arXiv:hep-ph/0311340 v1 26 Nov 2003

Spin effects in vector meson and QQ̄ production

S. V. Goloskokov

Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna, Russia

Received 20 October 2002; final version 31 December 2003

We study light hadron leptoproduction at small x. Vector meson production is analysed in terms of generalized gluon distributions with taking into account the transverse quark motion. Within a two-gluon model the double spin asymmetries for longitudinally polarized leptons and transversely polarized protons in the diffractive QQ̄ production are investigated. The predicted AlT asymmetry is large and can be used to obtain information on the polarized gluon distributions in the proton.

PACS: 12.38.Bx, 13.60.Hb Key words: Diffraction, spin, asymmetry, hadron production

1 Introduction

In this report, we analyse diffractive hadron leptoproduction at high energies and small x. Intensive experimental study of diffractive processes was performed in DESY (see e.g. [1, 2, 3] and references therein). The amplitude of vector meson production for longitudinally polarized photon and vector meson give a predominant contribution to the cross section as Q^2 → ∞. It can be expressed in terms of generalized parton distribution (GPD) in the nucleon F_ζ (x) where x is a fraction of the proton momentum carried by the outgoing gluon and ζ is the difference between the gluon momenta (skewedness) [4]. It was found within the GPD approach [5] and two-gluon model [6] that the leading-twist contribution to the cross section is far from experiment. The cross sections of diffractive quark- antiquark production at small x [7, 8, 9] were found to be expressed in terms of the same gluon distributions as for the vector meson production. Such processes give a possibility to study properties of GPD at small x. Note that in polarized reactions spin-dependent parton distributions can be investigated.

We discussed our results for vector meson production at small x within GPD approach presented in [10]. It is shown that the inclusion of transverse degrees of freedom leads to reasonable agreement of theory with experiment for light meson production. The double spin asymmetries for longitudinally polarized leptons and transversely polarized protons in diffractive QQ̄ production at high energies are investigated within the two-gluon exchange model. The predictions are made for a future eRHIC collider with polarized lepton and proton beams (see e.g. [11]) where this asymmetry can be studied.

Czechoslovak Journal of Physics, Vol. 53 (2003), Suppl. A A1

S. V. Goloskokov

2 Hadron production at small x and GPD

Let us study the diffractive hadron production in lepton-proton reactions

l + p → l + p + H (1)

at high energies. Here the hadron state H can contain either a vector meson or a QQ̄ system which are observed as two final jets. The reaction (1) can be described in terms of the kinematic variables which are defined as follows:

q^2 = (l − l^′)^2 = −Q^2, t = r^2_P = (p − p^′)^2, y = p · q l · p , x = Q^2 2p · q , x_P = q · (p − p^′) q · p , β = x x_P , (2)

where l, l^′ and p, p^′ are the initial and final lepton and proton momenta, respectively, Q^2 is the photon virtuality, and r_P is the momentum carried by the twogluons (Pomeron). The variable β appears in the QQ̄ production. In this case, the effective mass of a produced quark system M^2_X = (q + r_P )^2 might be large and β = x/x_P ∼ Q^2/(M^2_X + Q^2) can vary here from 0 to 1. For the diffractive vector meson production, M^2_X = M^2_V and β ∼ 1 for large Q^2. Here the momentum V is on the mass shell V^2 = (q + r_P )^2 = M^2_V and x_P determined by x_P ∼ m^2_V + Q^2 + |t| sy (3) is small at high energies. The x_P is not fixed for the QQ̄ production.

The light hadron production at small x is predominated by the gluon GPD. The gluon contribution to the helicity amplitudes for leptoproduction of longitudinally polarized vector mesons looks like

M^{V (g)}_{0+,0+} = e ∑ a e_aB^V_a √ 1 − ζ ∫_1 0 dX H^{(g)}_{0+,0+} F^g_ζ (X, t) (X − iε)(X − ζ + iε) . (4)

The leading twist parton-level amplitudes have the form

H^{(g)}_{0+,0+} = 4πα_s(Q/2)f_V N_cQ ∫_1 0 dτ Φ_V (τ ) τ (1 − τ )

, (5)

where Φ_V is the distribution amplitude.

