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AKK Update: Improvements from New Theoretial Input and Experimental DataS. Albino, B. A. Kniehl, and G. KramerII. Institut f�ur Theoretishe Physik, Universit�at Hamburg,Luruper Chaussee 149, 22761 Hamburg, Germany(Dated: May 23, 2008)We perform a number of improvements to the previous AKK extration of fragmentation funtionsfor ��, K�, p=�p, K0S and �=� partiles at next-to-leading order. Inlusive hadron produtionmeasurements from pp(�p) reations at BRAHMS, CDF, PHENIX and STAR are added to the datasample. We use the harge-sign asymmetry of the produed hadrons in pp reations to onstrainthe valene quark fragmentations. Data from e+e� reations in regions of smaller x and lower psare added. Hadron mass e�ets are treated for all observables and, for eah partile, the hadronmass used for the desription of the e+e� reation is �tted. The baryons' �tted masses are found tobe only around 1% above their true masses, while the values of the mesons' �tted masses have theorret order of magnitude. Large x resummation is applied in the oeÆient funtions of the e+e�reations, and also in the evolution of the fragmentation funtions, whih in most ases results in asigni�ant redution of the minimized �2. To further exploit the data, all published normalizationerrors are inorporated via a orrelation matrix.I. INTRODUCTIONIn perturbative QCD, fragmentation funtions (FFs) Dhi (x;M2f ), whih an be interpreted as the probability fora parton i at the fatorization sale Mf to fragment to a hadron h arrying away a fration x of its momentum,are a neessary ingredient in the alulation of single hadron inlusive prodution in any reation. Interest in FFs iswidespread, to be found for example in the study of the proposed hot quark gluon plasma (QGP) of the early universeurrently being sought in heavy ion ollisions, in investigating the origin of proton spin, and in tests of QCD suh astheoretial alulations for reent measurements of inlusive prodution in pp ollisions at RHIC.From the fatorization theorem, the leading twist omponent of any single hadron inlusive prodution measurementan be expressed as the onvolution of FFs, being the universal soft parts ontaining the �nal state, with the equivalentprodutions of real partons, whih are perturbatively alulable, up to possible parton distribution funtions (PDFs)to aount for any hadrons in the initial state. Thus, by using these data to onstrain the FFs, preditions for futuremeasurements an be made from urrent data. An exeption to this possibility ours when some new measurementdepends on any regions of the FFs' funtion spae that has not yet been onstrained by experiment. For this reason,a failure to desribe some data does not imply irrefutably that there are relevant physis e�ets whih have beennegleted in alulations. In partiular, the apparent inonsistenies within this framework of universality ourringbetween harge-sign unidenti�ed hadron prodution in e+e�, for whih the ontribution from gluon fragmentation ismuh less than from quark, and in pp(p) reations may be attributed to the large experimental unertainties on thegluon fragmentation determined from e+e� reation data only, rather than to negleted e�ets in the desription ofboth reations suh as higher twist, heavy quark masses, resummation at large and small x, and higher order terms inthe perturbative approximation, or to the less well understood hot QGP invoking parton energy loss. A ombined �tof FFs to data from e+e� and pp(p) reations would prove the optimum method of verifying onsisteny between thetwo types of reations, sine a suessful �t to both types of data would imply that these apparent inonsistenies infat lie within the experimental and theoretial unertainties and so are not inonsistenies at all. Suess is expetedfor identi�ed partiles in general, sine good agreement is found [1℄ for the theoretial alulation for pp ! � + Xdata, where � = �0 [2℄ and �� [3℄, using FFs for �� onstrained by data for e+e� ! �� + X proesses, and datafor the prodution of �� is generally more aurate and plentiful than for the prodution of other partiles due tothe high abundane of �� in the partile sample. In other words, the urrent theoretial state of the art is adequatein the kinemati regions studied. The strongest aveat to this argument is the possible importane of hadron masse�ets, whih are not so important for ��, being the lightest hadrons, but whih may be relevant for other partiles.Therefore, for the other partiles it may be neessary to aount for hadron mass e�ets in the theory. Furthermore, inthis onnetion, it may also be neessary to aount for ontamination of the sample from deays of unstable partiles.It is important to note in the disussion above that, due to insuÆient information on the systemati e�ets, evena failure to �t ertain data points in suh a global �t does not neessarily suggest other physis e�ets, unless thetheory annot desribe data from di�erent experiments whih are onsistent with one another.Sine our previous �ts [1, 4℄, a number of measurements have been published by ollaborations at RHIC and bythe CDF ollaboration at the Tevatron, whih allow for a number of extensions in the knowledge of fragmentation:Beause the gluon FF only appears at next-to-leading-order (NLO) in the e+e� ! h� + X ross setion but atleading order (LO) in the pp(p) ! h� + X ross setion, inlusion of these data in the purely e+e� sample would
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2signi�antly improve the onstraints on gluon fragmentation, and may therefore give an FF set suitable for preditionsof future measurements at e.g. the LHC and RHIC. Furthermore, these harge-sign unidenti�ed measurements providemuh needed onstraints on the separation between the light quark avour FFs due to the di�erenes between thelight quark avour PDFs. Previously, the only data that ould onstrain these separations were the OPAL taggingprobabilities [5℄, sine these are the only data for whih light quarks are separately tagged. (Note that quark avouruntagged measurements from e+e� reations annot distinguish between quarks with similar eletroweak ouplings.)These data are extrated from single and double inlusive prodution measurements together with some reliabletheoretial assumptions, the strongest being SU(2) isospin symmetry between the u and d quark avours and thestandard model preditions for the branhing frations of the Z-boson to eah light quark avour. As required forany physial observable, the theoretial de�nition of a quark avour tagged measurement is trivially QCD sheme andsale independent sine it is obtained by setting to zero the eletroweak ouplings of all quark avours exept that ofthe tagged quark avour. Finally, valene quark FFs an be onstrained by the di�erene between the prodution ofa given speies of harged hadron of one sign and the other, the harge-sign asymmetry, from pp reations at RHIC.Sine these data depend only on the valene quark FFs, in ontrast to the harge-sign unidenti�ed prodution in e+e�reations whih depend only on the gluon, quark singlet and quark non-singlet FFs, �ts to and preditions for theharge-sign asymmetry and harge-sign unidenti�ed prodution an be treated orthogonally. Sine the total sample ofthe former data is muh lower in quality than that of the latter, the independene of the valene quark FFs from theother FFs in this sense and also in the sense that it does not mix with the other FFs on evolution should be reetedin the parameterization used for the FFs at the initial fatorization sale. Valene quark FFs will be useful for makingpreditions for other harge-sign separated data suh as that at ep olliders | no suh data at high negative photonvirtuality exists at present, however suh an extration from HERA measurements is planned for the future. Suhdata in turn will be useful for improving the urrently rather poor onstraints on the valene quark FFs. We notethat there exists data from EMC for harged partile prodution [6℄. However, the ontamination by harged partilesother than the ones we are interested in is unknown. Furthermore, there exists data from HERMES for �+, ��, K+and K� prodution from ep reations [7℄, but for Q <� 2 GeV where the validity of the �xed order (FO) approahomes into question. However, sine suh proesses are physially very similar to �� and K� prodution in e+e�reations at similar values for ps, inlusion of future measurements of the latter type at low ps may help to averageout these unknown theoretial systemati e�ets.In addition, theoretial developments in the alulation of inlusive prodution observables have ourred sinethe analyses in Refs. [1, 4℄. Small x divergenes an be resummed within the framework of DGLAP evolution [8℄,whih is ruial for improving the desription at small x. Sine ross setion measurements at small x depend on theFFs at all larger x values, the inlusion of these measurements will also lead to improved onstraints on the FFs atthe x values urrently determined in global �ts. Unfortunately, while this proedure to any order is simple, expliitresults for a full small x resummed NLO alulation do not exist yet. However, e�ets of the produed hadron's mass,whih must be treated �rst, an be inorporated. As we will see later, this allows for e+e� data at smaller x andlower entre-of-mass (.m.) energy ps to be added to the data sample to be �tted to, and the results onvininglydemonstrate both the auray of the �xed order approah and, partiularly for baryons, the fat that hadron masse�ets are the most relevant small x, low ps e�ets.In this paper we repeat the AKK �ts of FFs for ��, K�, p=p [1℄, K0S and �=� [4℄ to inlusive prodution mea-surements for these partiles. Those �ts were intended to be onservative, in that we used only data for whih theorresponding alulations are reliable. In the �ts of this paper we make a number of improvements. Conerning theexperimental information, we inlude all e+e� reation data measured below the Z pole. Of these, only TPC datawere used in Ref. [1℄ in order to onstrain �s(MZ). The remaining data were exluded, due to unknown deviationsfrom the FO approah, and beause the auray and number of data points was low. The former problem is handledby inluding hadron mass e�ets in our alulations and allowing the hadron mass to be �tted. Note that if x and/orps were too low for the FO approah alone to be valid, this would also have the e�et of subtrating out the small xand/or low ps deviations, suh as higher twist. To meet the latter problem we exploit the data further than wouldbe done if the normalization error were to be treated as a statistial error added in quadrature or as a normalizationfator, as is usually the ase, by inorporating it instead as a systemati error in a ovariane matrix. Note thatsmall x, low ps data impose more onstraints on the gluon FF than the larger x, higher ps ones do. We also resumlarge x logarithms in the perturbative series for the quark oeÆient funtion for e+e� reations, and in the DGLAPevolution of the FFs, sine this a�ets all x values in priniple and, as we will see later, leads to an improvement inthe �t over the unresummed ase. Furthermore, this modi�ation is simple to apply to our Mellin spae alulations.The next important update to our �ts is the inlusion of harge-sign unidenti�ed hadron prodution data from pp(p)reations at RHIC and the Tevatron to further onstrain the gluon FF at large x. Similarly as for the e+e� reationdata, we inorporate the systemati normalization errors of all RHIC data via a orrelation matrix. The inlusionof these data also imposes further tests on universality, namely between pp, pp and, beause of the sizable gluon FFdependene, e+e� reation data at smaller x, lower ps.



