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IC/HEP/04-4Aessing Sivers gluon distribution via transverse single spin asymmetries inp"p! DX proesses at RHICM. Anselmino,1 M. Boglione,1 U. D'Alesio,2 E. Leader,3 and F. Murgia21Dipartimento di Fisia Teoria, Universit�a di Torino and INFN,Sezione di Torino, Via P. Giuria 1, I-10125 Torino, Italy2INFN, Sezione di Cagliari and Dipartimento di Fisia,Universit�a di Cagliari, C.P. 170, I-09042 Monserrato (CA), Italy3Imperial College, Prine Consort Road, London, SW7 2BW, EnglandThe prodution of D mesons in the sattering of transversely polarized protons o� unpolarizedprotons at RHIC o�ers a lear opportunity to gain information on the Sivers gluon distributionfuntion. D prodution at intermediate rapidity values is dominated by the elementary gg ! �hannel; ontributions from q�q ! � s-hannel beome important only at very large values of xF .In both proesses there is no single spin transfer, so that the �nal  or � quarks are not polarized.Therefore, any transverse single spin asymmetry observed for D's produed in p"p interationsannot originate from the Collins fragmentation mehanism, but only from the Sivers e�et in thedistribution funtions. In partiular, any sizeable spin asymmetry measured in p"p ! DX atmid-rapidity values will be a diret indiation of a non zero Sivers gluon distribution funtion. Westudy the p"p ! DX proess inluding intrinsi transverse motion in the parton distribution andfragmentation funtions and in the elementary dynamis, and show how results from RHIC ouldallow a measurement of �Nfg=p" .PACS numbers: 13.88.+e, 12.38.Bx, 13.85.NiI. INTRODUCTION AND FORMALISMWithin the QCD fatorization sheme, the ross setion for an inlusive large pT sattering proess between hadrons,like p p ! h + X, is alulated by onvoluting the elementary partoni ross setions with the parton distributionfuntions (pdf's) and fragmentation funtions (�'s). These objets aount for the soft non-perturbative part ofthe sattering proess, by giving the probability density of �nding partons inside the hadrons (or hadrons insidefragmenting partons) arrying a spei� fration x (or z) of the parent light-one momentum. The parton intrinsimotion { demanded by unertainty priniple and gluon emission { is usually integrated out in the high energyfatorization sheme, and only partoni ollinear on�gurations are onsidered. However, it is well known that thequark and gluon intrinsi transverse momenta k? have to be taken into aount to improve agreement with data onunpolarized ross setions at intermediate energies [1, 2℄. Moreover, without intrinsi k? one would never be able toexplain single spin asymmetries within QCD fatorization sheme; several large single spin asymmetries have beenobserved [3, 4, 5℄, whih in a ollinear on�guration are predited to be either zero or negligibly small. Although notrigorously proven in general [6, 7℄, the usual fatorized struture of the ollinear sheme has been generalized withinlusion of intrinsi k?, so that the ross setion for a generi proess AB ! C X reads:d� = Xa;b; f̂a=A(xa;k?a)
 f̂b=B(xb;k?b) 
 d�̂ab!:::(xa; xb;k?a;k?b) 
