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Ghost ontributions to harmoniumprodution in polarized high-energyollisionsM. Klasena;�, B. A. Kniehlb;y, L. N. Mihail�a;z, M. Steinhauser;xa Laboratoire de Physique Subatomique et de Cosmologie,Universit�e Joseph Fourier/CNRS-IN2P3/INPG,53 Avenue des Martyrs, 38026 Grenoble, Franeb II. Institut f�ur Theoretishe Physik, Universit�a t Hamburg,Luruper Chaussee 149, 22761 Hamburg, Germany Institut f�ur Theoretishe Teilhenphysik, Universit�at Karlsruhe,Engesserstra�e 7, 76131 Karlsruhe, GermanyAbstratIn a previous paper [Phys. Rev. D 68, 034017 (2003)℄, we investigated theinlusive prodution of prompt J= mesons in polarized hadron-hadron, photon-hadron, and photon-photon ollisions in the fatorization formalism of nonrelativis-ti quantum hromodynamis providing ompat analyti results for the doublelongitudinal-spin asymmetry ALL. For onveniene, we adopted a simpli�ed ex-pression for the tensor produt of the gluon polarization four-vetor with its hargeonjugate, at the expense of allowing for ghost and anti-ghosts to appear as externalpartiles. While suh ghost ontributions anel in the ross setion asymmetry ALLand thus were not listed in our previous paper, they do ontribute to the absoluteross setions. For ompleteness and the reader's onveniene, they are provided inthis addendum.PACS: 12.38.Bx, 13.60.Le, 13.85.Ni, 14.40.Gx�klasen�lps.in2p3.frykniehl�desy.dezluminita�partile.uni-karlsruhe.dexmatthias.steinhauser�uka.de 1
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The fatorization formalism of nonrelativisti QCD (NRQCD) [1℄ provides a rigor-ous theoretial framework for the desription of heavy-quarkonium prodution and deay.This formalism implies a separation of proess-dependent short-distane oeÆients, tobe alulated perturbatively as expansions in the strong-oupling onstant �s, from sup-posedly proess-independent long-distane matrix elements (MEs), to be extrated fromexperiment, and takes into aount the omplete struture of the QQ Fok spae, whihis spanned by the states n = 2S+1L(C)J with de�nite spin S, orbital angular momentum L,total angular momentum J , and olor multipliity C = 1; 8. By veloity saling rules, theMEs are predited to sale with a de�nite power of the heavy-quark (Q) veloity v � 1,so that a small number of these non-perturbative parameters should allow for meaningfulpreditions in pratie.In Ref. [2℄, we applied the NRQCD fatorization formalism to the inlusive produtionof prompt J= mesons in polarized hadron-hadron, photon-hadron, and photon-photonollisions and provided ompat analyti results for the double longitudinal-spin asymme-try ALL, de�ned in Eq. (2.1) of Ref. [2℄. Spei�ally, we onsidered inlusive J= produ-tion in polarized pp, d, and  ollisions, appropriate for the RHIC-Spin experimentsat the BNL Relativisti Heavy Ion Collider (RHIC), the SLAC �xed-target experimentE161, and the TeV-Energy Superonduting Linear Aelerator (TESLA) operated in thee+e� and  modes, respetively. We took the J= mesons to be unpolarized.There is a tehnial subtlety related to the de�nition of the polarization four-vetor"(p; �) of an external gluon, with four-momentum p and heliity quantum number � = �1,whih is potentially prone to reate onfusion. As for the tensor produt of "(p; �) with itsharge onjugate, a natural hoie, whih avoids the introdution of unphysial degreesof gluon polarization, is"�(p; �)"��(p; �) = 12  �g�� + p��� + p���k � � + i������ p���p � � ! ; (1)where � is an arbitrary light-like four-vetor orthogonal to p, with �2 = 0 6= p � �. Anobvious disadvantage of Eq. (1) is that it introdues a host of terms involving � in in-termediate results. In pratial alulations suh as the one performed in Ref. [2℄, it istherefore advantageous to omit the seond term on the right-hand side of Eq. (1) and toidentify � with the four-momentum p0 of another external parton [3℄, so that"�(p; �)"��(p; �) = 12  �g�� + i������ p�p0�p � p0 ! ; (2)at the expense of endowing the gluon with unphysial degrees of polarization, whih mustbe eliminated by subtrating ontributions arising from the presene of its ghost h andanti-ghost h as external partiles. Sine suh ghost ontributions anel in the rosssetion di�erenes appearing in the numerator of ALL, as illustrated below, we did notlist them in Ref. [2℄. However, they are neessary to reover the well-known expressionsfor the unpolarized ross setions entering the denominator of ALL, as we did. In thissense, they were inluded in our numerial analysis.2