3In Ref. [1℄, only the harge-sign unidenti�ed FFs were determined sine e+e� reations are harge onjugateinvariant, while the valene quark FFs were left ompletely unknown. Therefore, it is not possible to obtain anyinformation whatsoever on the harge-sign asymmetry in fragmentation proesses from the AKK FF sets, whih areindependent degrees of freedom. Therefore, the most likely explanation for the disrepany between the harge-signasymmetry in the BRAHMS data [9℄ and the orresponding alulation obtained using harge-sign unidenti�ed FFstogether with ertain assumptions relating them to the valene quark FFs is that there is a problem with theseassumptions. To resolve this issue, we perform a phenomenologial extration of the valene quark FFs from theharge-sign asymmetry in the BRAHMS and STAR data, independently of the harge-sign unidenti�ed �ts.For pp reations, a harge-sign asymmetry in the produed hadron sample will be observed if the fragmentationsfrom the initial protons' valene quarks were to dominate suÆiently over that from the proton's sea partons (gluonsand sea quarks), sine the sea is harge onjugation invariant. Furthermore, the ontribution from the fragmentationto a partile of a given harge-sign from eah of that partile's valene quarks must be positive. We therefore studythe relative ontributions to the harge-sign unidenti�ed harged partile prodution from the fragmentation of theinitial protons' valene quarks and sea partons, and to the harge-sign asymmetry from the fragmentation of theprodued hadron's valene quarks, and look for deviations from our expetations whih would signal a problem in the�t.It is lear that any global �t is inomplete without a full error analysis, inluding orrelation e�ets, on the �ttedFFs. Sine we wish to develop both the theory and develop and perform the tehnique for doing this in detail, wepostpone these analyses to a future publiation, while the present paper will be dediated to the issues given above.Sine the last AKK analysis, two other analyses have been published in Refs. [10℄ and [11℄. The analyses of thispaper di�er in that we inorporate hadron mass e�ets to improve the small x and low ps regions, resum largex logarithms, perform a omplete treatment of the normalization errors on the experimental data via a orrelationmatrix, and use pp(p) reation data inluding that for KS0 and �=�. However, we avoid the HERMES data fromep reations for �� and K� [7℄ for the reasons given earlier. (Data from pp(p) reations with transverse momentumvalues as low as ' 2 GeV are used, however the partile energy is somewhat higher beause of the non-zero averagerapidity, the measurements are for .m. energy � 200 GeV, and the ross setion only depends on the FFs at largex.) For these reasons our analyses provide a omplement to the other analyses.The paper is organized as follows. In Setion II we explain our hoie of data sets used to onstrain the FFs. InSetion III we desribe the theoretial input for our alulations, and derive new tools for our analyses. Note thatSetions II and III are intended to omplement rather than repeat the disussions in Refs. [1, 4℄. All results arepresented in Setion IV, and �nally the work is summarized in Setion V.II. TREATMENT OF EXPERIMENTAL INPUTIn this setion we disuss the motivation for and appliation of the data used to onstrain the FF sets. For furtherdetails onerning the e+e� reation data, we refer the reader to Refs. [1, 4℄.A. Experimental dataThe data used for the extration of FFs for ��, K� and p=p partiles in Ref. [1℄ and of FFs for K0S and �=�partiles in Ref. [4℄ were limited to measurements from e+e� reations for whih xp > 0:1, where xp is the frationof available spatial momentum taken away by the produed hadron, given in terms of the hadron's momentum phin the .m. frame and the .m. energy ps by xp = 2jphj=ps. In the analysis of this paper, we make a number ofextensions to the experimental input. Firstly, to our sample of data from e+e� reations we add all available data forwhih ps < MZ . Suh lower ps data su�er from larger theoretial errors and were not onsidered in Ref. [1℄ (apartfrom data from the TPC Collaboration, whih were neessary for a determination of �s(MZ)). For this reason, weaount for the hadron mass e�ets [8℄, whih requires only a simple modi�ation to the alulation. Furthermore,these older data have larger errors. However, in this analysis we exploit the given statistial information onerningthe normalization, i.e. the normalization error is treated as a systemati error by inorporating it in a orrelationmatrix, instead of as a random error by adding it in quadrature to the statistial error as is usually done. The generaltreatment of systemati errors and its justi�ation is outlined in Appendix A.We also inlude the pp(p) reation data from inlusive prodution measurements: in pp reations at ps = 200 GeVfrom the BRAHMS [9℄, PHENIX [2℄ and STAR [3, 12, 13℄ ollaborations at RHIC, and in pp reations at ps = 630GeV from the CDF ollaboration [14℄ at the Tevatron (the data at ps = 1800 GeV are exluded due to their smalle�etive x = 2pT=ps). We impose a lower bound pT > 2 GeV to avoid large theoretial errors at small pT . Anyerrors, systemati and statistial, are added in quadrature, exept for the normalization errors whih are treated, as



4for the e+e� reation data disussed above, as systemati errors by using a orrelation matrix. For eah of K0S and�=�, the CDF data are normalized by the unknown total ross setion, whih we therefore leave as a free parameter inthe �t. Therefore, the CDF data only onstrain the shape and relative normalizations of the FFs but not the overallnormalization.We inlude �0 prodution data from the STAR ollaboration [12℄ in the sample of data for onstraining �� FFs(note that, as in the previous AKK �ts, eah of our harge-sign unidenti�ed FFs for harged partiles and �=�is de�ned to be the FF of a parton of given speies and harge for the partile in question added to that for itsantipartile), and K0S prodution data from STAR [13℄ and CDF [14℄ and K� prodution data from BRAHMS [9℄ inthe sample of data used to onstrain both K� and K0S FFs, by respetively imposing the relationsD�0i (x;M2f ) = 12D��i (x;M2f ) (1)and DK0Si (x;M2f ) = 12DK�j (x;M2f ); (2)where j = u; d if i = d; u, otherwise i = j, whih follow from the highly reliable assumption of SU(2) isospin symmetrybetween u and d quarks. Due to the nature of the DGLAP evolution, these onstraints are independent of M2f , asphysial onstraints should be.For eah light harged hadron speies, we perform two mutually exlusive �ts, one �t to the harge-sign unidenti�eddata (from e+e� and pp(p) reations) to onstrain the harge-sign unidenti�ed gluon, u, d, s,  and b quark FFs, andthe other �t to the harge-sign asymmetries from pp reations at RHIC to onstrain the valene quark FFs. The onlymeasurements distinguishing � from � that exist ome from STAR [13℄, whih are too inaurate for a reasonable �tof valene quark FFs for �=�, while there are no valene quarks in K0S and its orthogonal state K0L is not measured.For the readers' onveniene, we have listed all data sets used in our analyses and their properties in Tables V{XI,to the left of the vertial line.III. THEORETICAL FORMALISMS USED FOR THE CALCULATIONSIn this Setion we outline some known theoretial tools that we use for our alulations, not already disussed inRef. [1℄, and derive some improvements to these tools.A. Prodution in hadron-hadron reationsWe briey outline the theoretial alulation that is used for the pp(p) reations. A generi reation h1h2 ! h+X ,where h(i) is a hadron, an be desribed by the quantityF hh1h2(�; y; s) = s2Ed3�hh1h2dp3 (pT ; y; s) = s2 12�pT d2�hh1h2dpT dy (pT ; y; s) (3)(exploiting azimuthal symmetry in the seond line), where ps is the .m. energy, E and p the energy and spatialmomentum respetively of the deteted partile h, pT its transverse momentum (relative to the spatial momenta ofh1 and h2, whih are antiparallel) and y its rapidity, given byy = 12 ln E + pLE � pL ; (4)where pL is the longitudinal momentum (in the diretion of the spatial momentum of h1) of h. The dimensionlessvariable �, whih will be onvenient for later disussions, is given by� = 1� V + V W; (5)where V andW are the variables typially used in perturbative alulations, related to the usual Mandelstam variablesS, T and U of h through V =1 + TS ;W =� US + T : (6)



5Working now in the .m. frame and assuming that the mass of h an be negleted so that E = pT osh y, we �nd that� = (2pT =ps) osh y = 2E=ps (7)is the fration of available energy or momentum taken away by the hadron and is therefore the saling variable of thefatorization theorem.In the fatorization theorem at leading twist, the following piture emerges whih allows the proess to be partiallyalulated perturbatively: In any frame related to the .m. frame via a boost (anti-)parallel to the beam diretion(for massless hadrons the preise hoie of frame is irrelevant in the study below | later when we treat the masse�ets of the produed hadron we will need to speify a frame), a parton in eah initial state hadron hk, k = 1; 2,moving parallel to it and arrying away a momentum fration xk, interats with the other. The interation results inthe inlusive prodution of a third parton, whih subsequently fragments to a hadron moving in the same diretionand arrying away a fration x of the parton's momentum. This fragmentation is expressed by writingF hh1h2(�; y; s) =Xi Z 1� dx bF ih1h2 ��x ; y; s;M2f�Dhi �x;M2f � : (8)The equivalent partoni prodution ross setion has been denoted bF ih1h2 . Note that the partoni rapidity is the sameas the hadroni rapidity, sine for massless hadrons y an be approximated by the pseudorapidity� = � ln�tan �2� ; (9)where � is the angle whih both the produed hadron and the massless fragmenting parton make with the beam inthe .m. frame.Due to the smallness of bF ih1h2 at suÆiently large �=x, the FFs at small x do not ontribute signi�antly to F hh1h2 .To see that (large x) gluon fragmentation ontributes signi�antly to F hh1h2 , so that measurements of suh observablesare ideal for improving the onstraints on gluon fragmentation, onsider the dependene of the bF ih1h2 on the partondistribution funtions (PDFs) f ihj , where i labels the parton speies and hj = h1; h2 labels the initial hadrons,bF ih1h2 �x; y; s;M2f � =Xi1i2 Z 1x dx1 Z 1xx1 dx2 eF ii1i2 � xx1x2 ; y; x2x1 ; x1x2s;M2f� f i1h1(x1;M2f )f i2h2(x2;M2f ): (10)The eF ii1i2 , whih are perturbatively alulable [43℄, are the equivalent partoni ross setions when the hadrons h, h1and h2 in F hh1h2 are replaed by the partons i, i1 and i2 respetively, with .m. energy squared x1x2s. For simpliity,the same fatorization sale Mf for all 3 partons has been used. Sine the gluon PDF fghj dominates over the quarkPDFs at small xi and sine eF igg at LO is only non zero when i = g, we expet Eq. (10) to be largest when i = g.We use the Mellin transform approah as disussed in detail in Ref. [1℄ for evaluating the ross setions for the e+e�reations, sine this is fast and numerially aurate. For these reasons we evaluate the pp(p) reation ross setion inMellin spae. This an be found by rewriting Eq. (8) as a proper onvolution (using an obvious simpli�ed notation),F (�) = Z 1� dxx bF ��x�xD (x) ; (11)so that the Mellin transform, de�ned by f(N) = Z 10 dxxN�1f(x) (12)for any funtion f(x), of Eq. (11) is the simple produt of the Mellin transform of bF (x) and xD(x),F (N) = bF (N)D(N + 1): (13)Note from Eq. (11) that bF (x) is de�ned only in the range� < x < 1: (14)



6It will be hosen to vanish outside this range, whih is reahed for example by the integration region of the Mellintransform, Eq. (12). The Mellin transform is inverted aording tof(x) = 12�i ZC dNx�Nf(N); (15)where C is any ontour whih lies to the right of all poles in the omplex N plane and whih extends to Im(N) = �1,so that F (�) an be obtained via F (�) = 12�i ZC dN��N bF (N)D(N + 1): (16)Sine an analytial determination of the Mellin transform bF (N) of bF (x) itself annot be determined (one reason beingthat the evolved PDFs on whih it depends may be extrated numerially from, e.g., a grid of values in x and M2f ), itis neessary to obtain an approximate form for bF (x) whose analyti Mellin transform an be obtained. The expansionof a funtion as a weighted sum of Chebyshev polynomials of the �rst kind [44℄, whose weights are determined bydemanding that the expansion and the funtion agree exatly at the zeros of the Chebyshev polynomials, proves tobe the most aurate representation of a ontinuous funtion as a polynomial of a given degree. In partiular, it islose to the muh harder to alulate minimax polynomial expansion, the polynomial with the smallest maximumdeviation from the funtion whih is being approximated. In detail, any ontinuous funtion f(w) de�ned over theinterval �1 � w � 1 an be approximated byf(w) � " MXk=1 kTk�1(w)# � 12 ; (17)where M � 1 is the degree of the polynomial, the oeÆients n are given byn = 2M MXk=1 f  os � �k � 12�M !! os �(j � 1) �k � 12�M ! (18)and the Chebyshev polynomials of the �rst kind, Tn(w), are de�ned byT0(w) =1T1(w) =wTn+1(w) =2wTn(w) � Tn�1(w): (19)That Eq. (17) is exat at the zeroes of the Mth Chebyshev polynomial, i.e. for w values for whih TM (w) = 0, maybe veri�ed by diretly substituting Eq. (18) into Eq. (17) and using the property Tn(os �) = os(n�).It is not possible to expand bF (x) as a Chebyshev polynomial diretly, due to the limiting disontinuous behaviourlimx!� bF (x) / ln�1� �x� ; (20)so we instead apply the expansion to bF (x)= ln (1� �=x),bF (x) = ln�1� �x� � (x� �) " MXk=1 kTk�1�2x� (1 + �)1� � �#� 12 ! (21)where we have used the linear map from the Chebyshev polynomial argument w to x in the range of Eq. (14),x = 12 (1� �)w + 12 (1 + �) : (22)In order to be able to apply the Mellin transform to the right hand side of Eq. (21), the weighted sum over Chebyshevpolynomials must be rewritten as a weighted sum over the xa, where a = 0; :::;M �1. However, this expansion in x isnumerially very sensitive [45℄: Although the magnitude of a Chebyshev polynomial is less than one, the oeÆientsof its expansion in powers of w (and therefore x) are typially muh greater than one, growing in order of magnitudewith M . Therefore, in our alulations, for whih M typially needs to be as large as 35 for the data points with � as



