
*H
EP
-P
H/
06
08
24
5*

 DESY 06-136
ar

X
iv

:h
ep

-p
h/

06
08

24
5 

v1
   

22
 A

ug
 2

00
6

DESY 06-136 ISSN 0418-9833hep-ph/0608245July 2006Prompt J= plus photon assoiatedeletroprodution at DESY HERABernd A. KniehlII. Institut f�ur Theoretishe Physik, Universit�at Hamburg,Luruper Chaussee 149, 22761 Hamburg, GermanyCaesar P. PalisoNational Institute of Physis, University of the Philippines,Diliman, Quezon City 1101, PhilippinesAbstratWe study the prodution of a prompt J= meson in assoiation with a promptphoton in ep deep-inelasti sattering within the fatorisation formalism of non-relativisti quantum hromodynamis (NRQCD) and demonstrate that this proessprovides a lean probe of the olour-otet mehanism at DESY HERA. Our analysisis based on an updated set of non-perturbative NRQCD matrix elements obtainedthrough a joint �t to data on harmonium inlusive hadroprodution from runs Iand II at the Fermilab Tevatron.PACS: 12.38.-t, 12.38.Bx, 13.85.Fb, 14.40.Gx
1

http://arxiv.org/abs/hep-ph/0608245


1 IntrodutionSine the disovery of the J= meson in 1974, harmonium has provided a useful labora-tory for quantitative tests of quantum hromodynamis (QCD) and, in partiular, of theinterplay of perturbative and non-perturbative phenomena. The fatorisation formalism[1℄ of nonrelativisti QCD (NRQCD) [2℄ provides a rigorous theoretial framework for thedesription of heavy-quarkonium prodution and deay. This formalism implies a separa-tion of short-distane oeÆients, whih an be alulated perturbatively as expansions inthe strong-oupling onstant �s, from long-distane matrix elements (MEs), whih mustbe extrated from experiment. The relative importane of the latter an be estimated bymeans of veloity saling rules; i.e., the MEs are predited to sale with a de�nite power ofthe heavy-quark (Q) veloity v in the limit v � 1. In this way, the theoretial preditionsare organised as double expansions in �s and v. A ruial feature of this formalism is thatit takes into aount the omplete struture of the QQ Fok spae, whih is spanned bythe states n = 2S+1L(a)J with de�nite spin S, orbital angular momentum L, total angularmomentum J , and olour multipliity a = 1; 8. The hierarhy of the MEs predited bythe veloity saling rules is explained for the J= ,  0, and �J mesons in Table 1. Inpartiular, this formalism predits the existene of olour-otet (CO) proesses in nature.This means that QQ pairs are produed at short distanes in CO states and subsequentlyevolve into physial, olour-singlet (CS) quarkonia by the non-perturbative emission ofsoft gluons. In the limit v ! 0, the traditional CS model (CSM) [3℄ is reovered inthe ase of S-wave quarkonia. The greatest triumph of this formalism was that it wasable to orretly desribe [4,5℄ the ross setion of inlusive harmonium hadroprodutionmeasured in pp ollisions at the Fermilab Tevatron [6℄, whih had turned out to be morethan one order of magnitude in exess of the theoretial predition based on the CSM.Apart from this phenomenologial drawbak, the CSM also su�ers from severe onep-tual problems indiating that it is inomplete. These inlude the presene of logarithmiinfrared singularities in the O(�s) orretions to P -wave deays to light hadrons and inthe relativisti orretions to S-wave annihilation [7℄, and the lak of a general argumentfor its validity in higher orders of perturbation theory.In order to onviningly establish the phenomenologial signi�ane of the CO pro-esses, it is indispensable to identify them in other kinds of high-energy experiments aswell. Studies of harmonium prodution in ep photoprodution, ep and �N deep-inelastisattering (DIS), e+e� annihilation in the ontinuum, Z-boson deays,  ollisions, andb-hadron deays may be found in the literature; for reviews, see [8℄. Furthermore, thepolarisation of  0 mesons produed diretly and of J= mesons produed promptly, i.e.,either diretly or via the feed-down from heavier harmonia, whih also provides a sensi-tive probe of CO proesses, was investigated [9,10℄. Until reently, none of these studieswas able to prove or disprove the NRQCD fatorisation hypothesis. However, H1 data ofe + p ! e + J= + X in DIS at the DESY Hadron Eletron Ring Aelerator (HERA)[11,12℄ and DELPHI data of + ! J= +X at the CERN Large Eletron Positron Col-lider (LEP2) [13℄ provide �rst independent evidene for it by agreeing with the respetiveNRQCD preditions [14,15℄. 2