A model for the gluonic GPD is constructed by using a double distribution [12]

F^g_ζ (X, t) =

∫_1 0 dx ∫_{1−x} 0 dy f^g (x, y, t) δ(X − x − ζ y) , (6) where the skewdness ζ ∼ x_P . The double distribution function is determined as f^g (x, y, t) = 6 y(1 − x − y) (1 − x)^3 xg(x) f(t) . (7) A2 Czech. J. Phys. 53 (2003)

Spin effects in vector meson production and . . .

Here a factor f(t) models the t-dependence, xg(x) is an ordinary gluon distribution which at small x, is approximated by

xg(x, Q^2) ≃ 1.94x^{−0.17−0.05ln(Q2 /Q20)}, with Q^2_0 = 4 GeV^2. (8)

We consider the quark and antiquark transverse momenta in the meson to modify the leading-twist amplitude. The distribution amplitude Φ_V is replaced in this case by a Gaussian parameterization [13]

Ψ_V (τ, k_⊥) ∝ a^2_V exp [ −a^2_V k^2_⊥ τ (1 − τ ) ] . (9)

Transverse momentum integration of (9) leads the asymptotic form of a meson distribution amplitude Φ^{AS}_V = 6τ τ̄. For the decay constants f_V we take the values 0.216GeV and 0.237GeV for ρ and ϕ mesons, respectively. For the transverse size parameter a_ρ we use a value of 0.6 GeV^{−1} which leads to an average transverse momentum of 0.6 GeV. For the ϕ- meson production we take a_ϕ = 0.45 GeV^{−1} [10].

Fig. 1. The longitudinal cross sections at W = 75GeV extracted in [3]. The solid (dashed) line represent our results for ρ (ϕ) production.

In the quark propagators of the subprocess we consider the transverse momenta which are accompanied by the Sudakov factor. The last factor suppresses contribu-

Czech. J. Phys. 53 (2003) A3

S. V. Goloskokov

tions from the end-point regions, in which one of the partons entering the meson wave function becomes soft and factorization breaks down.

The result of our calculations for the longitudinal cross sections of the ρ and ϕ production is shown in Fig. 1. Good agreement with experimental data extracted from γ^∗p → V p in [3] was obtained. Thus, the perturbative approach with including a transverse quark momentum leads to agreement of the theoretical results with the experiment.

3 Diffractive QQ̄ production. Two-gluon exchange model

Now let us study the process of QQ̄ leptoproduction within the two-gluon exchange model. As we have discussed previously, this contribution is predominated at small x ≤ 0.1 by a gluon exchange. To study spin effects in diffractive hadron production, one must know the structure of the two-gluon coupling with the proton at small x. The two-gluon coupling with the proton which describes transverse spin effects in the proton can be parametrized in the form [14] V^{αβ}_{pgg} (p, t, x_P , l_⊥) = B(t, x_P , l_⊥)(γ^αp^β + γ^β p^α) + iK(t, x_P , l_⊥) 2m (p^ασ^{βγ} r_γ + p^βσ^{αγ} r_γ ) + .... (10)

Here m is the proton mass and l is a gluon momentum. In the matrix structure (10) we wrote only the terms with the maximal powers of a large proton momentum p which are symmetric in the gluon indices α, β. The structure proportional to B(t, ...) determines the spin-non-flip contribution. The term ∝ K(t, ...) leads to the transverse spin-flip at the vertex. The spin-dependent cross section of diffractive processes is expressed in terms of the soft gluon coupling (10) which is convoluted with the hard hadron production amplitude.

