arXiv:hep-ph/0511017 v1 2 Nov 2005

COMPARING EXTRACTIONS OF SIVERS FUNCTIONS

M. ANSELMINO^1, M. BOGLIONE^1, J. C. COLLINS^2, U. D’ALESIO^3, A. V. EFREMOV^4, K. GOEKE^5, A. KOTZINIAN^1, S. MENZEL^5, A. METZ^5, F. MURGIA^3, A. PROKUDIN^1, P. SCHWEITZER^5, W. VOGELSANG^{6,7}, F. YUAN^7 1Università di Torino and INFN, Sezione di Torino, Italy 2Penn State University, 104 Davey Lab, University Park PA 16802, U.S.A.

3INFN, Sezione di Cagliari and Università di Cagliari, Italy 4Joint Institute for Nuclear Research, Dubna, 141980 Russia 5Institut für Theoretische Physik II, Ruhr-Universität Bochum, Germany 6Physics Department, Brookhaven National Laboratory, Upton, NY 11973, U.S.A. 7RIKEN BNL Research Center, Building 510A, BNL, Upton, NY 11973, U.S.A.

A comparison is given of the various recently published extractions of the Sivers functions from the HERMES and COMPASS data on single-transverse spin asymmetries in semi-inclusive deeply inelastic scattering.

BNL-NT-05/42
RBRC-572
RUB-TPII-14-05

1. Introduction

Single-spin asymmetries (SSA) in semi-inclusive deeply inelastic scattering (SIDIS) off transversely polarized nucleon targets have been under intense experimental investigation over the past few years.1–6 Substantial asymmetries have been reported in some cases, in particular, with best statistics, by the HERMES collaboration for scattering off a proton target.

The importance of SSA lies in the fact that they provide new insights into QCD and nucleon structure.7–14 For instance, the asymmetry in SIDIS may contain an angular dependence of the form sin(ϕ − ϕ_S ), where ϕ and ϕ_S denote respectively the azimuthal angles of the produced hadron and the target polarization vector with respect to the axis defined by the hard virtual photon.11 This angular dependence arises from the so-called Sivers effect7 tightly related to notions of an intrinsic asymmetry in the parton transverse momentum distribution and angular momenta. Factorization theorems15–17 proven to leading power in the photon virtuality Q provide the basis for a QCD description of the process, and allow to extract the Sivers function from SIDIS data1–4 and to use it for predictions for the SSA in the Drell-Yan (DY) process, hopefully to be explored experimentally at RHIC, COMPASS and the GSI. Comparisons of SIDIS and the DY process will be particularly important for testing our understanding 1

2 of the underlying physics, since it has been predicted13^,14 that the Sivers functions appear with opposite signs in these two processes. The approach just outlined has been followed recently in Refs. [18–23]. In this note we compare the results of these papers for the extracted Sivers functions

Δ^N f_{q/p}↑ (x, p^2_T ) ≡ −

2|p_T | M_N f^{⊥a}_{1T} (x, p^2_T ) ≡ −

2|p_T | M_N q_T (x, p^2_T ) . (1)

In the extractions of the Sivers functions from SIDIS several simplifying approximations were common between the groups, namely the neglect of the so-called “soft factor”16^,17 and the Sivers antiquark functions. Different approaches were, however, followed in Refs. [19–23] concerning the treatment of the dependence of the distributions on transverse parton momenta.

The Sivers SSA is obtained2^,24 by weighting the events entering the spin asymmetry with sin(ϕ − ϕ_S). When analyzed in this way, however, specific models for the dependence on parton transverse momenta need to be made in the theoretical expression. By assuming that the transverse momentum dependence of the Sivers function is of the form f^{⊥a}_{1T} (x, p^2_T ) = f^{⊥a}_{1T} (x) G(p^2_T ) and/or similarly for other distribution or fragmentation functions, the Sivers SSA as defined at HERMES2 can be written generically as A^{sin(ϕ−ϕS)} UT = (−2) ∑ a e^2_a xF^a_{Siv}(x) D^{a/π}_1 (z) ∑ a e^2_a xf^a_1 (x) D^{a/π}_1 (z)

. (2)

The factor (−2) is due to conventions24 and F^q_{Siv}(x) is some functional depending on f^⊥_{1T} and the model used for parton transverse momenta.