Table 1: Values of k in DOH [n℄E / vk for H = J= ; 0; �J .k J= ,  0 �J3 3S(1)1 |5 | 3P (1)J , 3S(8)17 1S(8)0 , 3S(8)1 , 3P (8)J |In this paper, we identify the DIS proesse+ p! J= +  +X (1)as a lean probe of the CO mehanism and propose its experimental study at HERA II.In fat, among the partoni subproesses ontributing at LO,e+ ! e+  h3S(1)1 i+ ; (2)e+ g! e+  h3S(8)1 i+ ; (3)the latter is by far dominant beause, in the relevant range of x and Q2, the density ofgluons in the proton is so muh higher than the one of photons that the O(v4) suppressionof DOJ= h3S(8)1 iE relative to DOJ= h3S(1)1 iE (see Table 1) is inonsequential. The emissionof photons o� the proton an happen either elastially or inelastially, i.e., the protonstays intat or is destroyed. In both ases, the parton density funtion (PDF) an beevaluated in the Weizs�aker-Williams approximation [16,17℄. Besides eletromagnetiproton interation, also di�rative sattering o� the proton, via pomeron exhange, allowsfor CS proesses. However, suh events will be aumulated at the border of the phasespae, at z�< 1, where z is the inelastiity variable de�ned in Set. 2. By the sametoken, they an be eliminated from the experimental data set by applying an appropriateaeptane ut on z. In this paper, we assume this to be done.The potential of J= plus photon assoiated prodution to probe the CO mehanismwas already investigated for photoprodution in ep sattering [18℄. In that ase, however,the bulk of the ross setion, more than 2/3 for J= transverse momenta pT > 1 GeV (seeTable II of [18℄), is due to the CS hannel g+g !  h3S(1)1 i+ in resolved photoprodution.Spei�ally, the photoprodution analogue of proess (3), +g !  h3S(8)1 i+, only makesup 1/5 of the total ross setion [18℄. On the other hand, the probability of a photon toappear resolved rapidly dereases with its size 1=Q2, so that the situation enountered in[18℄ is subjet to a dramati hange as one passes from photoprodution to DIS.In [19℄, prompt J= plus photon assoiated photoprodution in  ollisions wasstudied in next-to-leading order (NLO), and sizeable orretions to the ross setion werefound. Sine the present analysis is at an exploratory level, onsidering proess (1) forthe �rst time, we stay at LO. A NLO analysis of proess (1) would be more involved thanin the ase of [19℄, due to the presene of Q2 as an additional mass sale, and is left forfuture work. 3



