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DESY 07-105Collins fragmentation funtion for pions and kaons in a spetator modelAlessandro Bahetta,1, � Leonard P. Gamberg,2, y Gary R. Goldstein,3, z and Asmita Mukherjee4, x1Theory Group, Deutshes Elektronen-Synhroton DESY,D-22603 Hamburg, Germany2Department of Physis, Penn State University, Berks,Reading, PA 19610, USA3Department of Physis and Astronomy, Tufts University,Medford, MA 02155, USA4Physis Department, Indian Institute of Tehnology Bombay,Powai, Mumbai 400076, IndiaWe alulate the Collins fragmentation funtion in the framework of a spetator model withpseudosalar pion-quark oupling and a Gaussian form fator at the vertex. We determine the modelparameters by �tting the unpolarized fragmentation funtion for pions and kaons. We show that theCollins funtion for the pions in this model is in reasonable agreement with reent parametrizationsobtained by �ts of the available data. In addition, we ompute for the �rst time the Collins funtionfor the kaons.PACS numbers: 13.60.Le,13.87.Fh,12.39.FeI. INTRODUCTIONThe Collins fragmentation funtion [1℄ measures how the orientation of the quark spin inuenes the diretion ofemission of hadrons in the fragmentation proess and an thus be used as a quark spin analyzer. It ontributes toseveral single spin asymmetries (SSA) in hard proesses, suh as semi inlusive deep inelasti sattering (SIDIS), ppollisions and e+e� annihilation into hadrons. We shall heneforth use the term \Collins asymmetries" to denote anyasymmetry where the Collins funtion plays a role.The �rst experimental evidene of a nonzero Collins funtion for pions ame from the measurement of a Collinsasymmetry in SIDIS on a proton target by the HERMES ollaboration [2℄. The same asymmetry, but on a deuterontarget, was found to be onsistent with zero by the COMPASS ollaboration [3℄. At the moment, the most onviningevidene of a nonzero pion Collins funtion omes from the measurements of a Collins asymmetry in e+e� annihila-tion [4℄. First extrations of the pion Collins funtion were performed in Ref. [5, 6℄. A reent �t to SIDIS and e+e�annihilation allowed the simultaneous extration of the Collins fragmentation funtion and of the transversity partondistribution funtion [7℄, learly showing the importane of the Collins funtion as a tool to investigate the strutureof hadrons. The kaon Collins funtion is at the moment unknown.A few model alulations of the Collins funtion for pions have been presented in the literature [8, 9, 10, 11, 12℄and used to make preditions and/or ompare to available data [10, 13, 14, 15℄. However, the above alulations havebeen found to be inadequate to desribe the data.The aim of the present work is to show that a Collins funtion in reasonable agreement with the availableparametrizations an be obtained in a model with pseudosalar pion-quark oupling and Gaussian form fators atthe pion-quark vertex. We also present, for the �rst time, the Collins funtion for the fragmentation of quarks intokaons. This alulation is relevant for the interpretation of reent kaon measurements done at HERMES [16℄ as wellas COMPASS [17℄ and for future measurements at BELLE and JLab.�Eletroni address: alessandro.bahetta�desy.deyEletroni address: lpg10�psu.eduzEletroni address: gary.goldstein�tufts.eduxEletroni address: asmita�phy.iitb.a.in