Reently, there has been renewed interest in harmonium prodution by polarizedhadron-hadron and photon-hadron ollisions [4, 5℄. In Ref. [4℄, the J= and  0 polariza-tions were predited for polarized pp ollisions at RHIC-Spin. In Ref. [5℄, the squares of theheliity amplitudesM(a; b; ) of the partoni subproesses (a)+g(b)! QQ[n℄+g() andg(a) + g(b) ! QQ[n℄ + g() were listed for n = 1S(C)0 ; 3S(C)1 ; 1P (C)1 ; 3P (C)J with J = 0; 1; 2and C = 1; 8. The longitudinally-polarized di�erential ross setions evaluated from theseheliity amplitudes were found to agree with our results [2℄ after properly subtrating theghost ontributions mentioned above, whih we had provided to the authors of Ref. [5℄via private ommuniation. Sine these ontributions may be useful for appliations byother authors as well, we deided to publish them in this addendum to Ref. [2℄.In the following, we present the di�erential ross setions d�=dt of the partoni sub-proesses f; ggh! [n℄h: (3)Here and in the following, s, t, and u denote the usual Mandelstam variables. Theresults for f; ggh ! [n℄h are idential by harge-onjugation invariane, while thosefor hf; gg ! [n℄h and hh! [n℄f; gg are related by rossing symmetry, as indiatedbelow. As usual, d�=dt is evaluated from the absolute square of the transition matrixelement M through multipliation with fators for ux, phase spae, spin, and olor, asd�dt = 12s 18�s 14 �18�i jMj2; (4)where i = 1; 2 is the number of olor-otet partons (gluons or ghosts) in the initial state.The only non-vanishing ghost ontributions readjMj2(h! [1S(8)0 ℄h) = 24e2g4shO[1S(8)0 ℄iQ2suMt(s + u)2 ;jMj2(h! [3P (8)0 ℄h) = 32e2g4shO[3P (8)0 ℄iQ2suM3t(s + u)4 [(2t+ 3u)2 + 6s(2t+ 3u) + 9s2℄;jMj2(h! [3P (8)1 ℄h) = 32e2g4shO[3P (8)1 ℄iQ2M3(s+ u)4 [u2(t+ u)� su2 + s2(t� u) + s3℄;jMj2(h! [3P (8)2 ℄h) = 32e2g4shO[3P (8)2 ℄iQ25M3t(s+ u)4 [3tu2(t+ u) + su(8t2 + 21tu+ 12u2)+ 3s2(t2 + 7tu+ 8u2) + 3s3(t+ 4u)℄;jMj2(gh! [1S(1)0 ℄h) = 4g2shO[1S(1)0 ℄i3e2Q2hO[1S(8)0 ℄ijMj2(h! [1S(8)0 ℄h);jMj2(gh! [3P (1)J ℄h) = 4g2shO[3P (1)J ℄i3e2Q2hO[3P (8)J ℄ijMj2(h! [3P (8)J ℄h);jMj2(gh! [1S(8)0 ℄h) = 5g2s12e2Q2 jMj2(h! [1S(8)0 ℄h);3



jMj2(gh! [3S(8)1 ℄h) = 3g6shO[3S(8)1 ℄i4M5stu(s+ u)2 [tu2(t+ u)2(3t� u) + su(�2t4 + 2t3u+ 7t2u2 + 4tu3 + u4) + s2(3t4 + t3u� 4t2u2 � 3tu3 + u4)+ s3(4t3 + 7t2u� 2tu2 � u3) + s4(t2 + 6tu� u2)℄;jMj2(gh! [1P (8)1 ℄h) = g2shO[1P (8)1 ℄ie2Q2hO[1S(8)0 ℄iM2 jMj2(h! [1S(8)0 ℄h);jMj2(gh! [3P (8)J ℄h) = 5g2s12e2Q2 jMj2(h! [3P (8)J ℄h); (5)where e = p4��, with � being Sommerfeld's �ne-struture onstant, and gs = p4��sare the eletromagneti and strong gauge ouplings, Q and m are the frational eletriharge and mass of the  quark, and M = 2m. By four-momentum onservation, wehave s+ t+ u =M2.We now explain how the unpolarized and polarized results of Refs. [5, 6℄ may bereovered from the results of Ref. [2℄ in ombination with Eqs. (4) and (5), onsideringg ! [1S(8)0 ℄g as an example. The unpolarized and polarized results of Eqs. (A4) and(A5) in Ref. [6℄ are obtained from Eq. (4) by insertingjMj2unpol(g ! [1S(8)0 ℄g) = X�a;�b=�1 jMj2�a;�b(g ! [1S(8)0 ℄g)� jMj2(h! [1S(8)0 ℄h)� jMj2(h! [1S(8)0 ℄h);jMj2LL(g ! [1S(8)0 ℄g) = X�a;�b=�1(�1)�a�b jMj2�a;�b(g ! [1S(8)0 ℄g); (6)respetively, where jMj2�a;�b(g ! [1S(8)0 ℄g) may be gleaned from Eq. (A5) of Ref. [2℄ andjMj2(h! [1S(8)0 ℄h) = jMj2(h! [1S(8)0 ℄h) is given in Eq. (5) above. As mentionedabove, all ingredients entering jMj2LL(g ! [1S(8)0 ℄g) are ontained in Ref. [2℄. Byrossing symmetry, we havejMj2(h ! [1S(8)0 ℄h) = jMj2(h! [1S(8)0 ℄h)���t$u ;jMj2(hh! [1S(8)0 ℄) = jMj2(h! [1S(8)0 ℄h)���s$t : (7)Similar relationships hold for the other partoni subproesses involving two external gluonsonsidered in Ref. [2℄.In onlusion, we omplemented the partoni ross setions for the inlusive produtionof prompt J= mesons in polarized hadron-hadron, photon-hadron, and photon-photonollisions listed in the Appendix of Ref. [2℄ by providing the ghost ontributions, whihanel in the ross setion di�erenes entering ALL, but ontribute to absolute rosssetions, inluding the unpolarized ones.We thank Jak Smith for arefully omparing the results of Ref. [5℄ with ours [2℄. Thework of B.A.K. was supported in part by the German Federal Ministry for Eduation and4
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