7small as ' 0:02, deliate anellations among large numbers our whih require somewhat more auray than thatof the 8-byte (\double") preision provided by most omputer systems. Various pakages for inreasing the preisionof numbers exist; we found the DDFUN90 [46℄ pakage suÆient to ahieve both a suÆiently reasonable speed forfast �tting and an auray to a few parts per mil. The Mellin transform of eah term ln (1� �=x)xa on the righthand side of Eq. (21) is alulated asZ 10 dxxN�1 ln�1� �x�xa� (x� �) = Z 1� dxx xN 0 ln�1� �x� = �N 0 1Xn=1 1� �n�N 0n(N 0 � n) = �N 0 S1(�N 0)N 0 �G(�;N 0) (23)with the shorthand N 0 = N + a. The series G(x;N) = 1Xn=1 xnn(N � n) (24)is quikly onverging for x < 1. S1(N) is given byS1(N � 1) = N�1Xk=1 1k = ln(N) + E � 12N � 112N2 + 1120N4 � 1252N6 + 1240N8 � 1132N10 +O� 1N12� ; (25)where the seond equality is the analyti ontinuation to omplex N whose magnitude is large. If jN j is not large,this approximation is still appliable by repeated use of the resultS1(�N � 1) = S1(�N) + 1N ; (26)whih follows from the �rst equality in Eq. (25). This last result also allows the S1(�(N + a)) for all the values of ato be evaluated quikly from S1(�N).Poles reated by the denominator in the third line of Eq. (23) at N = n � a for n = 1; :::;1 would render theinverse Mellin transform inappliable, however inspetion of the numerator reveals that these poles are aneled.In the ases where the rapidity y is integrated over, the above proedure an be applied by replaing the value fory used in � by the minimum bound on y. B. Hadron mass e�etsIn this subsetion we show how to inorporate the e�ets of the mass mh of the produed hadron h into inlusivehadron prodution in e+e� and hadron-hadron reations and into their relevant kinemati variables.1. e+e� reationsWe repeat the study of Ref. [8℄, inluding now some disussion on the produed hadrons' energy and on ross setionsaveraged over a range of the saling variable. The theoretial alulation, whih follows from the fatorization theorem,takes the form d�d� (�; s) = Z 1� dzz d�dz (z; s;M2f )D� �z ;M2f� ; (27)where z is the light one momentum fration and � the light one saling variable. Spei�ally, in the .m. frame inwhih we will work from now on, using light one oordinates V = (V + = (V 0+V 3)=p2; V � = (V 0�V 3)=p2;VT =(V 1; V 2)), these variables are de�ned to be the ratio of the produed hadron's \+" omponent of light one momentumto the partons' and to the intermediate vetor boson's respetively. The energy and momentum frations measuredin experiments, given by xE = 2Eh=ps and xp = 2jphj=ps respetively, are determined from the momentum of theintermediate vetor boson, q = �psp2 ; psp2 ;0� ; (28)



8of the produed parton, k = �p+hz ; 0;0� ; (29)and of the produed hadron, ph = ��psp2 ; m2hp2�ps ;0� : (30)Note that the hadron mass e�ets are aounted for simply by introduing a non-zero \�" omponent into the hadron'smomentum. From these results we get immediately our desired relations,xp =��1� m2hs�2� ;xE =��1 + m2hs�2� : (31)A ross setion whih is measured at a �xed value for some saling variable x and whih is di�erential in some othersaling variable x is alulated from the theoretial result d�=d�(�; s) usingd�dx (x; s) = d�dx (x; s)d�d� (�(x; s); s): (32)Averaged ross setions are alulated aording to�d�dx�x0<x<x1 = 1x(x1; s)� x(x0; s) Z x(x1;s)x(x0;s) dxd�dx = 1x(x1; s)� x(x0; s) Z �(x1;s)�(x0;s) d� d�d� (�; s): (33)2. Hadron-hadron reationsTo inorporate hadron mass e�ets in pp(p) reations, we start with the general result from the fatorizationtheorem, d�hh1h2(p;ps) = Xii1i2 Z dx1 Z dx2fh1i1 (x1;M2f )fh2i2 (x2;M2f ) Z dxDhi (x;M2f )d�ii1i2(l;ps); (34)where d�ii1i2 is the equivalent partoni di�erential ross setion for the prodution of the massless parton i (whihwill fragment to the produed hadron h), with only the two partons i1 and i2 in the initial state. We now work inthe partoni .m. frame where l is parallel to p, sine this leads to various simpli�ations: Firstly,x = p0 + jpjl0 + jlj ; (35)being the ratio of the produed hadron's + omponent of light one momentum to the parton's when the 3-axis isaligned with their spatial momenta. Eliminating l0 = jlj and p0 =pjpj2 +m2h gives2xjlj = jpj+qjpj2 +m2h: (36)Seondly, the relation between the experimentally measured observable Ed3�hh1h2=dp3 from the equivalent partoni\observable" jljd3�ijk=dl3 via Eq. (34) an be obtained from the simultaneous resultsdp3E = jpj2pjpj2 +m2h djpjd
;dl3jlj =jljdjljd
; (37)



9where 
 is the solid angle. Therefore, in the presene of hadron mass,Ed3�hh1h2dp3 =Xijk Z dx1 Z dx2fh1j (x1;M2f )fh2k (x2;M2f ) Z dxDhi (x;M2f )jljd3�ijkdl3 1x2R2 ; (38)where the divisor R = 1� m2h(jpj+pjpj2 +m2h)2 (39)in the integrand is the only modi�ation required to inorporate hadron mass e�ets. However, we must still obtainthe relation between jpj of the partoni .m. frame and the quantities pT and y of the .m. frame used to de�ne thekinematis of the produed hadron in experiments. Sine pT has the same value in both frames, the dependene ofjpj on pT is easily found to be jpj = mT osh y0; (40)where mT =qp2T +m2h (41)and y0 is the rapidity in the partoni .m. frame. ThenR = 0BBB�1� m2h�mT osh y0 +qm2T osh2 y0 �m2h�21CCCA2 : (42)The relation between y0 and y is y0 = y + �; (43)where � is the boost rapidity between the partoni .m. and lab frames. To evaluate �, note that, in the partoni.m. frame, x1;2 are eah replaed by a ommon momentum fration x1e� = x2e��, whih implies� = lnrx2x1 : (44)Finally, the variables V and W de�ned in Eq. (6) whih are used to de�ne the kinematis of the produed partonin the theoretial alulation [43℄ are obtained from pT and y byV =1 + m2hs � mTps e�y;W = mTps ey � m2hs1 + m2hs � mTps e�y : (45)For ompleteness, we note from Eq. (5) that the above results imply that� = 2mTps osh y � 2m2hs : (46)The relation between y and the pseudorapidity � is theny = sinh�1� pTmT sinh �� : (47)For experimental data where a range of � values is spei�ed, we use the operator1�2 � �1 Z �2�1 d� = 1�2 � �1 Z y2y1 dy mT osh yqm2T osh2 y �m2h : (48)



10C. Large x resummationWhen the transferred momentum (or energy) fration x, being equal to xp for e+e� reations and � for pp(p), is large,the auray of the FO perturbative alulation for the hard part of a ross setion and the DGLAP evolution in thesoft parts is worsened by unresummed divergenes ourring in the formal limit x! 1. The auray and abundaneof data may be suÆiently limited at large x that the resummation of these divergenes is unneessary. However, sinethe ross setion depends on the hard part in the range x < z < 1, where z is the partoni momentum fration, thetrue \large x" region, being the region where resummation ould make a di�erene, may inlude signi�antly lowervalues of x than just those for whih x ' 1. In addition, resummation should redue theoretial errors. These e�etsof resummation should beome more signi�ant at lower ps. Sine we use e+e� reation data for ps as low as ' 10GeV, and sine large x resummation results are easily implemented in FO alulations in Mellin spae, we implementthis resummation in our �ts.In general, in the series expansion of the hard part W(as; x) of some ross setion, these large x divergenes takethe form ans [lnn�r(1�x)=(1�x)℄+, where r = 0; :::; n labels the lass of divergene. In Mellin spae these divergenestake the form ans lnn+1�rN . These divergenes may be fatored out, whih results in the alulation of W taking theform W(as; N) =Wres(as; N) Xn ansW(n)FO (N)! ; (49)where the FO series in parenthesis on the right hand side is free of these divergenes sine they are all ontained inWres. W at large N is approximated by Wres when the divergenes in Wres are resummed, whih involves writingWres as an exponential and expanding the exponent in as keeping as lnN �xed. We will resum the divergenes inthe quark oeÆient funtion Cq for inlusive quark prodution in e+e� reations in the manner of Eq. (49), one wehave obtained to all orders its leading (lass r = 0) and next-to-leading (lass r = 1) divergenes from the results ofRef. [47℄. The result, Eq. (55) below, is used in our alulations instead of the FO expression for Cq .As we will see, resummation of large x divergenes in the e+e� reations typially improves �ts of fragmentationto harge-sign unidenti�ed hadrons. Formal resummed results also exist for the hard parts of pp(p) reations inte-grated over all rapidity values [48℄. However, while the generalization to a given rapidity range an be determinedapproximately, no formal results exist at the time of writing. Therefore, it is not possible at present to perform largex resummation in the hard parts of pp(p) reations.The divergenes of the e+e� reations (in the MS sheme in whih we are working) an be reorganized aordingto the formula [47℄lnCq(N; as(s)) = Z 10 dz zN�1 � 11� z "Z (1�z)ss dq2q2 A(as(s)) +B(as((1� z)s))#+O(1); (50)where (A;B)(as) = 1Xn=1(A;B)(n)ans : (51)The perturbative series for the quark oeÆient funtion to NLO ontains a leading (lass r = 0) and next-to-leading(lass r = 1) divergene, whih will be replaed just now by the sum of all divergenes belonging to these two lassesfrom every order. All of these divergenes an be expliitly extrated from Eq. (50) by takingA(1) =2CFA(2) =� CF �CA��23 � 679 �+ 209 TRnf�B(1) =� 32CF : (52)Sine Eq. (50) is algebraially similar to the resummed quark oeÆient funtion of deeply inelasti sattering [49℄,we may obtain the divergenes of lasses r = 0; 1 diretly from the MS result in Ref. [50℄,lnCr=0;1q (N; as) =A(1)as�20 [(1� �s) ln(1� �s) + �s℄ +�B(1)�0 � A(1)E�0 + A(1)�1�30 � A(2)�20 � ln(1� �s)+ A(1)�12�30 ln2(1� �s)��A(2)�20 � A(1)�1�30 ��s; (53)



