Proceedings of the DIS’2004, Štrbské Pleso, Slovakia

UPDATE OF MRST PARTON DISTRIBUTIONS

R.S. THORNE Cavendish Laboratory, University of Cambridge^∗, Madingley Road, Cambridge, CB3 0HE, U.K.

A.D. MARTIN AND W.J. STIRLING Department of Physics, University of Durham, Durham, DH1 3LE, U.K.

R.G. ROBERTS Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, U.K.

I present a brief summary of the most important updates in the MRST determinations of the NLO and NNLO parton distributions. I concentrate on uncertainties due to input assumptions and possible theoretical corrections, particularly isospin violation, QED corrections, NNLO and corrections at low Q^2 and small x.

1 Introduction

A knowledge of the partonic structure of the proton is an essential ingredient in the analysis of hard scattering data from pp or p̄p or ep high energy collisions. Much attention has recently been devoted to obtaining reliable uncertainties on the parton distributions obtained from global or semi-global fits. One obvious uncertainty is due to the systematic and statistical errors of the data, i.e the experimental errors. They have been estimated by several groups [1]–[10], working within a NLO (and sometimes NNLO) framework using a variety of different procedures. The general conclusion is that in all approaches the uncertainties are of the order of 2 − 5%, except for certain partons and regions of phase space, where the uncertainty can be bigger, particularly the high-x gluons and very high-x down quarks. However, when the partons and predictions for physical quantities using different parton sets are compared, the deviations can be significantly greater than the quoted errors. A recent summary can be found in [11]. This unfortunate discrepancy is likely to be due to different assumptions made by different groups when performing their fitting procedures, such as different data sets used, parameterizations for input sets, choices of heavy flavour prescriptions, ordering of perturbative series, etc. However, the different results for partons obtained when making different assumptions also suggest that the standard fixed order in the perturbative expansion is not completely adequate to describe the data, with different individual data sets making different and conflicting demands on the partons and on α_S . Indeed, MRST do see certain difficulties in obtaining the best possible fit to the data with the current theoretical treatment – the HERA and NMC data in the range x ∼ 0.01 − 0.001 are too steep in Q^2; the gluon is negative (or at best valencelike) at small x and

∗Royal Society University Research Fellow

© Institute of Experimental Physics SAS, Košice, Slovakia 1

Q^2; and the Tevatron jet data prefer a different shape gluon from the DIS data. Hence, in order to understand the uncertainties in parton distributions, it is vital to consider theoretical corrections. These include the possibility of isospin violation; s(x) ≠ s̄(x); higher orders (NNLO); QED (comparable to NNLO ? i.e. α^3_s ∼ α); large x (α^n_s ln^{2n−1}(1 − x)); low Q^2 (higher twist); small x (α^n_s ln^{n−1}(1/x)). The uncertainties associated with many of these possible sources have recently been considered [12]. Here I will highlight some of the main conclusions and some additional results which postdate this analysis.

One of the issues we have examined is the possibility of isospin violation. This is particularly relevant because of the “NuTeV anomaly” [13]. NuTeV measure, with a 3 − σ discrepancy,

R^− = 1 2 − sin^2 θ_W + (1 − 7 3 sin^2 θ_W )

[δU_v] − [δD_v] 2[V^−] . where [δU_v] = [U^p_v ] − [D^n_v ] and [δD_v] = [D^p_v] − [U^n_v ], [U^p_v ] =

∫_1 0 x u^p_v(x) dx etc.. We parameterize the isospin violation by

u^p_v(x) = d^n_v (x) + κf(x), d^p_v(x) = u^n_v (x) − κf(x),

where f(x) is a number conserving function with valence like behaviour at large and small x [12]. The variation of the χ^2 for the global fit is shown in Fig. 1, and the best fit leads to κ = −0.2 (which agrees very well with a prediction in [14]), and to a reduction of the NuTeV anomaly to ∼ 1.5 − σ, i.e. Δsin^2θ_W ∼ −0.002. However, a wide variation in κ is possible, and the anomaly may be reduced further or enlarged. Other issues to which the anomaly is sensitive are the strangeness asymmetry in the proton recently investigated in [15] and electroweak corrections [16]. In each case the uncertainties may be large as the anomaly, though there is some disagreement regarding the strangeness asymmetry.

Figure 1. Variation of global χ^2 with the value of κ

We have also recently examined the effects due to QED. The corrections to DIS include those in Fig. 2 and lead to mass singularities when γ ‖ q. The QED collinear singularities are universal and can be absorbed into pdfs, exactly as for QCD collinear singularities, leaving finite (as m_q → 0) O(α) QED corrections in coefficient functions, and QED–improved DGLAP equations. The effect on the gluon distribution is negligible as is that on the quark distributions at small x where the gluon contribution dominates DGLAP evolution. Only at large x is the effect noticeable (O(1%)) as first noted in [17], and more recently verified in [18], and it is equivalent to a slight shift in α_S : Δα_S (M^2_Z ) ≃ +0.0003. This is much smaller than many sources of uncertainty.