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FIG. 1: Tree-level diagram for quark to meson fragmentation proess.II. MODEL CALCULATION OF THE UNPOLARIZED FRAGMENTATION FUNCTIONIn the fragmentation proess, the probability to produe hadron h from a transversely polarized quark q, in, e.g.,the q�q rest frame if the fragmentation takes plae in e+e� annihilation, is given by (see, e.g., [18℄)Dh=q"(z;K2T ) = Dq1(z;K2T ) +H?q1 (z;K2T ) (k̂ �KT ) � sqzMh ; (1)whereMh the hadron mass, k is the momentum of the quark, sq its spin vetor, z is the light-one momentum frationof the hadron with respet to the fragmenting quark, and KT the omponent of the hadron's momentum transverse tok. Dq1 is the unintegrated unpolarized fragmentation funtion, while H?q1 is the Collins funtion. Therefore, H?q1 > 0orresponds to a preferene of the hadron to move to the left if the quark is moving away from the observer and thequark spin is pointing upwards.In aordane with fatorization, fragmentation funtions an be alulated from the orrelation funtion [19℄�(z; kT ) = 12z Z dk+�(k; Ph)= 12zXX Z d�+d2�T(2�)3 eik�� h0j Un+(+1;�)  (�)jh;Xihh;X j � (0)Un+(0;+1)j0i�����=0 ; (2)with k� = P�h =z. A disussion on the struture of the Wilson lines, U , an be found in Ref. [19℄. Here, we limitourselves to realling that in Refs. [20, 21℄ it was shown that the fragmentation orrelators are the same in both semi-inlusive DIS and e+e� annihilation, as was also observed earlier in the ontext of a spei� model alulation [20℄similar to the one under onsideration here. In the rest of the artile we shall utilize the Feynman gauge, in whihtransverse gauge links at in�nity give no ontribution and an be negleted [22, 23, 24℄.The tree-level diagram desribing the fragmentation of a virtual (timelike) quark into a pion/kaon is shown inFig. 1. In the model used here, the �nal state jh;Xi is desribed by the deteted pion/kaon and an on-shell spetator,with the quantum numbers of a quark and with mass ms. We take a pseudosalar pion-quark oupling of theform gq�5�i, where �i are the generators of the SU(3) avor group. Our model is similar to the ones used in, e.g.,Refs. [25, 26, 27, 28℄. The most important di�erene from previous alulations that inluded also the Collins funtion,i.e., those in Refs. [8, 9, 10, 11, 12℄, is that the mass of the spetator ms is not onstrained to be equal to the massof the fragmenting quark.The fragmentation orrelator at tree level, for the ase u! �+, is�(0)(k; p) = � 2 g2q�(2�)4 (/k +m)k2 �m2 5 (/k � /Ph +ms)5 (/k +m)k2 �m2 2� Æ�(k � Ph)2 �m2s� (3)and, using the Æ-funtion to perform the k+ integration,�(0)(z; kT ) = 2 g2q�32�3 (/k +m) (/k � /Ph �ms) (/k +m)(1� z)P�h (k2 �m2)2 ; (4)where k2 is related to k2T through the relationk2 = zk2T =(1� z) +m2s=(1� z) +M2h=z (5)



3whih follows from the on-mass-shell ondition of the spetator quark of mass ms. We take m to be the same for uand d quarks, but di�erent for s quarks. Isospin and harge-onjugation relations implyDu!�+1 = D �d!�+1 = Dd!��1 = D�u!��1 ; (6)Du!K+1 = D�u!K�1 ; (7)D�s!K+1 = Ds!K�1 : (8)For later purposes it is useful to spell out the relations oming from isospin and harge-onjugation relations for theunfavored funtions D�u!�+1 = Dd!�+1 = D �d!��1 = Du!��1 ; (9)Ds!�+1 = D�s!�+1 = Ds!��1 = D�s!