The paper is organised as follows. In Set. 2, we ollet the formulas from whih theLO ross setion of proess (1) an be evaluated. In Set. 3, we update the extrationof the NRQCD MEs of the J= ,  0, and �J mesons in [9℄ by inluding in the �t CDFdata from Tevatron run II [20℄ besides that from run I [6℄. In Set. 4, we then present ourpreditions for the ross setion of proess (1) under HERA II experimental onditionsand demonstrate that this is an exellent probe of the CO mehanism. Our onlusionsare ontained in Set. 5.2 Analyti resultsWe now present our analyti results for the ross setion of proess (1). We work atLO in the parton model of QCD with nf = 3 ative quark avours and employ theNRQCD fatorisation formalism [1℄ to desribe the formation of the J= meson. Westart by de�ning the kinematis. We denote the four-momenta of the inoming leptonand proton and the outgoing lepton, J= meson, and photon by k, P , k0, p , and p0,respetively. The parton a struk by the virtual photon (?) arries four-momentump = xP . The virtual photon has four-momentum q = k � k0, and it is ustomary tode�ne Q2 = �q2 > 0, y = q � P=k � P , and z = p � P=q � P . In the proton restframe, y and z measure the relative lepton energy loss and the fration of the virtual-photon energy transferred to the J= meson, respetively. We neglet the masses ofthe proton, lepton, and light quarks, all the one of the J= meson M , and take theharm-quark mass to be m = M =2. In our approximation, the proton remnant X haszero invariant mass, M2X = (P � p)2 = 0. The entre-of-mass (.m.) energy squares ofthe ep and ?p ollision are S = (k + P )2 and W 2 = (q + P )2 = yS � Q2, respetively.As usual, we de�ne the partoni Mandelstam variables as s = (q + p)2 = xyS � Q2,t = (q � p )2 = �xy(1 � z)S, and u = (p � p )2 = M2 � xyzS. By four-momentumonservation, we have s + t + u = M2 � Q2. In the ?p CM frame, the J= meson hastransverse momentum and rapidityp?T = rt �su+Q2M2 �s+Q2 ; (4)y? = 12 ln s �M2 � u�s �M2 � t�+Q2M2 + 12 lnW 2s ; (5)respetively. Here and in the following, we denote the quantities referring to the ?p CMframe by an asterisk. The seond term on the right-hand side of (5) originates from theLorentz boost from the ?a CM frame to the ?p one. Here, y? is taken to be positivein the diretion of the three-momentum of the virtual photon, in aordane with HERAonventions [11,12℄.The ross setions of proesses (2) and (3) may be onveniently alulated by applyingthe ovariant-projetor method of [21℄. They are related to the one of e+g ! e+ h3S(8)1 i+4



g, given in (13) of [14℄, byd3�dy dQ2 dt �e+  ! e+  h3S(1)1 i+ �= 649 �2�2s d3�dy dQ2 dt �e+ g ! e+  h3S(1)1 i+ g� ;d3�dy dQ2 dt �e+ g ! e+  h3S(8)1 i+ �= 2 ��s d3�dy dQ2 dt �e+ g ! e+  h3S(1)1 i+ g� ; (6)where the proportionality fators aount for olour and oupling adjustments.Aording to the fatorisation theorems of the parton model and NRQCD, the rosssetion of proess (1) is then evaluated asd2�dy dQ2 (e+ p! e+ J= +  +X)= Z 1(Q2+M2 )=(yS) dx Z 0�(s+Q2)(s�M2 )=s dt�Xa fa=p(x;M)Xn DOJ= [n℄E� d3�dy dQ2 dt(e+ a! e+ [n℄ + ); (7)where the sums run over (a; n) = �; 3S(1)1 � ; �g; 3S(8)1 �, fa=p(x;M) is the PDF of partona in the proton at fatorisation sale M , and (d3�=dy dQ2 dt) (e + a ! e + [n℄ + )are given by (6). The kinematially allowed ranges of y and Q2 are M2 =S < y < 1 and0 < Q2 < yS �M2 , respetively.Prompt J= prodution may be onveniently desribed by inserting in (7) the e�etiveMEs spei�ed in (20) of [19℄.3 Determination of the MEsThe reent CDF measurement of prompt J= inlusive hadroprodution in run II at theTevatron (with pS = 1:96 TeV and jy j < 0:6) [20℄ allows us to update and improveour knowledge of the CO MEs. Previous determinations by one of us in ollaborationwith Kramer [22℄ and with Braaten and Lee [9℄ were only based on run I data (withpS = 1:8 TeV and jy j < 0:6) [6℄. However, the latter data were more detailed beausethe prompt J= sample was expliitly broken down into diret J= mesons, feed-downfrom  0 mesons, and feed-down from �J mesons. In order to make maximum use of theavailable information, we perform a joint �t to the data from runs I and II, whih otherwiseproeeds along the lines of [9℄. First, the CS MEs DO (nS) h3S(1)1 iE, with n = 1; 2, and5