11where �s = as�0 lnN . The onstant �0 is that whih appears in the expansion of the evolution of as,das(�2)d ln�2 = �(as(�2)) = � 1Xn=0�nan+2s : (54)Aording to the general form of Eq. (49), the resulting resummed quark oeÆient funtion that we seek is �nallyCq = Cr=0;1q �1 + as(C(1)q � Cr=0;1 (1)q )� : (55)The presene in the above equation of Cr=0;1 (1)q , the oeÆient of the O(as) term in the expansion of Cr=0;1q in as,given by Cr=0;1 (1)q = A(1)2 ln2N + �A(1)E �B(1)� lnN; (56)ensures that the original NLO result is obtained when the whole of the right hand side of Eq. (55) is expanded in as,i.e. when the resummation is \undone", and therefore also prevents double ounting of the divergenes. Note thatthere are an in�nite number of other shemes whih are onsistent with this riteria and give the large N behaviourof Eq. (53), a typial feature of perturbation theory.Equation (53) ontains a Landau pole when �s = 1, for whih N is real and � 1. However, in the inverse Mellintransform it is not neessary for the ontour in the omplex N plane to run to the right of this pole, as it shouldfor the other poles, beause it is unphysial, reated by the ambiguity of the asymptoti series, whih in x spae isessentially a higher twist ontribution and therefore negligible. We will keep the ontour to the left of this pole, whihis known as the minimal presription [51℄, sine this is the most eÆient hoie for our numerial evaluation of theinverse Mellin transform.The DGLAP evolution of the FFs also ontains large x logarithms, whih must also be resummed. We do thisaording to the approah of Ref. [52℄, whih uses the fat that the FO splitting funtions are already resummed[50, 53℄ to perform the resummation in the Mellin spae evolution analytially.D. Evolution with heavy quarksNLO mathing onditions at the heavy quark avour thresholds for FF evolution have been derived [54℄, and ourfor the gluon FF (if the thresholds di�er from the heavy quark pole massesmq) and the extrinsi heavy quark FF (for allhoies of threshold). \Extrinsi" here means that the fragmentation from the heavy quark proeeds via perturbativefragmentation of the heavy quark to a gluon, followed by non perturbative fragmentation of the gluon to the detetedhadron. Following the results of spaelike fatorization, the intrinsi (non perturbative) omponent of eah heavyquark FF, whih must be added to the extrinsi one, may be negligible sine it is expeted to be of O((�QCD=mq)p),where p is a positive integer. However, the intrinsi omponent may be important at large x [55℄, and thereforewe will not neglet intrinsi heavy quark fragmentation here. Sine this intrinsi omponent is unknown, we simplyparameterize the whole heavy quark FF at threshold and neglet its ontribution to the alulation below threshold,as in the previous AKK studies. A study of the relative ontributions of the extrinsi and intrinsi omponents ofheavy quark fragmentation would be interesting, but is not relevant to the goals of this paper, and will therefore beleft to a future publiation. To ensure a ontinuous gluon FF at eah threshold for simpliity, we set the thresholds tothe heavy quark pole masses m = 1:65 GeV and mb = 4:85 GeV [59℄, as opposed to twie these values as pratiedin previous �ts. E. Other theoretial hoiesWe use NLO results for the alulations of all data. To aount for the initial (anti)protons, we use the CTEQ6.5S0PDFs [57℄. Consequently, for onsisteny, �QCD for 5 ative quark avours is �xed in our �ts to the value at whihthese PDFs are determined, 226 MeV.Other than the improvements that have been disussed in this setion, the theoretial alulations and hoies usedhere for the e+e� reation data are idential to those used in Refs. [1, 4℄, and are detailed therein [60℄. There weonsidered only harge-sign unidenti�ed quantities (ross setions and FFs) for whih a partile is not distinguishedfrom its antipartile, whih are given the labelH = h� or h=�h and are given by Oh� = Oh++Oh� (or Oh=�h = Oh+O�h).These partiles were H = ��, K�, p=�p [1℄, K0S and �=� [4℄, requiring 5 independent �ts. Sine partiles are



12distinguished from their antipartiles in the BRAHMS and STAR measurements for ��, p=�p (BRAHMS and STAR)and K� (BRAHMS), we may now also perform �ts for the harge-sign asymmetries H = �h�, for whih quantitiestake the form O�h� = Oh+ �Oh� : (57)Therefore, for this paper there will be a total of 8 separate �ts. Note that these ombinations are not the onlypossibility. For ��, K� and p=�p we ould instead onsider quantities for whih H = h+ and H = h�. However, inthat ase the orresponding quantities Oh+(h�) = Oh�=2 + (�)O�h�=2 are statistially ontaminated by the highlyunertain quantities O�h� , so that the more reliable information provided by the quantities Oh� is lost. Seondly,the theoretial alulations for Oh+ and Oh� reeive ontributions from the same FFs through the mixing ourringin the evolution (see Eq. (60) below), so that all data must be �tted simultaneously. The ombinations H = h�and H = �h� that we use avoid all this entanglement. For omparison, we also perform �ts without the large xresummation, whih therefore leads to a total of 16 independent �ts. We allow a total of 11 parton speies to produethe observed hadron through fragmentation, being the gluon, the quarks i = u, d, s,  and b and their antiquarks.The FFs are parameterized at a starting sale M0 = p2 GeV in the formDh�i (x;M20 ) =Nh�i xah�i (1� x)bh�i (1 + h�i (1� x)dh�i );D�h�i (x;M20 ) =N�h�i xa�h�i (1� x)b�h�i : (58)This is the strongest non perturbative assumption that we will make. (Eqs. (1) and (2) and Eq. (61) below have morephysial justi�ation, namely SU(2) isospin invariane between u and d quarks, than the above parameterization.)The term proportional to Hi was �xed to zero in the previous AKK analysis, and is found to signi�antly improvethe �t to the data when freed. The onstraintsDh��q (x;M20 ) = Dh�q (x;M20 ) (59)and D�h��q (x;M20 ) = �D�h�q (x;M20 ) (60)are exat in QCD and are applied in the �ts. For the harge-sign unidenti�ed ombinations and the neutral partiles,the �rst onstraint implies 6 independent FFs, being those for the gluon and the u, d, s,  and b quarks. The seondonstraint implies that harge-sign asymmetry FFs vanish when q is a unfavoured quark (i.e. a sea quark of theprodued hadron), sine the equality also holds without the minus sign, leaving only the FFs for the favoured quarks(i.e. the valene quarks of the produed hadron) for harge-sign asymmetry data: for i = u and d when H = ���and H = �p=�p, and for i = u and s when H = �K�. For �� we impose the SU(2) u and d isospin symmetryrelations D��=���u = D��=����d : (61)In priniple, this relatively preise assumption ould also be applied to use K� FFs to alulate K0S prodution, sothat a �t to K� and K0S data simultaneously ould be performed to obtain a single set of FFs for K�=K0S partiles.However, the di�erenes in the details of these partiles' prodution mehanisms, inluding large time sale e�ets,may be too signi�ant.The hadron mass appearing in the alulation of the pp(p) reation data must be assigned before �tting, sine theprealulation of subsetion IIIA depends on it. Eah partile's mass will therefore be �xed to its known value. Onthe other hand, sine the hadron mass appearing in the alulation of the e+e� reation data is not limited in thisway, it will be freed in the �t.F. Contributions of the partoni fragmentations to pp! (�)h� +XWhen we ome to present our results, we will also verify whether the relative ontributions of the fragmentationfrom valene quarks and sea partons to the pp ross setions is onsistent with our expetations, to be given below.This will also help in determining the soures of the harge-sign asymmetry. Writing out the indies labeling partonand hadron prodution in Eq. (13) gives FH = nfXi=�nf bF iDHi : (62)



13This an also be taken as the x spae result, by de�ning the produt in this equation to be the x spae onvolution.The ross setion for H = h� an be writtenF h� = bF uvDh�u + bF dvDh�d + Xi=g;qs bF iDh�i ; (63)where bF qv = bF q� bF �q and qs refers to sea quarks. (In this subsetion, \quark" means a quark or antiquark of the sameavour.) The �rst two terms give respetively the ontribution to the prodution of h� from the protons' valeneu and d quarks. These quarks are the soure of the harge-sign asymmetry, to be disussed in more detail aroundEq. (65) below. Sine there are more valene u than d quarks in the initial protons, the �rst term is expeted todominate over the seond for �� prodution, sine the u and d quark fragmentations are equal, and even more so forp=�p prodution, beause then u is larger than d quark fragmentation. For K�, d quark fragmentation is unfavoured,and therefore the ontribution from the protons' valene d quark is expeted to be muh smaller than from theirvalene u quark.The third term or remainder in Eq. (63) an be regarded as the ontribution from the olletive sea of the initialprotons. This term does not ontribute to the harge-sign asymmetry beause it is harge onjugation invariant.Therefore, the larger the third term is relative to the �rst two, the smaller the harge-sign asymmetry relative to theharge-sign unidenti�ed ross setion. For hadrons whih have non-zero strangeness, or whih are superpositions ofhadrons with non-zero strangeness, whih in our set are K� and �=� in the �rst ase and K0S in the seond, the thirdterm is expeted to dominate: Here, the favoured s quark and u and/or d quark fragmentation from the abundant seaours, while in the �rst two terms only the fragmentation from the protons' valene u and/or d quark ontributeswhih neessarily involves the prodution of a heavier s quark. For �� and p=�p prodution, for whih u and d quarkfragmentations are favoured, it is not lear whether the �rst two terms are more important due to the FFs therebeing an order of magnitude larger than the rest, or the third whih aounts for fragmentation from the protons'abundant partoni sea. In fat, while the deomposition in Eq. (63) provides a simple and diret method to determinethe underlying partoni physis proesses involved, it is \non-physial", or the physial meaning is arbitrary, sineeah term is fatorization sheme and sale dependent. An unambiguous deomposition into fatorization sheme andsale independent terms is Fpp = (Fpp � Fpp) ��uv + (Fpp � Fpp) ��dv + (Fpp + Fpp � Fpp); (64)where now the �nal state supersript \h�" is omitted for brevity, while the initial state is expliitly indiated by thesubsript. (Note that Fpp = Fpp. However, we have not made this replaement in order to emphasize that the �nalstates di�er, by the interhange �+ $ ��.) The harge-sign asymmetry originates from the protons' valene u andd quarks, represented by the �rst and seond term respetively, where e.g. \��uv" means that all PDFs exept thatfor the valene u quark are set to zero. In other words, in Mellin spae the �rst (seond) term is proportional to thesquare of the u (d) valene quark PDF. Note that these asymmetry generating terms neither depend on the protons'sea partons nor reeive ontributions from interations between valene u and d quarks. The third term orrespondsto the harge-sign symmetri ontribution, beoming equal to Fpp when the protons' valene quarks vanish. Thearguments whih apply to Eq. (63) that were given above apply also for Eq. (64). It turns out that, qualitatively,the relative sizes of the �rst two terms in Eq. (64) are similar to those in Eq. (63). However, for graphial purposeswe will study the ontributions in Eq. (63), sine the valene quark terms in Eq. (64) are typially a few orders ofmagnitude lower than the third term. In other words, the fragmentation from the initial protons' sea partons alwaysdominates, even if the harge-sign asymmetry is very signi�ant.The harge-sign asymmetry is determined from the FFs aording toF�h� = bF uvD�h�u + bF dvD�h�d : (65)Both terms are fatorization sheme and sale independent. Sine D���d is negative and D���u positive, e.g. anexess of �+ over �� requires a suÆiently large exess of fragmenting u over �u quarks relative to d over �d. Forh� = p=�p, all 4 quantities in Eq. (65) are positive so that a de�nite exess of p over �p is predited. Likewise, anexess of K+ over K� is predited, although in this ase the seond term vanishes sine D�K�d = 0. Note thatthere is no dependene on D�K�s sine the s quark an only be found in the protons' sea. In the limit that the lightquark masses are equal, the resulting SU(3) invariane would imply that this FF is equal to D�K��u . However, thissymmetry is rather poor for the low energy proesses whih make up the bulk of these FFs. (SU(3) invariane wouldbe useful for the high energy proesses, where the light quark masses an be negleted.) Therefore this symmetryshould be used with are.