��1 ; (10)D�u!K+1 = D �d!K+1 = Dd!K+1 = D �d!K�1 = Dd!K�1 = Du!K�1 ; (11)Ds!K+1 = D�s!K�1 : (12)We assume the above relations hold for all fragmentation funtions, in partiular for the Collins funtion.The unpolarized fragmentation funtion is projeted from Eq. (4)D1(z; k2T ) = Tr [�0(z; kT )+℄=2 (13)leading to the result D1(z; k2T ) = g2q�8�3 �z2k2T + (zm+ms �m)2�z3 (k2T + L2)2 ; (14)with L2 = (1� z)z2 M2h +m2 + m2s �m2z : (15)In the limit ms = m and setting the form fator to 1, our result for D1 redues to Eq. (3) of Ref. [12℄ (multiplied bytwo beause in that paper the results refer to u ! �0). The two nonzero kaon fragmentation funtions Du!K+1 andD�s!K+1 are given by the same funtional form, but with di�erent masses m, ms, Mh.The integrated unpolarized fragmentation funtion is de�ned asD1(z) = �z2 Z 10 dk2T D1(z; k2T ): (16)Here the integration is over the transverse momentum of the produed hadron KT = �zkT with respet to the quarkdiretion, whih is why an extra fator of z2 appears in the above equation. The above integral is divergent. InRef. [12℄, a uto� on kT has been used. On the other hand, in Ref. [10℄, a Gaussian form fator depending on k2T hasbeen introdued at the pion-quark vertex, whih e�etively uts o� the higher kT region in the integration. Similarly,in this work we use a Gaussian form fator of the formgq� 7! gq�z e� k2�2 with �2 = �2z�(1� z)�: (17)at the pion-quark vertex. Due to Eq. (5), the above form fator e�etively uts o� the higher kT region of theintegration. The form of the vertex is hosen merely on the basis of phenomenologial motivations, in order toreasonably reprodue the unpolarized fragmentation funtion. With the hosen form fator, the integration in Eq. (16)an be arried out analytially and yields:D1(z) = g2q�8�2 e� 2m2�2z3L2 �(1� z)�(ms �m)2 �M2h� exp�� 2zL2(1� z)�2�+�z2�2 � 2z�(ms �m)2 �M2h��L2�2 ��0; 2zL2(1� z)�2��; (18)
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(a) (b) ()FIG. 2: Unpolarized fragmentation funtion zD1(z) vs. z for the fragmentation (a) u! �+, (b) u! K+, () �s! K+ in thespetator model (solid line), with parameters �xed from a �t to the parametrization of [29℄ (dashed line).where the inomplete gamma funtion is, �(0; z) � Z 1z e�tt dt: (19)The parameters of the model are �, �, �, together with the mass of the spetator ms and the mass of the initialquark m. For the latter, we hoose a onstituent quark mass m = 0:3 GeV for the u and d quarks, and m = 0:5GeV for the s quark. To �x the values of the other parameters, we performed a �t to the parametrization of Ref. [29℄(NLO set) at the lowest possible sale, i.e., Q0 = 0:4 GeV2. The resulting values for the parameters aregq� = 4:78; � = 3:33 GeV; � = 0:5 (�xed); � = 0 (�xed); (20)whih are ommon to both pion and kaon fragmentation funtions. The only parameters that hange aording tothe type of fragmentation funtion areu! �+ : ms = 0:792 GeV; m =0:3 GeV (�xed); (21)u! K+ : ms = 1:12 GeV; m =0:3 GeV (�xed); (22)�s! K+ : ms = 0:559 GeV; m =0:5 GeV (�xed): (23)Obviously, also the mass of the hadron hanges: we take mh = 0:135 GeV for the pions and mh = 0:494 GeV forthe kaons. We remark that it is not possible to estimate the errors in the parameters in a meaningful way beausethe fragmentation funtions in Ref. [29℄ have no error bands. It ould be in priniple possible to use the reentparametrizations with error bands [30℄, but the lowest sale they reah is 1 GeV2, whih we onsider to be too highto ompare to our model.Fig. 2 show the plots of the unpolarized fragmentation funtion D1(z) multiplied by z for u ! �+, u ! K+, and�s! K+. The parametrization of [29℄ (NLO set, Q0 = 0:4 GeV2) is also shown for omparison.III. MODEL CALCULATION OF THE COLLINS FRAGMENTATION FUNCTIONWe use the following de�nition of the Collins funtion [12℄1�ijT kTjMh H?1 (z; k2T ) = 12 Tr[�(z; kT )i�i�5℄: (24)As is well known [12℄, using the tree-level alulation of the orrelator funtion is not suÆient to produe a non-vanishing Collins funtion, due to the lak of imaginary parts in the sattering amplitude. In order to obtain theneessary imaginary part, we take into aount gluon loops. In fat, gluon exhange is essential to ensure olor gauge1 The fator 1=2 is due to a slightly di�erent de�nition of the orrelator in Eq. (2) with respet to Ref. [12℄