Notice that by including in addition a factor of P_{h⊥}/M_N into the weight in (2) the resulting SSA can be interpreted model-independently in terms of the transverse moment of the Sivers function11 f^{⊥(1)a} 1T (x) ≡ ∫ d^2p_T p^2_T 2M^2_N f^{⊥a}_{1T} (x, p^2_T ) = − ∫ d^2p_T |p_T | 4M_N Δ^N f_{q/p}↑ (x, p^2_T ) . (3) Such weighted SSA were argued to be less sensitive to Sudakov suppression which can be important for predictions involving the Sivers function. Preliminary HERMES data for such SSA are available1 and were studied in Ref. [18], where a first fit for the transverse moment of the Sivers function (3) was obtained. The result of [18] is in good agreement with the studies of SSA analyzed without a power of P_{h⊥} in the weight2–4 reported in Refs. [19–23]. The next Sections review and compare the fit results for the Sivers functions extracted in the different approaches in Refs. [19–23].

3 2. The approach of Refs. [19,20] In Ref. [19] the azimuthal angular dependence (Cahn effect) of the SIDIS unpolarized cross section was used to extract the widths of the Gaussian p_T -dependent parton distribution (pdf) and fragmentation (ff) functions respectively as ⟨p^2_T ⟩ = 0.25 (GeV/c)^2 and ⟨K^2_T ⟩ = 0.2 (GeV/c)^2. A first estimate of the Sivers functions was then obtained by fitting the data on A^{sin(ϕ−ϕS )} UT observed by HERMES collaboration.1^,2 In Ref. [20] a novel fit on the new HERMES data4 together with data from the COMPASS collaboration3 was performed. In both fits the full exact kinematics was always adopted. The Sivers function (u, d quarks) was parameterized as:

Δ^N f_{q/p}↑ (x, p^2_T ) = 2 N_q(x) f_{q/p}(x) g(p^2_T ) h(p^2_T ) , (4)

N_q (x) = N_q x^{aq} (1 − x)^{bq}

(a_q + b_q)^{(aq +bq)} a^{aq}_q b^{bq}_q , g(p^2_T ) = e^{−p2T /⟨p2T ⟩} π⟨p^2_T ⟩ . (5)

Two options for the h(p^2_T ) function were considered, namely:

(a) h(p^2_T ) =

2p_T M_0 p^2_T + M^2_0

, (b) h(p^2_T ) = √ 2e p_T M^′ e^{−p2T /M ′2} , (6) the latter allowing, at leading order in p_T /Q, to give for F^a_{Siv} in Eq. (2):

F^a_{Siv}(x) = √ π 2 M_N √ ⟨^p^2_T ⟩ + ⟨K^2_T ⟩/z^2 f^{⊥(1)a} 1T (x) with ⟨^p^2_T ⟩ = ⟨p^2_T ⟩ 1 + ⟨p^2_T ⟩/M^{′2} . (7) In the fits, f_{q/p}(x) was taken from the LO MRST01 set25, whereas Kretzer’s set26 for the LO ff was used. The 7 parameters were then extracted as20:

N_u = 0.32 ± 0.11 a_u = 0.29 ± 0.35 b_u = 0.53 ± 3.58 N_d = −1.0 ± 0.12 a_d = 1.16 ± 0.47 b_d = 3.77 ± 2.59 (8) M^{′2} = 0.55 ± 0.38 (M^2_0 = 0.32 ± 0.25) (GeV/c)^2 ,

with a χ^2 per degree of freedom (χ^2_{dof} ) of 1.06. The one-sigma band shown in Fig. 1 (Eq. (6b)) takes into account the errors with their correlations.

These results were then used to give predictions for SSA measurable in SIDIS and DY processes for various kinematical configurations.

These effects were also invoked9^,10^,27^,28 to generate SSA for other processes in hadron-hadron-collisions29^,30 although the status of factorization is less clear in this case. Here we only point out that the SIDIS data are sensitive to much smaller x values than the E704 (STAR) ones.