 D̂C=(z;k?C) : (1)The pdf's and the �'s are phenomenologial quantities whih have to be obtained { at least at some sale { fromexperimental observation and annot be theoretially predited. The pdf's of unpolarized nuleons, q(x) � fq=p(x) �fq1 (x), are now remarkably well known; one measures them in inlusive deep inelasti sattering proesses at somesale, and, thanks to their universality and known QCD evolution, an use them in di�erent proesses and at di�erentenergies. The k? dependene of q̂(x; k?) is usually assumed to be of a gaussian form, and the average k? value anbe �xed so that it agrees with experimental data. Notie that, in our notations, a hat over a pdf or a � signals itsdependene on k? and k? = jk?j.When onsidering polarized nuleons the number of pdf's involved grows and dediated polarized experimentshave to be performed in order to isolate and measure these funtions. We have by now good data on the pdf's oflongitudinally polarized protons { the heliity distribution �q(x) � gq1(x) { but nothing is experimentally known onthe transverse spin distribution { the transversity funtion �T q(x) � Æq(x) � hq1(x). The situation gets muh moreintriate when parton intrinsi transverse momenta are taken into aount. Many more distribution and fragmentationfuntions arise, like the Sivers funtion �Nf(x;k?) / f?1T (x; k?) [8, 9℄, whih desribes the probability density of�nding unpolarized partons inside a transversely polarized proton; similarly, the Collins fragmentation funtion [6℄



2gives the number density of unpolarized hadrons emerging in the fragmentation of a transversely polarized quark.These are the funtions whih ould explain single spin asymmetries in terms of parton dynamis [10, 11℄.One of the diÆulties in gathering experimental information on these new spin and k? dependent pdf's and �'sis that most often two or more of them ontribute to the same physial observable, making it impossible to estimateeah single one separately.In Ref. [12℄ it was shown how properly de�ned single spin asymmetries in Drell-Yan proesses depend only on theSivers distribution funtion �Nf(x;k?) of quarks (apart from the usual known unpolarized quark distributions). InRef. [13℄ it has been suggested to look at bak-to-bak orrelations in azimuthal angles of jets produed in p"p RHICinterations in order to aess the gluon Sivers funtion. We onsider here another ase whih, again, would isolatethe gluon Sivers e�et, making it possible to reah diret independent information on �Nfg=p" (x;k?).Let us onsider the usual single spin asymmetryAN = d�" � d�#d�" + d�# (2)for p"p ! DX proesses at RHIC energy, ps = 200 GeV. These D mesons originate from  or � quarks, whih atLO an be reated either via a q�q annihilation, q�q ! �, or via a gluon fusion proess, gg ! �. The elementaryross setion for the fusion proess inludes ontributions from s, t and u-hannels, and turns out to be muh largerthan the q�q ! � ross setion, whih reeives ontribution from the s-hannel alone. Therefore, the gluon fusiondominates the whole p"p ! DX proess up to xF ' 0:6. Beyond this the q�q ! � ontribution to the total rosssetion beomes slightly larger than the gg ! � ontribution, due to the muh smaller values, at large x, of the gluonpdf, as ompared to the quark ones (see Fig. 1).As the gluons annot arry any transverse spin the elementary proess gg ! � results in unpolarized �nal quarks.In the q�q ! � proess one of the initial partons (that inside the transversely polarized proton) an be polarized;however, there is no single spin transfer in this s-hannel interation so that the �nal  and � are again not polarized.One might invoke the possibility that also the quark inside the unpolarized proton is polarized [14℄, so that bothinitial q and �q are polarized: even in this ase the s-hannel annihilation does not reate a polarized �nal  or �.Consequently, the harmed quarks fragmenting into the observed D mesons annot be polarized, and there annot beany Collins fragmentation e�et [see further omments after Eq. (9)℄.Therefore, transverse single spin asymmetries in p"p! DX an only be generated by the Sivers mehanism, namelya spin-k? asymmetry