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(c) (d)FIG. 3: Single gluon-loop orretions to the fragmentation of a quark into a pion ontributing to the Collins funtion in theeikonal approximation. \H.." stands for the hermitian onjugate diagrams whih are not shown.invariane of the fragmentation funtions. Contributions ome from the four diagrams in Fig. 3. Diagrams (a) and(b) represent the quark self-energy and vertex diagrams, respetively. Diagrams () and (d) an be alled hard-vertexand box diagrams, respetively. For the alulation of the diagrams with the eikonal line, the Feynman rules to beused are = ig ta Æ�� ; l = i�l� � i� ; (25)where g is the QCD oupling. Note that the sign of the i� in the eikonal propagator is di�erent for semi-inlusivedeep inelasti sattering (+) and e+e� annihilation (�), but this does not inuene the omputation of the Collinsfuntion [20, 21℄. The resulting formula for the fragmentation orrelator orresponding to Fig. 3 (d) is�1(d)(k; p) = 4�s(2�)3 i(/k +m)k2 �m2 gq�5 (/k � /Ph +ms) 2� Æ((k � Ph)2 �m2s)Z d4l(2�)4 i�ta i(/k � /Ph � /l+ms) gq�5 i(/k � /l +m) i (�ig��) (ita)((k � Ph � l)2 �m2s + i")((k � l)2 �m2 + i")(�l� � i")(l2 �m2g + i") : (26)Note that one of the form fators gq� is inside the loop integral. When using a form fator as in Eq. (17), it wouldseem reasonable to replae k2 with (k � l)2. However, sine the form fator is introdued to the purpose of uttingo� the high-kT region, we prefer to maintain the form fator depending only on k2, so that it an be pulled outof the integral and simplify the alulation. This hoie is similar to imposing a sharp uto� on k2 | as done inRef. [9, 11, 12℄ | and not on (k � l)2.The Collins funtion is given by (we take always mg = 0)H?1 (z; k2T ) = �2�sg2q�(2�)4 CF e� 2k2�2z2 Mh(1� z) 1k2 �m2� ~H?1(a)(z; k2T ) + ~H?1(b)(z; k2T ) + ~H?1(d)(z; k2T )�; (27)where the subsripts in the r.h.s. refer to the ontributions from diagrams 3 (a), (b) and (d) plus their Hermiteanonjugate, respetively. Diagram () gives no ontribution to the Collins funtion. The separate ontributions read,for the fragmentation of u! �+, ~H1(a)(z; k2T ) = mk2 �m2 �3� m2k2 � I1g ; (28)~H1(b)(z; k2T ) = 2ms I2g ; (29)~H1(d)(z; k2T ) = 12zk2T n�I34g (2zm+ms �m) + I2gh2zm�k2 �m2 +M2h(1� 2=z)�+ (ms �m)�(2z � 1)k2 �M2h +m2s � 2zm(m+ms)�io: (30)
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(a) (b)FIG. 4: Half moment of the Collins funtion for u ! �+ in our model. (a) H?(1=2)1 at the model sale (solid line) and at adi�erent sale under the assumption in Eq. (37) (dot-dashed line), ompared with the error band from the extration of Ref. [6℄,(b) H?(1=2)1 =D1 at the model sale (solid line) and at two other sales (dashed and dot-dashed lines) under the assumption inEq. (38). The error band from the extration of Ref. [7℄ is shown for omparison.The loop integrals I1g , I2g and I34g [12℄2 are given byI1g = �p�(m;mg)2k2 ; (31)I2g = �2p�(ms;Mh) ln�k2 +m2s �M2h �p�(ms;Mh)k2 +m2s �M2h +p�(ms;Mh)�; (32)I34g = � ln�pk2(1� z)ms �; (33)where �(m1;m2) = (k2 � (m1 +m2)2) (k2 � (m1 �m2)2). In the limit ms = m and setting the form fator to 1, ourresult for H?1 redues to Eq. (15) of Ref. [12℄ (multiplied by two beause in that paper the results refer to u ! �0).It is important to note that the Collins funtion should obey the positivity bound [9, 31℄jkT jMh H?1 (z; k2T ) � D1(z; k2T ): (34)Integration over k2T gives the simpli�ed expressionH?