DO�0 h3P (1)0 iE are extrated from the measured partial deay widths of  (nS)! l+ + l�and �2 !  +  [23℄, respetively. Then, the CO MEs DO (nS) h3S(8)1 iE, DO (nS) h1S(8)0 iE,DO (nS) h3P (8)0 iE, and DO�0 h3S(8)1 iE are �tted to the pT distributions of  (nS) and �Jinlusive hadroprodution [6,20℄ and the ross-setion ratio ��2=��1 [24℄ measured at theTevatron. In ontrast to the run I data [6℄, the run II data [20℄ reah down to pT = 0.It turns out that the run II data in the newly overed low-pT range are omparable to orbelow the CSM predition, so that their inlusion would spoil the �t. Therefore, we onlyinlude the 14 data points with pT > 4:25 GeV. Sine the �t results for DO (nS) h1S(8)0 iEand DO (nS) h3P (8)0 iE are strongly orrelated, we onsider the linear ombinationM (nS)r = DO (nS) h1S(8)0 iE+ rm2 DO (nS) h3P (8)0 iE ; (8)where the value of r is hosen so that the error onM (nS)r is minimised. The minimisationin �2 is performed exatly, by solving a set of seven linear equations for the seven unknownCO MEs.The relevant partoni ross setions may be found in [5℄. We take the harm-quarkmass to be m = (1:5 � 0:1) GeV and adopt the relevant feed-down and leptoni deaybranhing frations from [23℄. As for the proton PDFs, we use the latest LO sets by Mar-tin, Roberts, Stirling, and Thorne (MRST2001LO) [25℄ and the Coordinated Theoretial-Experimental Projet on QCD(CTEQ6L1) [26℄. For onsisteny, we employ the one-loop formula for �(3)s (�) and hoosethe asymptoti sale parameter to be �(3)QCD = 253 MeV (246 MeV), appropriate for theMRST2001LO (CTEQ6L1) PDFs. We identify the renormalisation sale � and the fa-torisation sale M with the harmonium transverse mass mT = qp2T +M2 .The sets of MEs thus obtained with the MRST2001LO and CTEQ6L1 PDFs aresummarised in Table 2. The respetive values of �2 per degree of freedom are 49/52and 50/52. The quoted errors are of experimental origin only. Comparing Table 2 withTable I of [9℄, where previous MRST and CTEQ PDFs were used, we observe that theMEs obtained with CTEQ PDFs are only moderately hanged. On the other hand, theMRST values of DO (nS) h3S(8)1 iE and DO�0 h3S(8)1 iE in Table 2 are appreiably smallerthan in [9℄.4 Prompt J= plus photon assoiated eletroprodu-tionWe are now in a position to present our theoretial preditions for the ross setion ofproess (1) under HERA II experimental onditions. They are evaluated from the formulaslisted in Set. 2 with the inputs and onventions desribed in Set. 3, exept that we nowset � = M = �pQ2 +M2 and vary the sale parameter � between 1/2 and 2 about thedefault value 1. Sine (7) is sensitive to a di�erent linear ombination of DO (nS) h1S(8)0 iE6