in the distribution of the unpolarized quarks and gluons inside the polarized proton, oupledrespetively to the unpolarized interation proess q�q! � and gg ! �, and the unpolarized fragmentation funtionof either the  or the � quark into the �nal observed D meson. That is [6, 15℄:d�" � d�# = ED d�p"p!DXd3pD � ED d�p#p!DXd3pD (3)= Z dxa dxb dz d2k?a d2k?b d3kD Æ(kD � p̂) Æ(ŝ+ t̂+ û� 2m2Q) C(xa; xb; z;kD)�(Xq "�Nfq=p" (xa;k?a) f̂�q=p(xb;k?b) d�̂q�q!Q �Qdt̂ (xa; xb;k?a;k?b;kD) D̂D=Q(z;kD)#+"�Nfg=p" (xa;k?a) f̂g=p(xb;k?b) d�̂gg!Q �Qdt̂ (xa; xb;k?a;k?b;kD) D̂D=Q(z;kD)#) ;where q = u; �u; d; �d; s; �s and Q =  or �, aording to whether D = D+; D0 or D = D�; D 0. Notie that z is thelight-one momentum fration along the fragmenting parton diretion, identi�ed by p̂, z = p+D=p+ . Throughout thepaper we hoose XZ as the D prodution plane, with the polarized proton moving along the positive Z-axis andthe proton polarization " along the positive Y -axis. In suh a frame k?a and k?b have only X and Y omponents,while kD has all three omponents; the funtion Æ(kD � p̂) ensures that the integral over kD is only performed alongthe appropriate transverse diretion, k?D, that is the transverse momentum of the produed D with respet to thefragmenting quark diretion. The fator C ontains the ux and relevant Jaobian fators for the usual transformationfrom partoni to observed meson phase spae, whih, aounting for the transverse motion, reads [15, 16℄:C = ŝ�z2 ŝxaxbs �ED +qp2D � k2?D�24(p2D � k2?D) 266641� z2m2Q�ED +qp2D � k2?D�2377752 : (4)



3Notie that for ollinear and massless partiles this fator redues to the familiar ŝ=�z2. The Sivers distributionfuntions [8℄ for quarks and gluons are de�ned by�Nfa=p" (xa;k?a) = f̂a=p"(xa;k?a)� f̂a=p#(xa;k?a) = f̂a=p" (xa;k?a) � f̂a=p" (xa;�k?a) ; (5)where a an either be a light quark or a gluon. Similarly, D̂D=Q(z;k?D) is the probability density for a quark Q tofragment into a D meson with light-one momentum fration z and intrinsi transverse momentum k?D.The heavy quark mass mQ is taken into aount in the amplitudes of both the partoni proesses and the resultingelementary ross setions are:d�̂q�q!Q �Qdt̂ = ��2sŝ2 29 �2�21 + 2�22 + �� ; (6)d�̂gg!Q �Qdt̂ = ��2sŝ2 18 � 43�1�2 � 3���21 + �22 + � � �24�1�2� ; (7)where �1;2 and � are dimensionless quantities de�ned in terms of the partoni Mandelstam variables ŝ, t̂ and û as:�1 = m2Q � t̂ŝ ;�2 = m2Q � ûŝ ; (8)� = 4m2Qŝ �The denominator of AN , Eq. (2), is analogously given byd�" + d�# = ED d�p"p!DXd3pD + ED d�p#p!DXd3pD = 2 ED d�pp!DXd3pD (9)= 2 Z dxa dxb dz d2k?a d2k?b d3kD Æ(kD � p̂) Æ(ŝ + t̂+ û� 2m2Q) C(xa; xb; z;kD)�(Xq "f̂q=p(xa;k?a) f̂�q=p(xb;k?b) d�̂q�q!Q �Qdt̂ (xa; xb;k?a;k?b;kD) D̂D=Q(z;kD)#+"f̂g=p(xa;k?a) f̂g=p(xb;k?b) d�̂gg!Q �Qdt̂ (xa; xb;k?a;k?b;kD) D̂D=Q(z;kD)#) :In Eqs. (3) and (9) we onsider intrinsi transverse motions in the distributions of initial light quarks, in theelementary proess and in the heavy quark fragmentation funtion, i.e. we onsider a fully non planar on�gurationfor the partoni sattering. This has two main onsequenes: on one side, taking into aount three intrinsi transversemomenta makes both the kinematis and the dynamis highly non trivial; on the other side it generates a largenumber of ontributions, other than the Sivers e�et, whih originate from all possible ombinations of k? dependentdistribution and fragmentation funtions, eah weighted by a phase fator (given by some ombination of sines andosines of the azimuthal angles of the parton and �nal meson momenta). This topi deserves a full treatment on itsown, whih will soon be presented in Refs. [17, 18℄. At present, we only