries discussed above in polarized proton collisions at RHIC? To answer this question, two other questions should be addressed first. In general, question number one is about the predictions of various theoretical models for the types and sizes of spin dependent correlations at the quark-parton level. Speaking in narrower terms of Lagrangian (2), it is about predictions for the formfactors f^±_{V,T} and l^±_{V,T} and their CP-violating phases, as well as for the tensor interactions’ energy scales Λ_{q,l}. We will not discuss these issues here, leaving them for the expertise of theorists, along with the analysis of restrictions to parameters of theoretical models, arising from the available experimental data. The estimations for background asymmetries due to higher orders SM interactions could also be a natural part of this expertise.

Question number two, on how to transfer spin correlations at the quark-parton level to the asymmetries in proton collisions and back, is expected to be addressed by simulations in the nearest future. Here, just some crude estimates for CP-odd asymmetries of model (2), derived from the A_{T T} -study of ref. [29], are provided. In that study, the upper limits for the A_{T T} -asymmetry at RHIC have been obtained, using the assumption on saturation of Soffer’s inequality [28] for the parton transversity distributions in proton. It had been shown that, for high mass Drell-Yan pairs, the A_{T T} -asymmetry in pp-collisions at RHIC could be as large as 3–5%. The comparison of the A_{T T} -term to terms for the other double-spin asymmetries in eqs. (4)–(6) gives that all CP-odd double-spin asymmetries should be expected in the same scale of ∼(0.03–0.05) but multiplied, of course, by the factors Im(F_1F^∗_2 ) where F_{1,2} are for either f^±_V or f^±_T × M_W /Λ_q, depending on the particular asymmetry in consideration. The similar exercise leads to the estimate for single-spin asymmetries at ∼ √ 0.03–0.05 × Im(f_V f^∗_T ) × M_W /Λ_q ∼ (0.1–0.3)× Im(f_V f^∗_T ) × M_W /Λ_q.

With the statistics accumulation ∼(3–4)·10^3 of Z-boson’s and ∼10^4–10^5 of W ’s lepton decays a year [31], RHIC’s sensitivity to the spin asymmetries in processes (1) is expected to be ∼10^{−2} at pp-level. This makes measurements of the discussed here double-spin correlations just marginally sensitive to even large deviations from SM in quark-parton interactions. However, a sizeable presence of, for example, CP-even and/or CP-odd tensor interactions should be detectable at RHIC through the measurements of single-spin transverse asymmetries.

3 Conclusion

In this paper, some measurable spin correlations, which may signal about New Physics beyond SM at RHIC with polarized protons, have been highlighted. A comparison of these correlation in what is believed CP-conjugate processes at the quark-parton interaction level may provide indications of large CP- and/or T-violation at the energy scale of ∼10^2 GeV. To make it clear, an absolutely unambiguous and model independent evidence of a CP-violation could probably never be obtained from the measurements of spin-dependent production asymmetries at pp-colliders. However, strong enough indications may potentially emerge if, for example, several asymmetries have been detected in the same process and, with either assumption about the spin structure of proton, one part of these asymmetries behaved as a CP-even under CP-conjugation, and the other part as a CP-odd, and vice versa. In the situations like this, it might probably not be so easy to reconcile CP-conservation with the current quark-parton picture of gauge boson hadroproduction.

Acknowledgements

The author is thankful to D. Boer, G. Bunce, T. Cormier, M. Grosse-Perde-kamp, R. Jaffe, Yo. Makdisi, N. Saito, N. Samois, J. Soffer, M. Tannenbaum, and R. Zul’karneev for the multiple useful and encouraging discussions. This work was supported in part by the U.S. Department of Energy Grant DE- FG0292ER40713.

References

[1] G. Bunce, at al., Particle World 3 (1992) 1; M. Beddo, et al. (RSC Collaboration), Proposal on Spin Physics Using the RHIC Polarized Collider (BNL, August 1992); Proposal Update (September 1993) (unpublished).