The spin-average and spin dependent cross sections with longitudinal polarization of a lepton and different polarization of a proton are determined by σ(±) = 1 2 (σ(^→_⇐) ± σ(^→_⇒)) . (11)

To calculate the cross sections, we integrate the amplitudes squared over the QQ̄ phase space. The spin-average and spin-dependent cross section can be written in the form d^5σ(±) dQ^2dydx_pdtdk^2_⊥ = (_{(2−2y+y2)} (2−y) ) C(x_P , Q2) N (±) √ 1 − 4(k^2_⊥ + m^2_q )/M^2_X

. (12)

Here C(x_P , Q^2) is a normalization function which is common for the spin average and spin dependent cross section; N (±) is determined by a sum of graphs integrated over the gluon momenta l and l^′

The contribution of the planar graphs to the function N (+) can be approximated as

N^p(+) ∼ ( |B̃|^2 + |t|/m^2|K̃|^2 ) ( (k_⊥ + r_⊥)^2 + m^2_q ) ( k^2_⊥ + m^2_q

)_3 (13)

A4 Czech. J. Phys. 53 (2003)

Spin effects in vector meson production and . . .

with B̃ ∼ ∫_l2_{⊥<k}2_0 0 d^2l_⊥(l^2_⊥ + ⃗l_⊥⃗r_⊥) (l^2_⊥ + λ^2)((⃗l_⊥ + ⃗r_⊥)^2 + λ^2)

B(t, l^2_⊥, x_P , ...) = F^g_{xP} (x_P , t, k^2_0) K̃ ∼ ∫_l2_{⊥<k}2_0 0 d^2l_⊥(l^2_⊥ + ⃗l_⊥⃗r_⊥) (l^2_⊥ + λ^2)((⃗l_⊥ + ⃗r_⊥)^2 + λ^2)

K(t, l^2_⊥, x_P , ...) = K^g_{xP} (x_P , t, k^2_0), (14)

where k^2_0 ∼ k^2_⊥ + m^2_q . The details of calculations can be found in [14]. Connection of the two-gluon structures with gluon the GPD [14] is shown in (14).

The contribution of all graphs to the function N (+) can be written as

N (+) = ( |B̃|^2 + |t|/m^2|K̃|^2 ) Π^{(+)}(t, k^2_⊥, Q^2). (15)

The function Π^{(+)} here has been calculated numerically.

The same analysis was carried out for the spin-dependent cross sections. We find in the spin-dependent part the terms proportional to the scalar production ⃗Q⃗S_⊥ and ⃗k_⊥ ⃗S_⊥ where S_⊥ is a transverse polarization of the proton

N (−) = √ |t| m^2 ( B̃K̃^∗ + B̃^∗K̃ ) [ ( ⃗Q⃗S_⊥) m Π^{(−)}_Q (t, k^2_⊥, Q^2) + (⃗k_⊥ ⃗S_⊥) m Π^{(−)}_k (t, k^2_⊥, Q^2)]. (16)

The spin-average cross section of the vector meson production at a small momentum transfer is approximately proportional to the |B̃|^2 function (15) which is connected with the generalized gluon distribution F^g. We use the simple parameterization of the GPD as a product of the form factor and the ordinary gluon distribution B̃(t, x_P , Q̄^2) = f(t) (x_P g(x_P , Q̄^2)) . (17)

A more general form of GPD like (7) can be used, but the enhancement factor which appears in this case at small x will be canceled in the asymmetry. The form factor F_B (t) in (17) is chosen as an electromagnetic form factor of the proton. Such a simple choice can be justified by that the Pomeron–proton vertex might be similar to the photon–proton coupling f(t) ∼ F^{em}_p (t) = (4m^2_p + 2.8|t|) (4m^2_p + |t|)(1 + |t|/0.7GeV^2)^2

. (18)

The energy dependence of the cross sections is determined by the Pomeron contribution to the gluon distribution function at small x

x_P g(x_P , Q̄^2) ∼ const x^{αp(0)−1} P . (19)

Czech. J. Phys. 53 (2003) A5

S. V. Goloskokov

Here α_p(t) is a Pomeron trajectory which is chosen in the form

α_p(t) = 1 + ϵ + α^′t (20)

with ϵ = 0.15 and α^′ = 0. These values are in accordance with the fit of the diffractive J/Ψ production by ZEUS [1]. Note that the form (19) is similar to (8).