(1=2)1 (z)D1(z) � 12 ; (35)where the half moment of the Collins funtion is de�ned asH?(1=2)1 (z) = �z2 Z 10 dk2T jkT j2Mh H?1 (z; k2T ): (36)In Fig. 4 (a), we have plotted the half moment of the Collins funtions vs. z for the ase u! �+. In the same panel,we plotted the 1-� error band of the Collins funtion extrated in Ref. [6℄ from BELLE data, olleted at a saleQ2 = (10:52)2 GeV2. In order to ahieve a reasonable agreement with the phenomenology, we hoose a value of thestrong oupling onstant �s = 0:2. Suh a value is partiularly small, espeially when onsidering that our model hasbeen tuned to �t the funtion D1 at a sale Q20 = 0:4 GeV2, where standard NLO alulations give �s � 0:57 [29, 32℄.In any ase, the problem of the hoie of �s is intimately related with the problem of the evolution of the Collinsfuntion (see below).2 The expression I34g used here orresponds to Eq. (24) in Ref. [12℄ multiplied by k�.
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FIG. 7: Azimuthal asymmetry A12(z1; z2) for the prodution of two pions as a funtion of z2 and integrated in bins of z1 atQ2 = 110:7 GeV2. Dashed lines are obtained assuming Eq. (37), solid lines assuming Eq. (38). Note that the last z1 bin in ouralulation is narrower than in the orresponding experimental measurement.For kaons, the same onsiderations lead to the following assumptionsH?(1=2)1(u!K�) = �H?(1=2)1(u!K+); (46)H?(1=2)1(�s!K�) = �H?(1=2)1(�s!K+); (47)H?(1=2)1(d!K�) = �H?(1=2)1(d!K+) = 0: (48)In Fig. 7 we show the values of the pion azimuthal asymmetry for four di�erent ranges of z1, as a funtion of z2. Thedashed urves and solid urves are obtained respetively under the assumptions in Eq. (37) and Eq. (38), respetively.The upper urves exeed the data for the higher z2 values, whih either reets the need for orretions to the linearapproximation in Eq. (40), or more likely that assuming no evolution for the Collins funtion may be too severe anapproximation.We alulated the orresponding KK asymmetry, Fig. 8, and obtained even larger values, suggesting that therewill be more dramati e�ets in this aessible hannel.V. CONCLUSIONSIn this paper, we performed a new alulation of the Collins fragmentation funtion for u ! �+, along the linesof Refs. [11, 12℄ but with some important di�erenes: (i) we assumed the mass of the spetator is di�erent from themass of the fragmenting quark, (ii) we introdued a form fator at the hadron-quark vertex, (iii) we �tted the valuesof the model parameters to reprodue the unpolarized fragmentation funtion D1 at a sale Q20 = 0:4 GeV2. Weompared the results of our model alulation to the available parametrizations of the Collins funtion [6, 7℄ extratedfrom e+e� annihilation and SIDIS data and found a reasonable agreement. We stressed the importane of ritiallyonsidering di�erent assumptions on the evolution of the Collins funtion with the energy sale.For the �rst time we presented an estimate of the Collins funtion for u ! K+ and �s ! K+. In partiular, wefound that the ratio H?(1=2)1 =D1 for u ! K+ is almost idential to that for u ! �+, while the ratio for �s ! K+ isabout twie as big.Using the results of our model, we presented estimates for pion and kaon Collins asymmetries in e+e� annihilation atthe BELLE experiment. In order to alulate the unfavored Collins funtions we adopted the \strong interpretation"
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