[2] A. Salam and J. C. Ward, Phys. Lett. 13 (1964) 168; S. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D2 (1970) 1285.

[3] M. Veltman, Phys. Lett. B70 (1977) 253; B. W. Lee, C. Quigg, and H. Thaker, Phys. Rev. D16 (1977) 1519.

[4] Particle Data Group, J. Erler and P. Langacker, Eur. Phys. J. C3 (1998) 90 and references therein.

[5] J. Christenson, J. Cronin, V. Fitch, and R. Turlay, Phys. Rev. Lett. 13 (1964) 138.

[6] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49 (1973) 652.

[7] A. D. Dolgov, Phys. Rep. 222 (1992) 309 and references therein.

[8] A. De Rujula, M. B. Gavela, O. Pène, and F. J. Vegas, Nucl. Phys. B357 (1991) 311.

[9] E. A. Paschos, D0-TH-96/01, FERMILAB-Conf-96/045-T (1996).

[10] P. Gastoldi, J.-M. Frere, and G. L. Kane, Phys. Rev. D39 (1989) 2633;

R. Garisto and G. Kane, TRI-PP-1 (1993).

[11] R. Garisto and G. Kane, Phys. Rev. D44 (1991) 2038; G. Bèlanger and C. Q. Geng, ibid., p. 2789.

[12] G. L. Kane, G. A. Ladinsky, and C.-P. Yuan, Phys. Rev. D45 (1992) 45.

[13] C. J.-C. Im, G. L. Kane and P. J. Malde, Phys. Lett. B317 (1993) 454.

[14] Future ElectroWeak Physics at the Fermilab Tevatron: Report of the tev-2000 Study Group, Eds. D. Amidei and R. Brock, FERMILAB-Pub-96/082 (1996) and references therein.

[15] L. T. Handoko and J. Hashida, Phys. Rev. D58 (1998) 094008; T. Hasuike, T. Hattori, and S. Wakaizumi, ibid., p. 095008.

[16] T. D. Lee, Phys. Rev. D8 (1973) 1226; S. Weinberg, Phys. Rev. Lett. 37 (1976) 657; D. Kharzeev, R. D. Pisarski, and M. H. G. Tytgat, ibid., 81 (1998) 512; M. Laine, K. Rummukainen, Nucl. Phys. B545 (1999) 141.

[17] A. V. Efremov, L. Mankiewicz, and N. Törnqvist, Phys. Lett. B284 (1992) 394.

[18] A. V. Efremov and L. G. Tkatchev, Acta Phys. Polon. B29 (1998) 1385.

[19] J. J. Sakurai, Phys. Rev. 109 (1958) 980; L. B. Okun and I. B. Khriplovich, Yad. Phys. 6 (1967) 821 [Sov. J. Nucl. Phys. 6 (1968) 598]; M. Schmidt, et al., Phys. Rev. Lett. 43 (1979) 556; W. Morse, et al., Phys. Rev. D21 (1980) 1750; M. Campbell, et al., Phys. Rev. Lett. 47 (1981) 1032; S. Blatt, et al., Phys. Rev. D27 (1983) 1056.

[20] M. Burgy, et al., Phys. Rev. 120 (1960) 1829; R. I. Steinberg, P. Liaud, B. Vignon, and V. W. Hughes, Phys. Rev. Lett. 33 (1974) 41; B. G. Erozolimskii, et al., ZhETF Pis. Red. 20 (1974) 745 [Sov. JETP Lett. 20 (1974) 345].

[21] L. M. Sehgal and M. Wanninger, Phys. Rev. D46 (1992) 1035 and 5209(E);

P. Heilger and L. M. Sehgal, ibid., D48 (1993) 4146; J. Adams, et. al., Phys. Rev. Lett. 80 (1998) 4123.

[22] R. Rossmanith, in Proc. 8th Intl. Symp. on High-Energy Spin Physics, AIP Conf. Proc., V. 2 (1989) p. 1085; Ya. S. Derbenev, in AIP Conf. Proc. 223 (1991) Particles and Fields Series 42, p. 327; Ya. S. Derbenev, Report to the Beschleunigerphysik Seminar (DESY, May 5, 1995) (unpublished).