Figure 2. Diagrams for QED corrections to DIS

However, these QED effects, although small, lead to isospin violation. u^p_V (x) quarks radiate more photons than d^n_V (x) quarks. To a rough approximation, the photon distribution should be

γ(x, Q^2) = ∑ j e^2_j α 2π ln(Q^2/m^2_q )

∫_1 x dy y P_{γq}(y) q_j ( x y , Q^2).

So there is more photon momentum in the proton than in the neutron due to high-x up quarks radiating more than high-x down quarks. Momentum conservation leads to u^p_V (x) < d^n_V (x) at high x. Hence, [δU_v] < 0 as required by the NuTeV anomaly and as found by our best fit above. Our estimates imply that the QED effects lead to ∼ 3/4 of the isospin violation observed by our best fit. Details of this and parton distributions involving QED corrections will soon appear [19].

Much more generally important are NNLO corrections. The coefficient functions for F_2(x, Q^2) are known at NNLO [20]. Singular limits x → 0 and large N_F limits are known for the NNLO splitting functions [21]–[23] as well as limited moments [24], and approximate NNLO splitting functions were devised [25] and used by MRST [26] (and Alekhin [3]) in NNLO fits. Compared to NLO they improved the quality of the fit very slightly, and reduced α_S to ∼ 0.1155. The predictions lead to reasonable stability order by order for (quark-dominated) W and Z crosssections. However, this fairly good convergence is largely guaranteed because the quarks are fit directly to data, and it is much worse for gluon-dominated quantities e.g. F_L(x, Q^2) or Higgs production. Very recently, the full calculation of the NNLO splitting functions was completed [27]. We have confirmed that these alter the parton distributions obtained from the previous best estimates by only a very small amount. Full NNLO partons will appear soon, but also require the complete incorporation of NNLO coefficient functions for as many processes as possible, and a rigorous treatment of heavy flavour thresholds at NNLO [28]. For predictions it will be useful to have the exact NNLO (O(α^3_S )) longitudinal coefficient functions, and these, along with the O(α^3_S ) (NNNLO) coefficient functions for F_2(x, Q^2) will soon be complete. We have estimated the most likely value, along with uncertainties, from the limited information, as had previously been done for the splitting functions. The central value and the two “extremes” for the dominant contribution, i.e. the part of C^3_{Lg} which is ∝ N_f are respectively (the common factor of N_f (α_S /(4π))^3 is taken out and L = ln(1/x), L_1 = ln(1 − x)) 410 L x − 1212 x − 1685 − 54161x − 47131L_1 − 11496L^2_1 − 867L^3_1, 410 L x − 0 x + 20298 − 106974x − 67527L_1 − 16336L^2_1 − 1241L^3_1 − 14116L, 410 L x − 2057 x + 30895x^3 + 6220L_1 − 102L^2_1 − 66.6L^3_1 + 1378L^2.

The failure of the NNLO corrections to solve completely the problems with the quality of the fit leads us to try an alternative approach. In order to investigate the real quality of the fit and the regions with problems we vary kinematic cuts on data, i.e. change W^2_{cut}, Q^2_{cut} and x_{cut}, re-fit and see if the quality of the fit to the remaining data improves and/or the input parameters change dramatically. This is continued until the quality of the fit and the partons stabilize. This is discussed in detail in [12]. Briefly, our W^2 cut of 12.5GeV^2 seems reasonable, whereas the fit improves gradually until Q^2_{cut} ∼ 10GeV^2 and x_{cut} ∼ 0.005.^a This is true at both NLO and NNLO, but the modification of the partons with changing cuts is much greater at NLO. For both NLO and NNLO we have defined “conservative” partons [12] which are obtained using only the data within the conservative cuts.

In order to investigate the possible theoretical improvements which could modify the partons at small x and low Q^2 (particularly at high x) we have tried including known ln(1−x) resummations, saturation corrections, and purely phenomenological higher twist and ln(1/x) corrections. At high x, higher orders in the coefficient functions and higher twist contributions can improve the fit, but are difficult to distinguish. At low x, there is no evidence for phenomenological higher twist. Saturation corrections [30] do not seem to help the NLO^b or NNLO fits (they would help only at LO). There is a distinct improvement in the fit quality when (momentum conserving) ln(1/x) corrections are added to the splitting functions, increasing the small-x evolution. Hence, there is some reason for uncertainty about the correct approach, and hence the correct predictions at very small x. Indeed, a comparison of the LO, NLO, approximate NNLO and a resummed prediction [32] for F_L(x, Q^2) is shown in Fig. 3, exhibiting the level of uncertainty. Also shown are potential data which could be obtained by low energy running at HERA. It is clear that such data would play a huge role in enabling us to understand and be confident of predictions involving small x partons.

In summary, as well as the uncertainties on partons due to experimental errors, there are uncertainties on partons, and related physical quantities, due to assumptions in the fit and having to work within an incomplete theoretical framework.

aWe note that CTEQ do not seem to reproduce these conclusions [29]. bA recent joint analysis with diffractive data suggests some slight improvement [31].

Some of the uncertainties are small, but in some cases, e.g. QED corrections or s(x) ≠ s̄(x), they can be important for specific quantities. Others, associated with low Q^2 and small x, may be potentially large, and more theoretical work is needed, along with specifically targeted data to guide and verify this work.