4 3. The approach of Ref. [21]

In Ref. [21] it was assumed that the final hadron’s transverse momentum is entirely due to the transverse-momentum dependence in the Sivers function. There is then no further assumption on the particular form of this dependence; rather it is integrated out in order to compare to the experimental data. The transverse momenta contributed by the other factors in the factorization formula will give some smearing effects which may be viewed as “sub-dominant”. (However, we emphasize that this will not be true toward small z where the transverse momentum in the fragmentation functions will become important, likely resulting in a suppression of the asymmetry at small z.) The “1/2-moments” of the Sivers functions were then introduced in Ref. [21] in the fit to the experimental data:

q^{(1/2)}_T (x) ≡ ∫ d^2p_T

|p_T| M_N f^{⊥q}_{1T} (x, p^2_T ) . (9)

These appear in an expression of the form (2) for the Sivers asymmetry, where

F^q_{Siv} (x) = 1 2 q^{(1/2)}_T (x) . (10)

In the actual fit to the HERMES data in21 the functions q^{(1/2)}_T (x) were modeled in terms of the unpolarized u-quark distribution as

u^{(1/2)}_T (x) u(x) = S_ux(1 − x) , d^{(1/2)}_T (x) u(x) = S_dx(1 − x) , (11)

where u(x) was taken from the GRV LO parameterizations for the unpolarized parton distributions.31 Furthermore, Kretzer’s set for the LO fragmentation functions26 was used. The fit to the new preliminary HERMES data gave

S_u = −0.81 ± 0.07, S_d = 1.86 ± 0.28 , (12)

with χ^2_{dof} ≈ 1.2. A fit to the old published HERMES data gave instead S_u = −0.55±0.37 and S_d = 1.1±1.6, with a similar size of χ^2_{dof} . The COMPASS data were not included in the fit performed in21, but a comparison of the fit with the data was given, showing good agreement. The results of the fit to the HERMES data were furthermore used for making predictions for the SSAs in the Drell-Yan process and in di-jet and jet-photon correlations at RHIC.

5 4. The approach of Refs. [22,23]

In Ref. [22, 23] the distributions of transverse parton momenta in f^a_1 , f^{⊥a}_{1T} and D^a_1 were assumed to be Gaussian with the respective widths ⟨p^2_T ⟩, ⟨p^2_T ⟩_{Siv} and ⟨K^2_T ⟩ taken to be flavour- and x- or z-independent. In this model the F^a_{Siv} defined in (2) is given by the expression in Eq. (7) with ⟨^p^2_T ⟩ replaced by ⟨p^2_T ⟩_{Siv} .

The values ⟨K^2_T ⟩ = 0.16 (GeV/c)^2, ⟨p^2_T ⟩ = 0.33 (GeV/c)^2 were extracted22 from the HERMES data32 on ⟨P_{h⊥}⟩ and are similar to those discussed in Sec. 2, while ⟨p^2_T ⟩_{Siv} ∈ [0.01; 0.32] (GeV/c)^2 remained poorly constrained by positivity33 – still allowing an extraction of the transverse moment of the Sivers function (3).

In order to reduce the number of fit parameters the prediction34 from the limit of a large number of colours N_c was imposed:

f^{⊥u}_{1T} (x, p^2_T ) = −f^{⊥d}_{1T} (x, p^2_T ) modulo 1/N_c corrections. (13)

The best fit22 (using parameterizations35^,36) to the published data2 is xf^{⊥(1)u} 1T (x)^{ansatz}= Ax^b(1 − x)^{5 fit}= −0.17x^{0.66}(1 − x)^5 (14)

with a χ^2_{dof} ∼ 0.3, and a 1-σ uncertainty of roughly ±30%. This result agrees well with the fit to the preliminary P_{h⊥}-weighted HERMES data1, which were analyzed in a (transverse parton momentum) modelindependent way [18]. The good agreement of the results in Refs. [18, 22] is an important cross check for the applicability of the Gauss model to the description of SSA in SIDIS.

For sake of a better comparison to the results by the other groups19^,20^,21 the above fit procedure was applied23 to the most recent and more precise preliminary HERMES data.4 The new fit has a χ^2_{dof} ∼ 2 and is consistent23 with that quoted in Eq. (14). One has to keep in mind that the large-N_c relation (13) is a useful constraint at the present stage, and will have to be relaxed when future more precise data will become available.