[23] Yo. Makdisi, in Proc. 12th Intl. Symp. on High-Energy Spin Physics, Eds.

C. W. de Jager, et al. (World Scientific, Singapore, 1997), p. 107; H. En’yo, ibid., p. 118; S. E. Vigdor, in Proc. 13th Intl. Symp. on High-Energy Spin Physics (September 1998, Protvino, Russia) (in print, available at http://spin.ihep.su/spin98).

[24] C. Bourrely, J. Soffer, F. M. Renard, and P. Taxil, Phys. Rep. 177 (1989) 319; C. Bourrely, J. Ph. Guillet, and J. Soffer, Nucl. Phys. B361 (1991) 72; C. Bourrely and J. Soffer, ibid., B445 (1995) 341; M. J. Tannenbaum, in Proc. of the Polarized Collider Workshop (Penn State University, 1990) Eds. J. Collins, S. Heppelmann, and R. W. Robinett, AIP Conf. Proc. 223 (1991) p. 201.

[25] V. L. Rykov, in Proc. 13th Intl. Symp. on High-Energy Spin Physics (September 1998, Protvino, Russia) (in print, available at http://spin.ihep.su/spin98); V. L. Rykov, Report to the RIKEN-BNL Workshop on “RHIC Spin Physics” (BNL, April 27–29, 1998), in BNL-65615 (Proc. of RIKEN BNL Research Center, V. 7), p. 307.

[26] E. D. Commins and P. H. Bucksbaum, Weak Interactions of Leptons and Quarks (Cambridge University Press, Cambridge, England, 1983); Particle Data Group, W. Fetscher and H. J. Gerber, Eur. Phys. J. C3 (1998) 282 and references therein.

[27] J. P. Ralston and D. E. Soper, Nucl. Phys. B152 (1979) 109; X. Artru and M. Mekhfi, Z. Phys. C45 (1990) 669; R. L. Jaffe and X. Ji, Phys. Rev. Lett. 67 (1991) 552; R. L. Jaffe and X. Ji, Nucl. Phys. B375 (1992) 527; E. Leader and K. Sridhar, Phys. Lett. B311 (1993) 324; A. P. Contogouris, B. Kamal, and Z. Merebashvili, ibid., B337 (1994) 169.

[28] J. Soffer, Phys. Rev. Lett. 74 (1995) 1292.

[29] O. Martin, A. Schäfer, M. Stratman, and W. Vogelsang, Phys. Rev. D57 (1998) 3084.

[30] N. Saito, Report to the Annual RHIC Spin Collaboration Meeting (May 7–8, 1995, MIT, Cambridge, Massachusetts) (unpublished); L. C. Bland, Report to the RIKEN-BNL Workshop on “RHIC Spin Physics” (BNL, April 27–29, 1998), in BNL-65615 (Proc. of RIKEN BNL Research Center, V. 7), p. 281; N. Saito, Report to the RIKEN-BNL Workshop on “Hard Parton Physics in High Energy Nuclear Collisions” (BNL, March 1–5, 1999) (unpublished, available at http://rikweb.rhic.bnl.gov/rsc/write-up.html); A. Ogawa, ibid., (unpublished, available at http://www.star.bnl.gov/afs/rhic/star/doc/www/conf/).

[31] A. A. Derevschikov, V. L. Rykov, K. E. Shestermanov, and A. Yokosawa, in Proc. 11th Intl. Symp. on High-Energy Spin Physics, Eds. K. J. Heller and S. L. Smith (AIP, Woodbury, New York, USA, 1995) p. 472.