We shall discuss here our prediction for the polarized diffractive QQ̄ production determined by the ⃗k_⊥ ⃗S_⊥ term in (16). The results for the ⃗Q_⊥ ⃗S_⊥ contribution to asymmetry can be found in [14]. The asymmetry is determined by the ratio of spin–dependent and spin–average cross section (11) (see (16) and (15)). It is approximately proportional to the ratio of the gluon distribution functions A_{LT} ∼ C |K̃| |B̃| ∼ C K^g_ζ (ζ) F^g_ζ (ζ) with ζ = x_P . (21)

Fig. 2. The A^k_{lT} asymmetry in diffractive light QQ̄ production at √ s = 50GeV for xP = 0.05, y = 0.3, |t| = 0.3GeV^2

Thus, to estimate the value of asymmetry, we must know the ratio of spindependent and spin-average structure functions. There are some models (see e.g. [15, 16]) that provide spin-flip effects which do not vanish at high energies. These models describe experimental data on single spin transverse asymmetry A_N [17]

A6 Czech. J. Phys. 53 (2003)

Spin effects in vector meson production and . . .

quite well. Predictions of other models which lead to spin–flip effects in the Pomeron amplitude were discussed, e.g., in [19]. Thus, the weak energy dependence of spin asymmetries in exclusive reactions is not now in contradiction with the experiment [15, 18]. The ratio of the gluon structure functions |K̃| |B̃| ∼ 0.1 (22)

found in [15, 16] for elastic scattering will be used in our estimations of the asymmetry in diffractive hadron production.

The term ⃗k_⊥ ⃗S_⊥ in the asymmetry is calculated for the case when the transverse jet momentum ⃗k_⊥ is parallel to the target polarization ⃗S_⊥ which gets the maximal value of asymmetry. To observe this contribution to asymmetry, it is necessary to distinguish experimentally the quark and antiquark jets. This can be realized presumably by the charge of the leading particles in the jet which should be connected in charge with the quark produced in the photon-gluon fusion. If we do not separate events with ⃗k_⊥ for the quark jet, the resulting asymmetry will be equal to zero because the transverse momentum of the quark and antiquark are equal and opposite in sign.

The predicted asymmetry for light quark production at eRHIC energies is shown in Fig. 2. The asymmetry for heavy quark production is approximately of the same order of magnitude [14]. The expected asymmetries are not small.

Possible event kinematics in the eRHIC asymmetric system was estimated for p_l = 5GeV, p_P = 100GeV. The energy in lepton-proton system √ s ∼ 50GeV in this case. It was found that the final proton moves practically in the same direction as the initial one. The jets from the final quarks have large angles and can be detected by the eRHIC spectrometer. This shows a possibility of studying the polarized gluon distribution K^g_ζ (x) in future eRHIC experiment.

4 Conclusion

We conclude that the modified perturbative approach which considers transverse degrees of freedom and Sudakov suppressions in the subprocess gives a quantitative fit of the σ_L cross section for the ρ and ϕ meson production. This approach can be used to regularize the infrared divergencies [20] in the γ^∗_T → V_L and γ^∗_T → V_T amplitudes.

The analysis of A_{LT} asymmetry in the diffractive QQ̄ leptoproduction at small x at eRHIC energies is based on the two-gluon spin-dependent exchange model. The spin asymmetry is found to be proportional to the ratio of polarized gluon GPD (21). For the QQ̄ production we have two different terms in the A_{lT} asymmetry which are proportional to ⃗k_⊥ ⃗S_⊥ and the term ⃗Q⃗S_⊥ (16). These terms in the asymmetry have different kinematic properties and can be studied independently.