14IV. RESULTSThe minimized �2 values for the main �ts and the �ts in whih no large x resummation is used are omparedin Table I. (No omparison is made for the harge-sign asymmetry �ts. For these �ts only pp reation data isused, so that the di�erene between the resummed and unresummed �t results only from the di�erenes in the FFevolution, whih is not as large as that in the quark oeÆient funtion of e+e� reations.) For K�, p=p and �=�,the resummation signi�antly improves the �t. In this sense one an say that the data are suÆiently \large x" towarrant the resummation.TABLE I: The minimized �2 values in eah of the harge-sign unidenti�ed �ts. For omparison, the �2 values for the unre-summed �t are shown (under \Unres. �t"). H �2Main �t Unres. �t�� 518.7 519.0K� 416.6 439.4p=�p 525.2 538.0K0S 317.2 318.7�=� 273.1 325.7From now on we onsider only our main �ts. Table II shows the results for the hadron masses that are onstrainedby the e+e� data. Exellent agreement is found for the baryons, whih suggests that hadron mass e�ets omprisealmost all the deviation from the standard alulation at the smaller x, lower ps values of the data onsidered. Whilethe exess in eah of the �tted baryon masses is only about 1%, it is somewhat larger for ��. This is expeted beausethe �� sample reeives large ontributions from the deay of the muh heavier �(770) to �++��, while those baryonsnot produed from diret fragmentation will mostly ome from deays of their slightly heavier resonanes. While the�tted masses for K� and K0S have the orret order of magnitude, there is learly a large undershoot. A possibleexplanation is the fat that these partiles' prodution mehanisms are so involved that they annot be even partlyaounted for by mass e�ets of the heavier parent partiles alone. For example, a kaon (harged or neutral) resonanean deay to a pion and kaon simultaneously. Interestingly, the undershoots of the �tted harged and neutral kaonmasses are very similar, i.e. both are around 154.3 MeV, whih is onsistent with SU(2) isospin symmetry between uand d quarks after all.TABLE II: Fitted partile masses used in the alulation of the hadron prodution from e+e� reations. For omparison, thetrue partile masses are also shown. Partile Fitted mass (MeV) True mass (MeV)�� 154.6 139.6K� 337.0 493.7p=�p 948.8 938.3K0S 343.0 497.6�=� 1127.0 1115.7The minimized redued �2 (�2DF) values are shown in the last row of Tables V{XII. In eah ase, the total �2DF isin the range 1{2, indiating an overall good quality of �t. However, the �2DF value for eah data set an sometimes belarge due to unknown systemati e�ets. For this reason some data sets were exluded in Refs. [1, 4℄. In the �ts of thispaper we have taken the other extreme and have inluded all data sets in order to enhane the mutual anellation ofthese unknown systemati e�ets. In Ref. [1℄, OPAL quark tagging probabilities were inluded to improve the quarkavour separation of the FFs, partiularly in the light quark setor whih no other data ould onstrain at the timethose �ts were performed. In the �ts of this paper, the RHIC data also help to separate out the light quark avoursdue to the di�erent weighting provided by the PDFs. This may be the main ause of the slightly larger �2DF values forthe individual light quark tagged OPAL probabilities relative to those of the previous AKK �ts. Note that the �2DFvalues of the individual light quark tagged OPAL probabilities for K�, K0S and �=� are reasonable, as they were forthe previous AKK �t. This is not surprising sine the OPAL data give the predited strange quark suppression. For�� and K�, the �ts to the heavy quark tagging probabilities are unsuessful, whih may be due to the large anglegluon emission e�ets that we disussed in Ref. [1℄.



15Turning now to the known systemati e�ets, the magnitudes of the �tted �K values, de�ned in Appendix A to bethe shift, upwards or downwards, of the measurements resulting from and relative to the Kth soure of systematierror, are typially less than around 1{2, being the upper limit for a reasonable �t. The most serious exeptions arethe �K values for the p=p data from BRAHMS for whih 3:25 < y < 3:35 and for the �=� data from CDF and STAR.For example, the global �� prodution data imply that the entral values from TASSO at ps =34 GeV overshoot thebest �t alulation by 3%. All entral values from RHIC and Tevatron (CDF) overshoot the best �t alulation, as domost e+e� reation data for whih a systemati error is given. This may result from ontamination of the measuredsample in eah ase by other partiles, or something else.Finally, for ompleteness and to larify our hoie of parameterizations, the entral values of all parameters arelisted in Tables III and IV. Due to the low fatorization sale at whih these FFs are parameterized, extrations ofour FFs at arbitrary momentum fration and fatorization sale should be performed using the grids and FORTRANroutines referred to in Setion V. They should not be extrated by using these parameters diretly in a NLO evolutionroutine, whih will in general di�er from our routine by a potentially large NNLO error at Mf = O(1) GeV. For thesame reason, any physial interpretation of these parameters should be avoided. However, we note for the harge-signunidentifed FFs in Table III that whenever a large value (> 1000) for Ni is obtained, it is ompensated for by alarge value (> 9) for bi, whih signi�es a large statistial orrelation between these parameters in these ases, andonsequently poor onstraints at large x. Conversely, for the harge-sign asymmetries in Table IV, poor onstraints atsmall x were signi�ed in previous �ts by a large orrelation between the N�K�u and a�K�u , whih is why the a�K�uwere �xed to zero for these FFs in our �nal main �ts. Note that SU(2) isospin symmetry between u and d was usedto onstrain D���d = D���u , while due to poor experimental onstraints we �xed D�p=�pd = 0:5D�p=�pu .TABLE III: Values, to 2 deimal plaes, of the parameters of the harge-sign unidenti�ed FFs at Mf = p2 GeV for whih the�2 values are minimal. We �x D��d (x;M2f ) = D��u (x;M2f ) as ditated by SU(2) isospin symmetry between u and d quarks,and also �x ��s = d��s = 0 sine they were rather independent of �2.Parameter �� K� p=�p K0S �=�Ng 247.80 16.11 16155.68 1.64 26.92ag 1.93 2.13 7.26 0.84 4.49bg 6.14 3.28 9.07 4.11 5.18g 0.96 0.78 2.04 1.18 3.58dg -0.53 2.26 -0.43 -0.07 -1.31Nu 0.32 1.66 0.49 3781.89 0.60au -2.07 0.22 -0.05 4.68 -0.27bu 0.96 3.55 1.84 16.79 2.25u -0.81 0.50 -0.24 2.34 0.01du 2.91 -1.74 -0.01 -0.26 -2.67Nd = Nu 3.10 0.03 121.78 0.71ad = au -0.29 -2.61 3.89 -0.62bd = bu 6.71 0.69 9.68 3.32d = u -0.07 -0.91 1.67 2.56dd = du 5.52 0.46 0.26 19.80Ns 152607.12 0.82 3574.00 659.46 3.65as 7.34 -0.04 10.57 6.31 0.00bs 12.29 1.62 16.87 6.80 4.69s 0 (�xed) 1.16 39.06 1.53 0.18ds 0 (�xed) 0.06 -6.55 0.45 -3.67N 0.33 12.06 43.30 6.82 6.68a -2.05 0.99 2.35 2.19 0.43b 2.61 4.77 9.36 5.87 5.29 -0.88 5.45 15.04 0.92 0.78d 2.13 6.52 13.74 -0.35 -0.07Nb 1.25 15.72 6.81 17.23 35.20ab -0.45 0.96 0.48 1.32 0.60bb 4.37 7.94 11.89 12.17 18.91b 17.48 21.05 0.43 0.84 1.45db 10.79 11.38 0.00 -0.02 -5.59