point out that we have expliitely veri�edthat all ontributions to the p"p ! DX single spin asymmetry from k? dependent pdf's and �'s, aside from thoseof the Sivers funtions, are multiplied by phase fators whih make the integrals over the transverse momenta eithernegligibly small or identially zero. Therefore, they an be safely negleted here.Eq. (3) shows how AN depends on the unknown Sivers distribution funtion; as all other funtions ontributing toAN are reasonably well known (inluding the fragmentation funtion DD=Q [19℄) a measurement of AN should bringdiret information on �Nfg=p" and, to some extent, �Nfq=p" .II. NUMERICAL ESTIMATESSo far, all analyses and �ts of the single spin asymmetry data were based on the assumption that the gluon Siversfuntion �Nfg=p" is zero. RHIC data on AN in p"p! DX will enable us to test the validity of this assumption. In
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(b)FIG. 1: The unpolarized ross setion for the proess pp ! DX at ps = 200 GeV, as a funtion of ED and pT at �xedpseudo-rapidity � = 3:8 (a), and as a funtion of xF at �xed transverse momentum pT = 1:5 GeV/ (b), alulated aordingto Eqs. (9) and (10). The solid line is the full ross setion, whereas the dashed and dotted lines show the q�q ! � and gg ! �ontributions separately.fat, as the gg ! � elementary sattering largely dominates the proess up to xF ' 0:6 (see Fig. 1), any sizeable singlespin asymmetry measured in p"p! DX at moderate xF 's would be the diret onsequene of a non zero ontributionof �Nfg=p" . For xF �> 0:6 the ompeting q�q! � term beomes approximately the same size as gg ! � (see Fig. 1);onsequently the quark and gluon Sivers funtions ould ontribute to AN in approximately equal measure makingthe data analysis more involved, as we shall disuss below.Sine we have no information about the gluon Sivers funtion from other experiments, we are unable to givepreditions for the size of the AN one an expet to measure at RHIC. Instead, we show what asymmetry one an�nd in two opposite extreme senarios: the �rst being the ase in whih the gluon Sivers funtion is set to zero,�Nfg=p" (xa;k?a) = 0, and the quark Sivers funtion �Nfq=p" (xa;k?a) is taken to be at its maximum allowed valueat any xa; the seond given by the opposite situation, where �Nfq=p" = 0 and �Nfg=p" is maximized in xa.Conerning the k? dependene of the unpolarized pdf's and the Sivers funtions, we adopt, both for quarks andgluons, a most natural and simple fatorized Gaussian parameterizationf̂(x;k?) = f(x) 1�hk2?i e�k2?=hk2?i ; (10)�Nf(x;k?) = �Nf(x) 1�hk2?i e�k2?=hk2?i 2k?Mk2? +M2 os(�k?) ; (11)where M =phk2?i and �k? is the k? azimuthal angle. The extra fator 2k?M=(k2? +M2) in the Sivers funtion ishosen in suh a way that, while ensuring the orret small k? behaviour, it equals 1 at k? = M , being always smallerat other values. The azimuthal os(�k?) dependene is the only one allowed by Lorentz invariane, via the mixedvetor produt P � (p̂� k̂?) where, with our frame hoie, P = (0; 1; 0) is the proton polarization vetor, p̂ = (0; 0; 1)is the unit vetor along the polarized proton motion and k̂? = (os(�k?); sin(�k?); 0).The Sivers funtions (11) for both quarks and gluons must respet the positivity boundj�Nfa=p" (xa;k?a)j2 f̂a=p(xa; k?a) � 1 8xa; k?a ; (12)whih means that Eq. (12) an be satis�ed for any xa and k?a values by taking�Nfa=p"(xa) � 2 fa=p(xa) : (13)