Note that for ⟨K^2_T ⟩ → 0 in (7) one obtains F^a_{Siv}(x) →^1_2 f^{⊥(1/2)a}_{1T} (x) within the Gaussian model. This limit means that the produced hadron acquires no additional transverse momentum from the fragmentation process, i.e. D^a_1 (z, K^2_T ) = D^a_1 (z) δ^{(2)}(K_T ). In this sense, the approach of Ref. [21] discussed in Sec. 3, c.f. Eq. (10), is contained as a limiting case in the Gauss ansatz.

6

Figure 1. The first and 1/2-transverse moments of the Sivers quark distribution functions, defined in Eqs. (3, 9), as extracted in Refs. [20, 21, 23]. The fits were constrained mainly (or solely) by the preliminary HERMES data4 in the indicated x-range. The curves indicate the 1-σ regions of the various parameterizations.

5. Comparison of the results and Conclusions

It should be stressed that the various fit results, when used within the respective approaches, provide equally good descriptions of the HERMES and COMPASS data. Here we compare only those analyses20^,21^,23 in which the most recent and more precise preliminary HERMES data4 were used.

In Fig.1a we compare the fits for f^{⊥(1)q}_{1T} from Refs. [20, 23], and in Fig.1b the fits for f^{⊥(1/2)q}_{1T} from Refs. [20, 21]. (A direct comparison of [21] and [23] is not possible.) In view of the different models assumed for the transverse parton momenta and the varying fit Ansätze, we observe a satisfactory qualitative agreement — in the x-region constrained by the HERMES data. However, a closer look reveals differences between the results in Fig. 1, which indicate the size of the systematic uncertainties of the three Sivers function fits mainly due to the use of different models for the parton transverse momenta. These uncertainties were not estimated in Refs. [20, 21, 23].

We have presented a comparison of three extractions20^,21^,23 of Sivers functions from HERMES and COMPASS data on single-transverse spin asymmetries in SIDIS. The three approaches somewhat differ, but they describe the data with similar quality. The fits are in good qualitative agreement, though there are differences with regard to the size and shape

7 of the extracted Sivers functions. These differences reflect the model dependence of the fit results which gives rise to a certain theoretical systematic uncertainty of the fit results. The latter seems, however, less dominant than the statistical uncertainty of the fits at the present stage.

It is clear that further information from experiment will be vital. For now, one cannot really expect to obtain much more than a first qualitative picture of the Sivers functions. We also emphasize that it will be crucial for the future to experimentally confirm the leading-power nature of the observed spin asymmetries. For this, forthcoming COMPASS or JLab data for scattering off a proton target and studies of the Q^2-dependence of the asymmetries will be important.

The good qualitative agreement between the different approaches observed here means that the predictions18–23 for the magnitude of the Sivers effect in DY are robust — in the kinematic region constrained by the HERMES data. This solidifies the conclusions18–23 that the predicted sign reversal of the Sivers function between SIDIS and DY, can be tested in running or future experiments at RHIC, COMPASS and PAX.

Acknowledgments. U.D. and F.M. acknowledge partial support by MIUR under Cofinanziamento PRIN 2003. A.E. is supported by grants RFBR 03-02-16816 and DFG-RFBR 03-02-04022. J.C.C. is supported in part by the U.S. D.O.E., and by a Mercator Professorship of DFG. W.V. and F.Y. are grateful to RIKEN, Brookhaven National Laboratory and the U.S. Department of Energy (contract number DE-AC02-98CH10886) for providing the facilities essential for the completion of their work. The work is partially supported by the European Integrated Infrastructure Initiative Hadron Physics project under contract number RII3-CT-2004-506078.

References 1. N. C. Makins [HERMES], “Transversity Workshop”, 6–7 Oct. 2003, Athens.

R. Seidl [HERMES], Proc. of DIS’2004, 13–18 April 2004, Štrbské Pleso. I. M. Gregor [HERMES], Acta Phys. Polon. B 36, 209 (2005).