16TABLE IV: As in Table III, but for the harge-sign asymmetry FFs at Mf = p2 GeV. We �x D���d (x;M2f ) = D���u (x;M2f )as ditated by SU(2) isospin symmetry between u and d quarks, and also �x a�K�i = a�p=�pi = 0 sine they were ratherindependent of �2. In addition, we �x D�K�d = 0 as ditated by harge-sign symmetry.Parameter ��� �K� �p=�pNu 153.26 0.73 52301.42au 13.00 0 (�xed) 11.06bu 2.51 1.45 6.74Nd = Nu 0 (�xed) = 0:5Nuad = au 0 (�xed) = aubd = bu 0 (�xed) = buTo illustrate the various features of the theoretial alulations, we inlude a number of �gures. First we study pp(p)reations: For harge-sign unidenti�ed hadrons, we show the omparisons of the alulation with the experimentaldata in Fig. 1, the e�ets of hadron mass and the relative theoretial errors in Figs. 2 and 3, and the alulation usingother FF sets in Figs. 4 and 5. For the harge-sign asymmetries, these features are respetively shown in Fig. 6, inFigs. 7 and 8 and in Figs. 9 and 10. Finally, the ontributions to the prodution from the fragmentations of the seaand valene partons of the initial protons at RHIC for harge-sign unidenti�ed hadrons are shown in Figs. 11 and 12and for the harge-sign asymmetries in Figs. 13 and 14. Next we study e+e� reations: We show the omparisons ofthe alulation with some of the experimental data for a representative range of ps in Fig. 15, the e�ets of hadronmass, large x resummation and the relative theoretial errors in Figs. 16 and 17, and the alulation using other FFsets ompared with data at ps = 91:2 GeV, at ps = 14 GeV and at various values of ps in Fig. 18, in Fig. 19 and inFig. 20 respetively. Finally, the alulations using the various FF sets ompared with the OPAL tagging probabilitiesare shown in Figs. 21{25 . Lastly, we show the various FFs at ps = 91:2 GeV diretly: the harge-sign unidenti�edFFs in Figs. 26{30 and the harge-sign asymmetry FFs in Figs. 31{33.For inlusive �� prodution in pp(�p) ollisions (Fig. 1), the alulation agrees well with the PHENIX and STARdata. Although the alulation undershoots the BRAHMS data for both rapidity ranges, this is not so serious whenthe systemati e�ets are taken into aount sine the magnitudes of the �tted �K (see Table V) are less than 2, asdisussed earlier. This undershoot is more serious for the p=�p �t. The FF sets for eah of K0S and K� �t the data forboth K0S and K� well, whih is onsistent with SU(2) isospin invariane. The alulation with the �=� FF set agreesreasonably well with the CDF data at the larger pT values only, and signi�antly undershoots the STAR data. Asexpeted, hadron mass e�ets are negligible in �� prodution data regardless of the rapidity (Figs. 2 and 3). A weake�et is seen in the slightly heavier K�=K0S prodution data, whih does not depend on rapidity but whih is largestat the smaller pT values as expeted. The suppression due to hadron mass e�ets is strongest for the heavier baryonsp=�p and �=�, and is slightly larger at higher rapidity. We also perform the alulations using the AKK [1, 4℄, DSS[11℄, DSV [58℄ (for �=�) and HKNS [10℄ FF sets (Figs. 4 and 5). In these ases the hadron mass is set to zero, as wasdone in those �ts. It is expeted that all FFs inluding the gluon FF for �� prodution are reasonably well onstrainedsine the e+e� ! �� +X data are fairly preise and lead to good agreement with pp reation data. The di�erenesin the alulations using di�erent FF sets are then most likely due to theoretial errors from di�erent hoies for thevarious (NNLO) ambiguities in the alulations, suh as the alulation of �s(�2), whih explains why the alulationsfor �� at low and high rapidity are similar relative to the theoretial error, and also why the alulation using theprevious AKK set is lose to the one using this paper's FF set. However, for K� the HKNS alulation deviatesfrom the rest at high rapidity. The alulation with the previous AKK set for p=p at high rapidity deviates from theothers but gives good agreement with the BRAHMS data. However, the other FF sets agree better with the STARdata at lower rapidity. For K0S , the desription of the data is better with the �t of this paper than with the previousAKK one. However, for �=�, the situation is the opposite, and in fat there is a strong disrepany between theoryand data when using this paper's and the DSV FF sets, implying a possible inonsisteny between the pp and e+e�reation data for �=� prodution. On the other hand, rather good agreement is obtained when using the previousAKK FF set, beause the gluon FF for �=� at the initial sale in Ref. [4℄ was �xed to 1/3 that for the AKK protonfor this purpose. Ultimately, a determination of the error on this predition from the experimental errors, inludingorrelation e�ets, on the FFs would better determine whether an inonsisteny really exists.The BRAHMS data for whih 3:25 < y < 3:35 (Fig. 6) provide most of the onstraint on the harge-sign asymmetryFFs, while the onstraints from the STAR data are rather poor. The desription of the �p=�p data from BRAHMSfor whih 3:25 < y < 3:35 is partiularly poor. The ��� data are muh less preise than the �� data, whih isdue to the similar yields of �+ and �� relative to the experimental error. The �K� and �p=�p data do not su�er



17this problem as muh, partiularly the �p=�p data, sine the yields for eah harge-sign, partiularly in the ase ofp=�p, are signi�antly di�erent. For the higher rapidity data at BRAHMS, the theoretial error is slightly lower for��� (Fig. 7) than for �� (Fig. 2), and lower to a greater degree for �K� than for K�, and for �p=p than forp=p, whih may result from some anellation of the theoretial error between the ross setions for eah harge-sign,whose alulations are similar. However, the theoretial errors for ��� (Fig. 8) and �� (Fig. 3) data at STAR aresimilar, while the theoretial errors for �p=p are larger than for p=p, whih may be due partly to (hidden) theoretialerrors at low rapidity. Note that, perhaps for the same reason, some anellation of hadron mass dependene alsoours for �p=p relative to p=p at high and low rapidity. For the higher rapidity data (Fig. 9) the alulationswith this paper's FF sets are somewhat higher than the others (at higher pT for ���), presumably due to largerexperimental errors in the data �tted to. This ours to a muh greater degree for �p=p at low rapidity, probablybeause, in ontrast to the other FF set �ts, we impose additional onstraints on the �p=p FFs with the BRAHMSdata for whih 2:9 < y < 3, with whih the alulations using the other FF sets disagree strongly. The alulationsfor ��� for STAR kinematis using this paper's FF set and the DSS FF sets are similar, and somewhat di�erent tothe alulations using the HKNS FF set (Fig. 10). Note that in this latter set the harge-sign asymmetry FFs wereonstrained using theoretial assumptions only.For ��, the fat that harge-sign asymmetry is observed at BRAHMS and not at STAR is explained by the greaterimportane of the harge-sign asymmetri fragmentation from the initial protons' valene u and d quarks (Figs. 11 and12). The harge-sign asymmetry at STAR should beome visible at suÆiently large pT . The exess of fragmentationfrom valene u quarks over valene d implies an exess of �+ over ��, beause then the �rst term in Eq. (65), whihis positive, is larger in magnitude than the seond, whih is negative (Figs. 13 and 14). (If the magnitude of the\d + �d" ontribution to the exess of �+ over �� were larger than that of the \u + �u", this exess would beomenegative). The lower frational ontribution from the initial protons' valene quark fragmentations to the ross setionfor the STAR data implies that this harge-sign asymmetry inreases with rapidity. As expeted from the disussionfollowing Eq. (63), the ontribution to K� prodution from fragmentation of valene d quarks is negligible. Whilethe prodution of K+ exeeds that of K�, at low rapidity the small ontribution from valene quark fragmentationsuggests that any harge-sign asymmetry is diÆult to observe. For p=p at high and low rapidity, valene u quarkfragmentation dominates over d, more so than for �� as expeted. It is lear that the exess of p over �p (relative tothe p=�p prodution) inreases with pT and rapidity. At high rapidity, the valene u and d quarks ontribute to theexess of p over �p as expeted. However, at low rapidity the ontribution from the fragmentation of valene d quarksto �p exeeds that to p. This is inonsistent with our expetations. Note that there may be larger hidden theoretialerrors at lower rapidities. This was also the reason given earlier in this Setion for the larger theoretial error for�p=p than for p=p. In addition, the propagated experimental errors on the FFs may still allow for this ontributionto the harge-sign asymmetry to have the opposite sign. This is suggested by the fat that the ross setion is muhsmaller at these lower rapidities.We now turn to inlusive prodution in e+e� ollisions. Good agreement is found with the OPAL data at ps = 91:2GeV [24℄ for all partiles (Fig. 15), as indiated by the �2DF values in Tables V, VII, XI and XII, exept for p=p, whihis indiated by the high �2DF value in Table IX. Reasonable agreement with the TASSO data at ps = 34 GeV is foundfor all partiles. Note for example that, for these data, signi�ant disagreement is found for �� at the two largest xvalues, despite the value of �K being positive (see Table V), beause in fat the theory would otherwise overshootthe rest of these data, whih furthermore are more aurate. For all partiles the alulation tends to undershoot theless aurate TASSO data at ps = 14 GeV. However, looking at �� for example, the value for �K for these data isstrongly negative and its magnitude is not unaeptably large. A �tted mass for p=�p results in a strong suppression ofthe ross setion for x <� 0:5 (Fig. 16), implying that hadron mass e�ets annot be negleted in this region. On theother hand, hadron mass e�ets for �� are negligible. In general, the e�et of large x resummation is to enhane theross setion at large x. However, note that there is some suppression at small x. Formally, this suppression is lessimportant than the e�et of resummation of small x divergenes arising from soft gluons. The theoretial error bothwith and without resummation is similar (on a logarithmi sale), although it must be remembered that the samehoie in both ases for the variation in k might not be appropriate. At large ps (Fig. 17), the mass e�ets for p=�p arenegligible as expeted. Resummation e�ets are also redued at higher ps. At ps = 91:2 GeV, all FF sets give similarresults at x <� 0:4 (Fig. 18), but there are of ourse some di�erenes at large x where the experimental unertaintiesare larger. This paper's �t and the alulation with the HKNS FF set for �� prefer the SLD data around x ' 0:6,but, as for the other FF sets, the FF set of this paper tries to �t the DELPHI, OPAL and SLD data at x ' 0:8. Theresult for K� at large x tries to �t both the OPAL and SLD data points at x ' 0:8. For p=p, the OPAL data at allx values are learly inonsistent with the others, but this does not a�et the good agreement with the other data.However, the alulation with this paper's FF set overshoots the others at values of x above those for the data. For�=�, the alulations are all signi�antly di�erent at large x. Note that the DELPHI data are inonsistent with theothers at small x. The agreement between the alulations for �� at lower ps = 14 GeV (Fig. 19) is similar to thatat ps = 91:2 GeV. Note that data on inlusive �� prodution is generally muh more aurate and abundant than



18for other partiles. At intermediate x, slightly more disagreement among the alulations exists for K� for ps = 14GeV than for ps = 91:2 GeV. Strong disagreement among the alulations at smaller x and ps = 14 GeV for p=pis found. However, the alulation with this paper's FF set desribes the smaller x HRS and TPC data at ps = 29GeV better (Fig. 20), and also the TOPAZ data at ps = 58 GeV where the alulation also \points to" the data forwhih x < 0:05. For K0S , both this paper's FF set and the previous AKK FF set give similar results (Fig. 19). Thealulation with this paper's FF set for �=� are signi�antly di�erent to the others at the smaller x values, althoughthe agreement here with the TASSO data at ps = 14 GeV is better.Sine the OPAL tagging probabilities are physial, they give a better indiation than the FFs themselves do ofhow well the fragmentation from the individual quarks is urrently understood. (Nevertheless, for ompleteness wewill also study the FFs themselves next.) For �� (Fig. 21), u and d quark fragmentations are well onstrained, andare onsistent with the orresponding OPAL tagging probabilities, while s and b quark fragmentations are badlyonstrained at large x. The e+e� reation data onstrain the fragmentation of these quarks (and the d quark)less than the others beause of their smaller oupling to the eletroweak boson. Sine the orresponding taggingprobabilities have large errors and untagged or light quark tagged data annot onstrain the di�erene between s andd quark fragmentations, the only other onstraints, in the ase of this paper's and the DSS FF sets, ome from the ppreation data, whih must therefore be rather poor for the s quark fragmentation where the two alulations disagreemarkedly. However, additional onstraints for  and b quark fragmentation are provided by light,  and b quark taggedross setion measurements from DELPHI, SLD and TPC (see Table V). The alulations overshoot the measuredtagging probabilities at the lower x values, partiularly the heavy quark ones, whih may be due to inonsisteniesbetween the theoretial and experimental de�nitions in this region as disussed in Ref. [1℄. For K� (Fig. 22), d quarkfragmentation is poorly onstrained, and unfortunately little more onstraint is provided by the tagging probabilities.However, the other quark fragmentations are better onstrained sine their alulations using the di�erent FF setsyield similar results. Note that for both �� and K�, the favoured u quark fragmentation is rather well onstrained,while the unfavoured light quark fragmentation (s and d respetively) is not. For p=p (Fig. 23), more disrepaniesare found at large x, partiularly for the heavy quarks although here the alulations with this paper's and the DSSFF sets are relatively less separated. Fragmentation to p=p from u quarks is fairly well understood, and also from theother quarks exept at the large x values. For K0S (Fig. 24), the alulations using this paper's and the previous AKKFF sets are similar. Good agreement is obtained with the (most aurate) s and b measured tagging probabilities,even at the smallest x. For �=� (Fig. 25), as for K0S for all quarks, the alulation with this paper's FF set is loseto that using the previous AKK FF set for s and  quark tagging, but otherwise these and the alulation with theDSV FF set are quite di�erent.Finally, we ompare the FFs atMf = 91:2 GeV (Figs. 26{30). In general, the relative behaviour of the FFs at lowerMf values is qualitatively similar. For eah parton, this paper's FFs are typially lower than the others beause thelarge x resummation enhanes the ross setion. Fragmentations from the gluon are poorly onstrained, even thosefrom �ts where pp reation data is used (omparing this paper's gluon FFs with the orresponding DSS ones whereappliable), beause although these data depend more strongly on the gluon FF than the e+e� reation data, theformer data are muh more limited than the latter. For ��, K� and K0S, the relative behaviour of the quark FFsfor eah avour are similar to their tagging probability ounterparts disussed above. However, exluding HKNS, forp=p there is better agreement at large x among the u and d quark FFs than among their tagging probabilities, theunertainty in the latter ase presumably oming from the ontributions of the other quark FFs. For �=�, the FFsare rather similar at the lower x values, but, apart from the agreement between this paper's and the previous AKKFFs for the s and  quark at large x, are otherwise markedly di�erent.For ���, the similarity between the DSS and HKNS results for the u and d (Fig. 31) quark FFs and the u quarkFF for �K� (Fig. 32) and for �p=p (Fig. 33) is to be expeted sine similar non perturbative assumptions weremade for these �ts while for the �ts of this paper we have let the data deide. For ���, this paper's quark FFs aretypially muh smaller than the other FFs, while the situation is the opposite for K� and even more so for �p=p.V. CONCLUSIONSWe have determined harge-sign unidenti�ed FFs for ��, K�, p=p, K0S and �=�, and FFs for the harge-signasymmetries ���, �K� and �p=p from e+e� and pp(p) reation data. Relative to the previous AKK �ts [1, 4℄,we added e+e� reation data at smaller x and lowerps, whih provides stronger onstraints on the gluon fragmentationthat enters at NLO. To aount for deviations from the FO alulation in this region, we inluded hadron mass e�etsin the alulation, with the mass in the alulation for the e+e� reation data left as a free parameter in the �t. For thebaryons p=p and �=� we obtained exellent agreement with the true masses. Therefore these partiles are probablyprodued almost exlusively from diret partoni fragmentation, and therefore may be key to our understanding ofthe partoni fragmentation proess. This is then a strong reason for the inonsistenies between the desriptions of