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(b)FIG. 2: Maximized values of jAN j for the proess p"p! DX as a funtion of ED and pT at �xed pseudo-rapidity (a), and asa funtion of xF at �xed transverse momentum (b), alulated using saturated Sivers funtions, aording to Eq. (13) of thetext. The dashed line orresponds to a maximized quark Sivers funtion (with the gluon Sivers funtion set to zero), while thedotted line orresponds to a maximized gluon Sivers funtion (with the quark Sivers funtion set to zero).For the fragmentation funtion D̂D=Q(z;k?D) we adopt a similar model, in whih we assume fatorization of z andk?D dependenes D̂D=Q(z;k?D) = DD=Q(z) g(k?D) ; (14)where DD=Q(z) is the usual fragmentation funtion available in the literature (see for instane Ref. [19℄) and g(k?D) isa gaussian funtion of jk?Dj2 analogous to that in Eq. (10), normalized so that, for a fragmenting quark of momentump, Z d3kD Æ(kD � p̂) D̂D=Q(z;kD) = DD=Q(z) : (15)In Fig. 1(a) we show the unpolarized ross setion for the proess p p ! DX at ps = 200 GeV as a funtion ofboth the heavy meson energy ED and its transverse momentum pT , at �xed pseudo-rapidity � = 3:8 (notie thatxF ' ED=(100 GeV)). In Fig. 1(b) the same total ross setion is presented as a funtion of xF at �xed pT = 1:5GeV/. The x and Q2-dependent parton distribution funtions fq=p(x;Q2) are taken from MRST01 [20℄, while the k?dependene is �xed by Eq. (10) withphk2?i = 0:8 GeV/ [15℄; similarly, the fragmentation funtions DD=Q(z;Q2) arefrom Ref. [19℄, with the k? dependene �xed byphk2?i = 0:8 GeV/. We have expliitely heked that our numerialresults have very little dependene on the hk2?i value of the fragmentation funtions. Finally, we have taken as QCDsale Q2 = m2Q. The dashed and dotted lines orrespond to the q�q ! � and gg ! � ontributions respetively,whereas the solid line gives the full unpolarized ross setion. These plots learly show the striking dominane of thegg ! � hannel over most of the ED and xF ranges overed by RHIC kinematis.Fig. 2 shows our estimates for the maximum value of the single spin asymmetry in p"p ! DX. The dashed lineshows jAN j when the quark Sivers funtion is set to its maximum, i.e. �Nfq=p" (x) = 2fq=p(x), while setting thegluon Sivers funtion to zero. Clearly, the quark ontribution to AN is very small over most of the kinemati region,at both �xed pseudo-rapidity and varying ED, Fig. 2(a), and �xed pT and varying xF , Fig. 2(b). The dottedline orresponds to the SSA one �nds in the opposite situation, when �Nfg=p" (x) = 2fg=p(x) and �Nfq=p" = 0:in this ase the asymmetry presents a sizeable maximum in the entral ED and positive xF energy region (in ouron�guration positive xF means D mesons produed along the polarized proton diretion, i.e. the positive Z-axis).This partiular shape is given by the azimuthal dependene of the numerator of AN , see Eqs. (3) and (11). Whenthe energy ED is small, pT is also very small (for instane, for ED � 23 GeV, pT � 1 GeV/) and the partoniross setions d�̂=dt̂ depend only very weakly on �k?a . Therefore, when we integrate over �k?a the partoni rosssetions multiplied by the fator os(�k?a) from the Sivers funtion, we obtain negligible values. The transversemomentum pT of the deteted D meson grows with inreasing ED and the partoni ross setions beome more and



6more sensitively dependent on �k?a: then AN grows and a peak develops in orrespondene of �k?a ' 0. Similarly,one an understand the behaviour of jAN jmax in the negative and positive xF regions, Fig. 2(b). Only at very largeED and xF the q�q! � ontribution beomes important, and a rigorous analysis in that region will only be possiblewhen data from independent soures will provide enough information to be able to separate the two ontributions.By looking at Fig. 2 it is natural to onlude that any sizeable single transverse spin asymmetry measured by STARor PHENIX