Figure 3. Predictions for F_L(x, Q^2) at LO, NLO, NNLO and with a resummed calculation

References

1. M. Botje, Eur. Phys. J. C14 (2000) 285.

2. W.T. Giele and S. Keller, Phys. Rev. D58 (1998) 094023;

W.T. Giele, S. Keller and D.A. Kosower, hep-ph/0104052. 3. S.I. Alekhin, Phys. Rev. D68 (2003) 014002.

4. CTEQ Collaboration: D. Stump et al., Phys. Rev. D65 (2002) 014012. 5. CTEQ Collaboration: J. Pumplin et al., Phys. Rev. D65 (2002) 014013. 6. CTEQ Collaboration: J. Pumplin et al., JHEP 0207:012 (2002). 7. H1 Collaboration: C. Adloff et al., Eur. Phys. J. C21 (2001) 33. 8. H1 Collaboration: C. Adloff et al., hep-ex/0304003. 9. A.M. Cooper-Sarkar, hep-ph/0205153, J. Phys. G28 (2002) 2669;

ZEUS Collaboration: S. Chekanov et al., Phys. Rev. D67 (2003) 012007. 10. A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, Eur. Phys. J.

C28 (2003) 455.

11. R.S. Thorne, hep-ph/0309343, Invited talk at 21st International Symposium on Lepton and Photon Interactions at High Energies (LP03), Batavia, Illinois, 11-16 Aug. 2003, pub. in Int. J. Mod. Phys. A19 (2004) 1074-1088.

12. A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, Eur. Phys. J.

C35 (2004) 325.

13. G.P. Zeller et al., Phys. Rev. 88 (2002) 091802.

14. J.T. Londergan, G.T. Carvey, G.Q. Liu, E.N. Rodinov and A.W. Thomas, Phys. Lett. B40 (1994) 115.

15. S. Kretzer et al., hep-ph/0312322; F. Olness et al., hep-ph/0312323;

NuTeV collaboration hep-ex/0405037.

16. K.P.O. Diener, S. Dittmaier and W. Hollik, Phys. Rev. D69 (2004) 073005;

A.B. Arbuzov, D.Yu. Barin and L.V. Kalinovskaya, hep-ph/0407203. 17. H. Spiesberger, Phys. Rev. D52 (1995) 4936. 18. M. Roth and S. Weinzierl, Phys. Lett. B90 (2004) 190. 19. A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, in preparation. 20. E.B. Zijlstra and W.L. van Neerven, Phys. Lett. B272 (1991) 127; ibid., B273 (1991) 476; ibid., B297 (1992) 377; Nucl. Phys. B383 (1992) 525; S. Moch and J.A.M. Vermaseren, Nucl. Phys. B573 (2000) 853.

21. L. N. Lipatov, Sov. J. Nucl. Phys. 23 (1976) 338;

E. A. Kuraev, L. N. Lipatov, V. S. Fadin, Sov. Phys. JETP 45 (1977) 199; I. I. Balitsky, L. N. Lipatov, Sov. J. Nucl. Phys. 28 (1978) 338.

22. V.S. Fadin and L.N. Lipatov, Phys. Lett. B429 (1998) 127.

G. Camici and M. Ciafaloni, Phys. Lett. B430 (1998) 349. 23. S. Catani and F. Hautmann, Nucl. Phys. B427 (1994) 475;

V.S. Fadin and L.N. Lipatov, Phys. Lett. B429 (1998) 127; G. Camici and M. Ciafaloni, Phys. Lett. B430 (1998) 349; J. Blümlein and A. Vogt, Phys. Lett. B370 (1996) 149; J.A. Gracey, Phys. Lett. B322 (1994) 141;

J.F. Bennett and J.A. Gracey, Nucl. Phys. B517 (1998) 241. 24. S.A. Larin, P. Nogueira, T. van Ritbergen and J.A.M. Vermaseren, Nucl.

Phys. B492 (1997) 338;

A. Retey and J.A.M. Vermaseren, Nucl. Phys. B604 (2001) 281; S. Moch, J.A.M. Vermaseren and A. Vogt, Nucl. Phys. B646 (2002) 181.

25. W.L. van Neerven and A. Vogt, Nucl. Phys. B568 (2000) 263; ibid., Nucl.

Phys. B588 (2000) 345.

26. A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, Eur. Phys. J.

C18 (2000) 117; ibid., Phys. Lett. B531 (2002) 216.

27. S. Moch, J.A.M. Vermaseren and A. Vogt, Nucl. Phys. B688 (2004) 101);

ibid., hep-ph/040411.

28. A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, in preparation. 29. W.K. Tung, these proceedings.

30. A.H. Mueller and J. Qiu, Nucl. Phys. B268 (1986) 427;

E.M. Levin and M.G. Ryskin, Phys. Rep. 189 (1990) 267. 31. A.D. Martin, M.G. Ryskin and G. Watt, hep-ph/0406225. 32. R.S. Thorne, Phys. Lett. B474 (2000) 372; ibid., Phys. Rev. D64 (2001) 074005.