Table 2: NRQCD MEs of the J= ,  0, and �J obtained as desribed in the text usingthe MRST2001LO [25℄ and CTEQ6L1 [26℄ PDFs. The errors are experimental onlyMRST2001LO [25℄ CTEQ6L1 [26℄DOJ= h3S(1)1 iE 1:5� 0:1 GeV3 1:4 � 0:1 GeV3DOJ= h3S(8)1 iE (3:9� 1:4)� 10�4 GeV3 (2:3 � 0:2)� 10�3 GeV3MJ= 3:7;3:6 (6:0� 0:1)� 10�2 GeV3 (7:3 � 0:2)� 10�2 GeV3DO 0 h3S(1)1 iE (6:7� 0:5)� 10�1 GeV3 (6:7 � 0:5)� 10�1 GeV3DO 0 h3S(8)1 iE (8:8� 1:2)� 10�4 GeV3 (2:0 � 0:2)� 10�3 GeV3M 03:5 (1:1� 0:1)� 10�2 GeV3 (1:0 � 0:2)� 10�2 GeV3DO�0 h3P (1)0 iE (1:2� 0:1)� 10�1 GeV5 (1:2 � 0:1)� 10�1 GeV5DO�0 h3S(8)1 iE (4:7� 0:6)� 10�4 GeV3 (1:1 � 0:1)� 10�3 GeV3and DO (nS) h3P (8)0 iE than the one appearing in (8), we writeDO (nS) h1S(8)0 iE = �M (nS)r ;DO (nS) h3P (8)0 iE = (1 � �)m2r M (nS)r (9)and vary � between 0 and 1 around the default value 1/2.In order to estimate the theoretial unertainties in our preditions, we vary the un-physial parameters � and � as indiated above, take into aount the experimental errorson m and the default MEs, and swith from the MRST2001LO PDFs [25℄, whih we takeas our default, to the CTEQ6L1 ones [26℄, properly adjusting �(3)QCD and the MEs. Wethen ombine the individual shifts in quadrature, allowing for the upper and lower halferrors to be di�erent.In the laboratory frame of HERA II, eletrons or positrons with energy Ee = 27:5 GeVollide with protons of energy Ep = 920 GeV, yielding a .m. energy of pS = 2qEeEp =318 GeV. For de�niteness, we adopt the experimental aeptane uts from the reentH1 analysis of inlusive J= eletroprodution [11℄, whih inlude 2 < Q2 < 100 GeV,50 < W < 225 GeV, 0:3 < z < 0:9, and p?2T > 1 GeV2. We onsider ross setiondistributions in Q2, W , z, p?2T , y? , p2T , and y , where the last four variables refer to theJ= meson, adopting the binning from [11℄.Our results are displayed in Fig. 1, where the NRQCD preditions (solid lines) areompared with the CSM ones (dashed lines). In eah ase, the theoretial unertainties areindiated by the shaded bands. As expeted from our disussion in Set. 1, the NRQCDpreditions vastly exeed the CSM ones, by almost one order of magnitude, The gapsare onsiderably larger than the theoretial errors. On the other hand, the shapes of thevarious ross setion distributions ome out very similar in both approahes, whih maybe understood by observing that the partoni ross setions of the CS and CO hannels in7



(6) are proportional to eah other. From Fig. 1, we read o� that the integrated NRQCDross setion is of order 10 fb. Given that the integrated luminosity to be olleted bythe end of HERA operation amounts to about 1 fb�1, one thus expets about 10 signalevents.5 ConlusionsWe studied the eletroprodution of prompt J= mesons in assoiation with promptphotons in ep ollisions under HERA II kinemati onditions to LO in the NRQCD [2℄fatorisation formalism [1℄. We onsidered ross setion distributions in all variablesof urrent interest [11,12℄, inluding Q2, W , z, p?2T , y? , p2T , and y . As input for ouralulation, we used updated information on the NRQCDMEs extrated from a ombined�t to data on inlusive harmonium hadroprodution olleted by the CDF Collaborationin runs I [6℄ and II [20℄ at the Tevatron.As a result of our study, we ould identify prompt J= plus photon assoiated ele-troprodution as a useful probe of the CO mehanism. In fat the NRQCD preditionsturned out to exeed the CSM ones by almost one order of magnitude. Unfortunately, theross setion distributions in both theories have very similar shapes, so that the NRQCDto CSM ratio annot be further enhaned by spei� aeptane uts. Should this pro-dution proess be experimentally observed with the rate predited by NRQCD, thenthis would provide strong evidene in favour of the existene of CO proesses in nature.In view of the moderate integrated ross setion of order 10 fb, this is a hallenging en-deavour. This is an example of a study that would bene�t from the extension of HERAoperation beyond the summer of 2007.Aknowledgements. The researh of B.A.K. was supported in part by the BMBF throughGrant No. 05 HT6GUA and the DFG through Grant No. KN 365/6{1. The researh ofC.P.P. was supported in part by the DFG through Graduiertenkolleg No. GRK 602/2and by the OÆe of the Vie President for Aademi A�airs of the University of thePhilippines.Referenes[1℄ G.T. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D 51, 1125 (1995); 55, 5853(E)(1997)[2℄ W.E. Caswell, G.P. Lepage, Phys. Lett. 167B, 437 (1986)[3℄ V.G. Kartvelishvili, A.K. Likhoded, S.R. Slabospitski��, Yad. Fiz. 28, 1315 (1978)[Sov. J. Nul. Phys. 28, 678 (1978)℄; E.L. Berger, D. Jones, Phys. Rev. D 23, 1521(1981); R. Baier, R. R�ukl, Phys. Lett. 102B, 364 (1981)8
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