experiments at RHIC in the region ED � 60 GeV or �0:2 � xF � 0:6, would give diret information onthe size and importane of the gluon Sivers funtion.III. COMMENTS AND CONCLUSIONSWe have shown that the observation of the transverse single spin asymmetry AN for D mesons generated in p"psattering o�ers a great hane to study the Sivers distribution funtions. This hannel allows a diret, unontaminatedaess to this funtion sine the underlying elementary proesses guarantee the absene of any polarization in the �nalpartoni state; onsequently, ontributions from Collins-like terms annot be present to inuene the measurement.Moreover, the large dominane of the gg ! � proess at low and intermediate xF o�ers a unique opportunity tomeasure the gluon Sivers distribution funtion �Nfg=p" .One more, intrinsi parton motions play a ruial role and have to be properly taken into aount. Adopting asimple model to parameterize the k? dependene we have given some estimates of the unpolarized ross setion for Dmeson prodution, together with some upper estimate of the SSA in the two opposite senarios in whih either �Nfg=p"is maximal and �Nfq=p" = 0 or �Nfg=p" = 0 and �Nfq=p" is maximal. Our results hold for D = D+; D�; D0; D 0.Both the ross setion and AN ould soon be measured at RHIC.It learly turns out that any sizeable ontributions to the p"p! DX single spin asymmetry at low to intermediateED's or xF 's would be a most diret indiation of a non zero gluon Sivers funtion.AknowledgmentsWe thank C. Aidala and L. Bland for interesting and inspiring disussions. The authors are grateful to INFN forontinuous support to their ollaboration. M. Boglione is grateful to Or�eal Italia for awarding her a grant from thesheme \For Women in Siene". E. Leader is grateful to the Royal Soiety of Edinburgh Auber Bequest for support.U.D. and F.M. aknowledge partial support from \Co�nanziamento MURST-PRIN03".[1℄ R.D. Field and R.P. Feynman, Phys. Rev. D15 (1977) 2590; R.P. Feynman, R.D. Field and G.C. Fox, Phys. Rev. D18(1978) 3320[2℄ X-N. Wang, Phys. Rev. C61 (2000) 064910; C.-Y Wong and H. Wang, Phys. Rev. C58 (1998) 376; Y. Zhang, G. Fai, G.Papp, G. Barnaf�oldi and P. L�evai, Phys. Rev. C65 (2002) 034903[3℄ K. Krueger et al., Phys. Lett. B459 (1999) 412[4℄ D.L. Adams et al., Phys. Lett. B264 (1991) 462; A. Bravar et al., Phys. Rev. Lett. 77 (1996) 2626[5℄ J. Adams et al., Phys. Rev. Lett. 92 (2004) 171801[6℄ J.C. Collins, Nul. Phys. B396 (1993) 161[7℄ X. Ji, J. Ma, F. Yuan, e-Print Arhive: hep-ph/0404183[8℄ D. Sivers, Phys. Rev. D41 (1990) 83; D41 (1991) 261[9℄ D. Boer and P.J. Mulders, Phys. Rev. D57 (1998) 5780[10℄ M. Anselmino, M. Boglione and F. Murgia, Phys. Lett. B362 (1995) 164; M. Anselmino and F. Murgia, Phys. Lett. B442(1998) 470[11℄ M. Boglione and E. Leader, Phys. Rev. D61 (2000) 114001[12℄ M. Anselmino, U. D'Alesio and F. Murgia, Phys. Rev. D67 (2003) 074010[13℄ D. Boer and W. Vogelsang, Phys. Rev. D69 (2004) 094025[14℄ D. Boer, Phys. Rev. D60 (1999) 014012[15℄ U. D'Alesio and F. Murgia, in preparation; U. D'Alesio and F. Murgia, Proeedings of the 15th International Spin PhysisSymposium (SPIN 2002), Long Island, New York, 9-14 Sep 2002, AIP Conf. Pro. 675, (2003) 469[16℄ R.N. Cahn, Phys. Rev. D40 (1989) 3107.[17℄ M. Anselmino, M. Boglione, U. D'Alesio, E. Leader and F. Murgia, in preparation[18℄ M. Anselmino, M. Boglione, U. D'Alesio, E. Leader, S. Melis and F. Murgia, in preparation[19℄ M. Caiari, M. Greo, S. Rolli and A. Tanzini, Phys. Rev. D55 (1997) 2736[20℄ A.D. Martin, R.G. Roberts, W.J. Stirling and R.S. Thorne, Phys. Lett. B531 (2002) 216
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