2. A. Airapetian et al. [HERMES], Phys. Rev. Lett. 94, 012002 (2005). 3. V. Y. Alexakhin et al. [COMPASS], Phys. Rev. Lett. 94, 202002 (2005). 4. M. Diefenthaler [HERMES], arXiv:hep-ex/0507013. 5. A. Bravar [SMC], Nucl. Phys. A 666, 314 (2000).

6. H. Avakian [CLAS], talk presented at the RBRC workshop “Single-Spin Asymmetries”, Brookhaven National Laboratory, Upton, New York, June 1-3, 2005, to appear in the proceedings.

7. D. W. Sivers, Phys. Rev. D 41, 83 (1990), Phys. Rev. D 43, 261 (1991).

8 8. J. C. Collins, Nucl. Phys. B 396, 161 (1993).

9. M. Anselmino, M. Boglione and F. Murgia, Phys. Lett. B 362, 164 (1995). 10. M. Anselmino and F. Murgia, Phys. Lett. B 442, 470 (1998). 11. D. Boer and P. J. Mulders, Phys. Rev. D 57, 5780 (1998). 12. S. J. Brodsky, D. S. Hwang and I. Schmidt, Phys. Lett. B 530, 99 (2002);

Nucl. Phys. B 642, 344 (2002).

13. J. C. Collins, Phys. Lett. B 536, 43 (2002).

14. A. V. Belitsky, X. D. Ji and F. Yuan, Nucl. Phys. B 656, 165 (2003).

X. D. Ji and F. Yuan, Phys. Lett. B 543, 66 (2002).

D. Boer, P. J. Mulders and F. Pijlman, Nucl. Phys. B 667, 201 (2003). 15. J. C. Collins and D. E. Soper, Nucl. Phys. B 193, 381 (1981) [Erratum-ibid.

B 213, 545 (1983)].

16. X. D. Ji, J. P. Ma and F. Yuan, Phys. Rev. D 71, 034005 (2005); Phys. Lett.

B 597, 299 (2004).

17. J. C. Collins and A. Metz, Phys. Rev. Lett. 93, 252001 (2004). 18. A. V. Efremov, K. Goeke, S. Menzel, A. Metz and P. Schweitzer, Phys. Lett.

B 612, 233 (2005).

19. M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia and A. Prokudin, Phys. Rev. D 71, 074006 (2005).

20. M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia and A. Prokudin, to appear in Phys. Rev. D, arXiv:hep-ph/0507181; and these proceedings.

21. W. Vogelsang and F. Yuan, Phys. Rev. D 72, 054028 (2005). 22. J. C. Collins, A. V. Efremov, K. Goeke, S. Menzel, A. Metz and P. Schweitzer, arXiv:hep-ph/0509076.

23. J. C. Collins, A. V. Efremov, K. Goeke, M. Grosse Perdekamp, S. Menzel, B. Meredith, A. Metz and P. Schweitzer, these proceedings, arXiv:hep-ph/0510342, and work in progress.

24. A. Bacchetta, U. D’Alesio, M. Diehl and C. A. Miller, Phys. Rev. D 70, 117504 (2004).

25. A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne, Phys. Lett. B 531, 216 (2002).

26. S. Kretzer, Phys. Rev. D 62, 054001 (2000).

27. U. D’Alesio and F. Murgia, Phys. Rev. D 70, 074009 (2004). 28. M. Anselmino, M. Boglione, U. D’Alesio, E. Leader and F. Murgia, Phys.

Rev. D 71, 014002 (2005).

29. D. L. Adams et al., Phys. Lett. B 261, 201 and 264, 462 (1991), Z. Phys. C 56, 181 (1992).

30. J. Adams et al. [STAR], Phys. Rev. Lett. 92, 171801 (2004). 31. M. Glück, E. Reya and A. Vogt, Z. Phys. C 67, 433 (1995). 32. A. Airapetian et al. [HERMES], Phys. Lett. B 562, 182 (2003). 33. A. Bacchetta, M. Boglione, A. Henneman and P. J. Mulders, Phys. Rev. Lett.

85, 712 (2000).

34. P. V. Pobylitsa, arXiv:hep-ph/0301236.

35. M. Glück, E. Reya and A. Vogt, Eur. Phys. J. C 5, 461 (1998) 36. S. Kretzer, E. Leader and E. Christova, Eur. Phys. J. C 22, 269 (2001).