19e+e� and pp reations in baryon prodution to be resolved. In partiular, the desription of the STAR data for �=�is poor, while the ontribution from the initial protons' valene d quarks to the harge-sign asymmetry for p=p fromSTAR is negative. However, good agreement with the BRAHMS data for p=p was found in general. For the mesons��, K� and K0S we obtain the orret order of magnitude. The overshoot (undershoot) in the ase of �� (K� andK0S) suggests that a signi�ant portion of the sample originates from the deay of heavier partiles (ompliated deayhannels). We implemented large x resummation in e+e� reations and in the DGLAP evolution of the FFs, whihfor most partiles leads to a signi�ant improvement in the �t. We inluded RHIC pp reation data for all partilesand Tevatron pp reation data from the CDF ollaboration for K0S and �=� to improve the onstraints on the gluonfragmentation, the quark avour separation and also, in the ase of the RHIC data, to determine the harge-signasymmetry FFs. Hadron mass e�ets were inluded in the alulation of these data as well. For both e+e� and pp(p)reation data, the normalization errors were aounted for by inluding them in the orrelation matrix used for thealulation of �2. The orresponding �K values were determined, and were typially in the reasonable range j�K j <� 2.In order to prevent the large errors of the statistially lower quality harge-sign asymmetry data propagating to allFFs, we �tted the valene quark FFs on whih they depend separately from the other FF degrees of freedom. Thisavoids the need to make unreliable non perturbative assumptions whih will ultimately a�et all �tted FFs in unlearways.In order to make preditions, our FFs sets over the �tted range 0:05 < z < 1 andM20 < M2f < 100000 GeV2 an beobtained from the FORTRAN routines at http://www.desy.de/~simon/AKK.html, whih are alulated using ubispline interpolation on a linear grid in z and linear interpolation on a linear grid in lnM2f . We note a number ofruial points relevant to the use of our FF sets. Firstly, it is neither inorret nor even inonsistent to use NLO FFsets suh as ours in a LO alulation. The result will simply be to LO only. Seondly, while our mass orretionsare desirable, it is not neessary to inlude them in alulations using our FF sets, whih would then be at least asaurate as ross setions alulated using other FF sets that were extrated without the use of mass orretions.Finally, the FF sets here were �tted at a low fatorization sale M0 = p2 GeV, where the N2LO error on our NLOevolution may be quite sizable. It is therefore inorret to evolve our FFs using a di�erent NLO evolution proedure(e.g. one in whih the DGLAP equation is solved numerially). Rather, the FFs supplied at the web site just givenshould be used. AknowledgmentsThe authors would like to thank Mark Heinz and Bedanga Mohanty for the numerial values for the measurementsof �+, ��, p, p, K0S and �=� prodution in pp ollisions from the STAR ollaboration, and Ramiro Debbe forthe numerial values for the measurements of �+, ��, K+, K�, p and p from the BRAHMS ollaboration. Thiswork was supported in part by the Deutshe Forshungsgemeinshaft through Grant No. KN 365/5-1 and by theBundesministerium f�ur Bildung und Forshung through Grant No. 05 HT4GUA/4.APPENDIX A: CORRELATED ERRORSIn this appendix we assume symmetri errors. In the absene of systemati e�ets, the probability for observablesfi to take values between f ti and f ti + df ti , given measured values fei � �i, is proportional to exp[��2=2℄df ti , where�2 =Xi �f ti � fei�i �2 : (A1)The Kth soure of systemati unertainty will ause fei to be shifted to fei + �K�Ki , where the probability densityin �K is proportional to exp[��2K=2℄, whih de�nes eah systemati unertainty �Ki . Therefore, systemati e�etsmodify �2 to �2 =Xi �f ti � fei �PK �K�Ki�i �2 +XK �2K : (A2)The most likely values of the �K our at ��2��K = 0: (A3)



20Solving these equations for the �K gives�K =Xi f ti � fei�2i 0��Ki �XjkL �Li �Lj �C�1�jk �Kk 1A ; (A4)where the ovariane matrix Cij = �2i Æij +XK �Ki �Kj ; (A5)and Eq. (A2) beomes �2 =Xij (f ti � fei ) �C�1�ij (f tj � fej ): (A6)
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22TABLE V: Summary of the �t for �� prodution. Details of the data used are shown to the left of the vertial double line, �tresults to the right. The olumns labeled \Norm." and \Shift" respetively give the experimental normalization and \�tted"(i.e. using the �tted �K) normalization error(s) and as a perentage. In the olumn labeled \Properties", \l tagged" means thelight quarks are tagged. The BRAHMS data have 5 soures of normalization error, whose values are shown for pT above (below)3 GeV. The normalization error of 11:7% on the STAR data follows from the total ross setion measurement � = 30� 3:5mb.Collaboration Properties ps # Norm. �2DF �K Shift(GeV) data (%) (%)TASSO [15℄ untagged 12 5 20 0.56 0.26 5.3TASSO [16℄ untagged 14 10 8.5 0.91 -1.24 -10.5TASSO [16℄ untagged 22 1 6.3 0.00 0.05 0.3HRS [17℄ untagged 29 6 1.37TPC [18℄ l tagged 29 9 0.30TPC [18℄  tagged 29 9 0.68TPC [18℄ b tagged 29 9 1.23TPC [19℄ untagged 29 27 1.09TASSO [15℄ untagged 30 4 20 0.61 0.72 14.5TASSO [20℄ untagged 34 10 6 1.11 0.61 3.7TASSO [20℄ untagged 44 7 6 2.01 0.67 4.0TOPAZ [21℄ untagged 58 8 0.85ALEPH [22℄ untagged 91.2 22 3 0.57 -0.55 -1.6DELPHI [23℄ l tagged 91.2 17 1.76DELPHI [23℄ b tagged 91.2 17 1.76DELPHI [23℄ untagged 91.2 17 1.76OPAL [5℄ u tagged 91.2 5 5.78OPAL [5℄ d tagged 91.2 5 5.43OPAL [5℄ s tagged 91.2 5 4.43OPAL [5℄  tagged 91.2 5 7.25OPAL [5℄ b tagged 91.2 5 10.92OPAL [24℄ untagged 91.2 20 1.26SLD [25℄ l tagged 91.2 28 0.79SLD [25℄  tagged 91.2 28 0.78SLD [25℄ b tagged 91.2 28 0.71SLD [25℄ untagged 91.2 28 0.57DELPHI [26℄ untagged 189 3 4.67BRAHMS [9℄ y 2 [2:9; 3℄ 200 8 11,7,8(13), 0.90 -1.67, -1.06, -1.20, -0.30, -0.14 -18.4, -7.4, -9.6, -0.6, -0.1y 2 [3:25; 3:35℄ 7 2,1(3) 2.83 -1.91, -1.21, -1.81, -0.35, -0.34 -21.0, -8.5, -14.5, -0.7, -0.3PHENIX [2℄ (�0) j�j < 0:35 200 13 9.7 0.48 -0.01 -0.1STAR [12℄ (�0) � = 3:3 200 4 16 0.72 -0.58 -9.4STAR [12℄ (�0) � = 3:8 200 2 16 0.54 -0.27 -4.4STAR [3℄ jyj < 0:5 200 10 11.7 0.48 0.08 0.9Total 382 1.36
TABLE VI: As in Table V, but for the harge-sign asymmetry ���.Collaboration Properties ps # Norm. �2DF �K Shift(GeV) data (%) (%)BRAHMS [9℄ y 2 [2:9; 3℄ 200 8 11,7,8(13), 0.66 -0.59, -0.38, -0.48, -0.11, -0.07 -6.5, -2.6, -3.8, -0.2, -0.1y 2 [3:25; 3:35℄ 7 2,1(3) 0.47 -0.39, -0.25, -0.25, -0.07, -0.02 -4.3, -1.7, -2.0, -0.1, 0.0STAR [3℄ jyj < 0:5 200 10 11.7 0.07 -0.05 -0.5Total 25 0.37