The term ∝ ⃗k_⊥ ⃗S_⊥ in asymmetry has a coefficient C_k that is predicted to be large about 0.3-0.5. This asymmetry might be an excellent object to study transverse effects in the proton– gluon coupling. However, its experimental study is not so

Czech. J. Phys. 53 (2003) A7

S. V. Goloskokov: Spin effects in vector meson and QQ̄ production . . .

simple. To find nonzero asymmetry in this case, it is necessary to distinguish quark and antiquark jets and to have a possibility of studying the azimuthal asymmetry structure. The expected A_{lT} asymmetry for the term ∝ ⃗Q⃗S_⊥ is not small too. The predicted coefficient C_Q in this case is about 0.1-0.2 [14]. Note that the asymmetry of the same order of magnitude was predicted for the diffractive QQ̄ production in polarized proton- proton interaction [21]. These results for light quark production can be used at small x < 0.1 where the contribution of the quark GPD is expected to be small.

Thus, our estimations show that the coefficient C in double spin asymmetry for longitudinally polarized leptons and transversely polarized protons might not be small. This shows possibility to study A_{lT} asymmetry at the future eRHIC spectrometer where the information on the polarized gluon GPD can be obtained.

This work is supported in part by the Russian Foundation for Basic Research, Grant 03-02-16816 and by the Heisenberg-Landau Program.

References

[1] ZEUS Collab., J. Breitweg et al: Z. Phys, C75 (1997) 215. [2] H1 Collab., C. Adloff et al: Eur. Phys. J. C10 (1999) 373. [3] B. Clerbaux: for the H1 and ZEUS collaborations, hep-ph/9908519. [4] A.V. Radyushkin: Phys.Rev. D56 (1997) 5524;

X. Ji: Phys.Rev. D55 7114 (1997).

[5] L. Mankiewicz, G. Piller and T. Weigl: Eur. Phys. J. C 5 (1998) 119. [6] L. Frankfurt, W. Koepf and M. Strikman: Phys. Rev. D 54 (1996) 3194. [7] M.Diehl: Z. Phys. C66 (1995) 181.

[8] J. Bartels, C. Ewerz, H. Lotter, M.Wüsthoff: Phys. Lett. B386 (1996) 389. [9] E.M. Levin, A.D. Martin, M.G. Ryskin, T. Teubner: Z. Phys. C74 (1997) 671. [10] S.V. Goloskokov, P.Kroll, B.Postler: hep-ph/0308140, to appear in Proc of DIS03 workshop, St. Petersburg, 23-27 April 2003.

[11] Proc. of the 2nd eRHIC Workshop, Yalle, 6–8 April, (2000), BNL-52592 Form. Rep. [12] A.V. Radyushkin: Phys. Rev. D 59 (1999) 014030.

[13] R. Jakob and P. Kroll: Phys. Lett. B315 (1993) 463; Err.-ibid. B319 (1993) 545. [14] S.V. Goloskokov: Euro. Phys. J. C24 (2002) 413.

[15] S.V. Goloskokov, S.P. Kuleshov, O.V. Selyugin: Z. Phys. C50 (1991) 455. [16] S.V. Goloskokov, P. Kroll: Phys. Rev. D60 (1999) 014019. [17] G. Fidecaro et al: Phys. Lett. B76 (1978) 369; B105 (1981) 309. [18] N. Akchurin, S.V. Goloskokov, O.V. Selyugin: Int.J.Mod.Phys. A14 (1999) 253. [19] N.H. Buttimore, B.Z. Kopeliovich, E. Leader, J. Soffer, T.L. Trueman: Phys. Rev.

D59 (1999) 114040.

[20] L. Mankiewicz and G. Piller: Phys. Rev. D61 (2000) 074013. [21] S.V.Goloskokov: Phys.Rev. D53, 5995 (1996).

A8 Czech. J. Phys. 53 (2003)