23TABLE VII: As in Table V, but for K� prodution.Collaboration Properties ps # Norm. �2DF �K Shift(GeV) data (%) (%)TASSO [15℄ untagged 12 3 20 0.92 -0.58 -11.6TASSO [16℄ untagged 14 9 8.5 2.41 0.21 1.8TASSO [16℄ untagged 22 7 6.3 1.21 -1.55 -9.8HRS [17℄ untagged 29 7 1.13MARKII [27℄ untagged 29 2 12 0.44TPC [19℄ untagged 29 26 0.00TASSO [15℄ untagged 30 2 20 0.48 -0.42 -8.5TASSO [20℄ untagged 34 5 6 0.20 -0.36 -2.2TOPAZ [21℄ untagged 58 5 0.13ALEPH [22, 28℄ untagged 91.2 18 3 0.56 0.37 1.1DELPHI [23℄ l tagged 91.2 17 0.77DELPHI [23℄ b tagged 91.2 17 0.77DELPHI [23℄ untagged 91.2 17 0.77OPAL [5℄ u tagged 91.2 5 1.11OPAL [5℄ d tagged 91.2 5 0.78OPAL [5℄ s tagged 91.2 5 1.97OPAL [5℄  tagged 91.2 5 5.71OPAL [5℄ b tagged 91.2 5 8.97OPAL [24℄ untagged 91.2 10 0.47SLD [25℄ l tagged 91.2 28 1.82SLD [25℄  tagged 91.2 28 0.96SLD [25℄ b tagged 91.2 28 1.93SLD [25℄ untagged 91.2 28 0.46DELPHI [26℄ untagged 189 3 1.10BRAHMS [9℄ y 2 [2:9; 3℄ 200 8 11,7,8(13), 1.14 -1.25, -0.80, -0.35, -0.23, 0.00 -13.8, -5.6, -2.8, -0.5, 0.0y 2 [3:25; 3:35℄ 6 2,1(3) 2.93 -0.78, -0.49, -1.45, -0.14, -0.25 -8.5, -3.5, -11.6, -0.3, -0.2CDF [14℄ (K0S) j�j < 1 630 37 10 0.59 -2.14 -21.4STAR [3℄ (K0S) jyj < 0:5 200 9 11.7 1.04 -1.70 -19.8Total 346 1.20

TABLE VIII: As in Table VII, but for the harge-sign asymmetry �K�.Collaboration Properties ps # Norm. �2DF �K Shift(GeV) data (%) (%)BRAHMS [9℄ y 2 [2:9; 3℄ 200 8 11,7,8(13), 1.15 -0.59, -0.38, 0.03, -0.11, 0.04 -6.5, -2.6, 0.2, -0.2, 0.0y 2 [3:25; 3:35℄ 6 2,1(3) 1.07 -1.13, -0.72, -1.02, -0.21, -0.14 -12.4, -5.0, -8.1, -0.4, -0.1Total 14 1.12



24TABLE IX: As in Table V, but for the �t for p=�p prodution.Collaboration Properties ps # Norm. �2DF �K Shift(GeV) data (%) (%)TASSO [15℄ untagged 12 3 20 0.49 -0.31 -6.3TASSO [16℄ untagged 14 9 8.5 2.30 -0.61 -5.2TASSO [16℄ untagged 22 9 6.3 1.36 -0.99 -6.2HRS [17℄ untagged 29 7 4.31TPC [19℄ untagged 29 20 1.08TASSO [15℄ untagged 30 3 20 0.52 -0.82 -16.5JADE [29℄ untagged 34 2 14 6.07 -0.82 -16.5TASSO [20℄ untagged 34 7 6 1.12 -1.63 -9.8TOPAZ [21℄ untagged 58 5 0.29ALEPH [22, 28℄ untagged 91.2 18 3 0.63 -1.78 -5.3DELPHI [23℄ l tagged 91.2 17 0.21DELPHI [23℄ b tagged 91.2 17 1.00DELPHI [23℄ untagged 91.2 17 0.26OPAL [5℄ u tagged 91.2 5 2.14OPAL [5℄ d tagged 91.2 5 2.48OPAL [5℄ s tagged 91.2 5 3.03OPAL [5℄  tagged 91.2 5 2.67OPAL [5℄ b tagged 91.2 5 1.51OPAL [24℄ untagged 91.2 10 8.78SLD [25℄ l tagged 91.2 29 1.52SLD [25℄  tagged 91.2 29 1.51SLD [25℄ b tagged 91.2 29 1.77SLD [25℄ untagged 91.2 29 0.47DELPHI [26℄ untagged 189 3 2.01BRAHMS [9℄ y 2 [2:9; 3℄ 200 7 11,7,8(13), 2.42 -2.69, -1.71, -1.70, -0.49, -0.14 -29.6, -12.0, -13.6, -1.0, -0.1y 2 [3:25; 3:35℄ 5 2,1(3) 5.33 -3.68, -2.34, -2.51, -0.67, -0.27 -40.4, -16.4, -20.0, -1.3, -0.3STAR [3℄ jyj < 0:5 200 8 11.7 3.01 -1.94 -22.6Total 309 1.89

TABLE X: As in Table IX, but for the harge-sign asymmetry �p=�p.Collaboration Properties ps # Norm. �2DF �K Shift(GeV) data (%) (%)BRAHMS [9℄ y 2 [2:9; 3℄ 200 7 11,7,8(13), 1.83 -1.57, -1.00, -0.58, -0.29, 0.08 -17.3, -7.0, -4.6, -0.6, 0.1y 2 [3:25; 3:35℄ 5 2,1(3) 3.77 -3.10, -1.97, -2.12, -0.56, -0.23 -34.1, -13.8, -16.9, -1.1, -0.2STAR [3℄ jyj < 0:5 200 8 11.7 1.51 -0.16 -1.8Total 20 2.19



25TABLE XI: As in Table V, but for K0S prodution. The CDF data are normalized by the unknown total ross setion, whihis therefore �tted to obtain the result � = 13:7 mb.Collaboration Properties ps # Norm. �2DF �K Shift(GeV) data (%) (%)TASSO [30℄ untagged 14 8 15 0.53 -1.32 -19.8TASSO [31℄ untagged 14.8 8 0.60TASSO [31℄ untagged 21.5 5 0.44TASSO [30℄ untagged 22 5 15 0.79 -0.08 -1.3HRS [17℄ untagged 29 12 2.61MARK II [27℄ untagged 29 17 12 0.76 0.26 3.1TPC [32℄ untagged 29 7 0.41TASSO [33℄ untagged 33.3 7 15 0.55 0.26 3.9TASSO [30℄ untagged 34 13 15 0.93 -0.05 -0.8TASSO [31℄ untagged 34.5 13 1.72CELLO [34℄ untagged 35 9 0.46TASSO [31℄ untagged 35 13 1.78TASSO [31℄ untagged 42.6 13 0.88TOPAZ [21℄ untagged 58 4 0.05ALEPH [28℄ untagged 91.2 16 2 0.44 -1.52 -3.0DELPHI [35℄ untagged 91.2 13 0.55OPAL [5℄ u tagged 91.2 5 0.98OPAL [5℄ d tagged 91.2 5 0.63OPAL [5℄ s tagged 91.2 5 0.47OPAL [5℄  tagged 91.2 5 1.54OPAL [5℄ b tagged 91.2 5 1.98OPAL [36℄ untagged 91.2 16 6 0.46 -0.40 -2.4SLD [37℄ l tagged 91.2 9 0.71SLD [37℄  tagged 91.2 9 0.91SLD [37℄ b tagged 91.2 9 1.59SLD [37℄ untagged 91.2 9 1.17DELPHI [26℄ untagged 183 2 11.39DELPHI [26℄ untagged 189 3 3.81BRAHMS [9℄ (K�) y 2 [2:9; 3℄ 200 8 11,7,8(13), 1.37 -1.24, -0.79, 0.00, -0.23, 0.07 -13.6, -5.5, 0.0, -0.5, 0.1y 2 [3:25; 3:35℄ 6 2,1(3) 1.81 -0.55, -0.35, -0.91, -0.10, -0.15 -6.1, -2.5, -7.3, -0.2, -0.2CDF [14℄ j�j < 1 630 48 0.59 -2.19 -21.9STAR [3℄ jyj < 0:5 200 9 11.7 1.06 -1.58 -18.5Total 323 1.03



26TABLE XII: As in Table V, but for �=� prodution. The CDF data are normalized by the unknown total ross setion, whihis therefore �tted to obtain the result � = 4:5 mb.Collaboration Properties ps # Norm. �2DF �K Shift(GeV) data (%) (%)TASSO [30℄ untagged 14 3 20 0.17 0.05 1.1TASSO [30℄ untagged 22 4 20 0.43 -0.60 -12.0HRS [38℄ untagged 29 12 0.93MARK II [39℄ untagged 29 15 0.71TASSO [33℄ untagged 33.3 6 15 0.73 -1.36 -20.5TASSO [30℄ untagged 34 6 20 0.48 -0.96 -19.2TASSO [40℄ untagged 34.8 9 9 1.88 0.26 2.3CELLO [34℄ untagged 35 7 1.02TASSO [20℄ untagged 42.1 4 9 0.22 -0.27 -2.4ALEPH [28℄ untagged 91.2 16 4 0.34 -1.35 -5.4DELPHI [41℄ untagged 91.2 7 1.33OPAL [5℄ u tagged 91.2 5 0.22OPAL [5℄ d tagged 91.2 5 0.20OPAL [5℄ s tagged 91.2 5 0.43OPAL [5℄  tagged 91.2 5 1.20OPAL [5℄ b tagged 91.2 5 0.32OPAL [42℄ untagged 91.2 12 2.61SLD [37℄ l tagged 91.2 4 3.40SLD [37℄  tagged 91.2 4 1.50SLD [37℄ b tagged 91.2 4 2.70SLD [37℄ untagged 91.2 9 0.67DELPHI [26℄ untagged 183 3 6.42DELPHI [26℄ untagged 189 3 6.11CDF [14℄ j�j < 1 630 34 10 1.27 -3.18 -31.8STAR [13℄ jyj < 0:5 200 9 11.7 5.84 -6.81 -79.5Total 188 1.45
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FIG. 6: As in Fig. 1, but for the harge-sign assymetry �h�.
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FIG. 8: As in Fig. 7, but for STAR kinematis.
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FIG. 9: As in Fig. 4, but for �h�.
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FIG. 10: As in Fig. 9, but for STAR kinematis.
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FIG. 17: As in Fig. 16, but for the OPAL data at ps = 91:2 GeV.
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FIG. 18: As in Fig. 15, but for all �tted ps = 91 GeV data and with the orresponding alulations from other FF sets.
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FIG. 19: As in Fig. 18, but for the TASSO data at ps = 14 GeV data and with the orresponding alulations from other FFsets.
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FIG. 20: As in Fig. 19, but for the HRS and TPC data at ps = 29 GeV and the TOPAZ data at ps = 58 GeV.
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FIG. 21: OPAL quark tagging probabilities for ��.
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FIG. 22: OPAL quark tagging probabilities for K�.
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FIG. 23: OPAL quark tagging probabilities for p=p.
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FIG. 24: OPAL quark tagging probabilities for K0S.
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FIG. 25: OPAL quark tagging probabilities for �=�.
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FIG. 26: The FFs for �� at Mf = 91:2 GeV.
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FIG. 27: The FFs for K� at Mf = 91:2 GeV.
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FIG. 28: The FFs for p=p at Mf = 91:2 GeV.
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FIG. 29: The FFs for K0S at Mf = 91:2 GeV.
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FIG. 30: The FFs for �=� at Mf = 91:2 GeV.
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FIG. 31: The quark FFs for ��� at Mf = 91:2 GeV.
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FIG. 32: The u quark FF for �K� at Mf = 91:2 GeV.
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FIG. 33: The quark FFs for �p=p at Mf = 91:2 GeV.


	Introduction
	Treatment of experimental input
	Experimental data

	Theoretical formalisms used for the calculations
	Production in hadron-hadron reactions
	Hadron mass effects
	e+ e- reactions
	Hadron-hadron reactions

	Large x resummation
	Evolution with heavy quarks
	Other theoretical choices
	Contributions of the partonic fragmentations to pp(c) h+X

	Results
	Conclusions
	Acknowledgments
	Correlated errors
	References

