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tWe study the produ
tion of a prompt J= meson in asso
iation with a promptphoton in ep deep-inelasti
 s
attering within the fa
torisation formalism of non-relativisti
 quantum 
hromodynami
s (NRQCD) and demonstrate that this pro
essprovides a 
lean probe of the 
olour-o
tet me
hanism at DESY HERA. Our analysisis based on an updated set of non-perturbative NRQCD matrix elements obtainedthrough a joint �t to data on 
harmonium in
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1 Introdu
tionSin
e the dis
overy of the J= meson in 1974, 
harmonium has provided a useful labora-tory for quantitative tests of quantum 
hromodynami
s (QCD) and, in parti
ular, of theinterplay of perturbative and non-perturbative phenomena. The fa
torisation formalism[1℄ of nonrelativisti
 QCD (NRQCD) [2℄ provides a rigorous theoreti
al framework for thedes
ription of heavy-quarkonium produ
tion and de
ay. This formalism implies a separa-tion of short-distan
e 
oeÆ
ients, whi
h 
an be 
al
ulated perturbatively as expansions inthe strong-
oupling 
onstant �s, from long-distan
e matrix elements (MEs), whi
h mustbe extra
ted from experiment. The relative importan
e of the latter 
an be estimated bymeans of velo
ity s
aling rules; i.e., the MEs are predi
ted to s
ale with a de�nite power ofthe heavy-quark (Q) velo
ity v in the limit v � 1. In this way, the theoreti
al predi
tionsare organised as double expansions in �s and v. A 
ru
ial feature of this formalism is thatit takes into a

ount the 
omplete stru
ture of the QQ Fo
k spa
e, whi
h is spanned bythe states n = 2S+1L(a)J with de�nite spin S, orbital angular momentum L, total angularmomentum J , and 
olour multipli
ity a = 1; 8. The hierar
hy of the MEs predi
ted bythe velo
ity s
aling rules is explained for the J= ,  0, and �
J mesons in Table 1. Inparti
ular, this formalism predi
ts the existen
e of 
olour-o
tet (CO) pro
esses in nature.This means that QQ pairs are produ
ed at short distan
es in CO states and subsequentlyevolve into physi
al, 
olour-singlet (CS) quarkonia by the non-perturbative emission ofsoft gluons. In the limit v ! 0, the traditional CS model (CSM) [3℄ is re
overed inthe 
ase of S-wave quarkonia. The greatest triumph of this formalism was that it wasable to 
orre
tly des
ribe [4,5℄ the 
ross se
tion of in
lusive 
harmonium hadroprodu
tionmeasured in pp 
ollisions at the Fermilab Tevatron [6℄, whi
h had turned out to be morethan one order of magnitude in ex
ess of the theoreti
al predi
tion based on the CSM.Apart from this phenomenologi
al drawba
k, the CSM also su�ers from severe 
on
ep-tual problems indi
ating that it is in
omplete. These in
lude the presen
e of logarithmi
infrared singularities in the O(�s) 
orre
tions to P -wave de
ays to light hadrons and inthe relativisti
 
orre
tions to S-wave annihilation [7℄, and the la
k of a general argumentfor its validity in higher orders of perturbation theory.In order to 
onvin
ingly establish the phenomenologi
al signi�
an
e of the CO pro-
esses, it is indispensable to identify them in other kinds of high-energy experiments aswell. Studies of 
harmonium produ
tion in ep photoprodu
tion, ep and �N deep-inelasti
s
attering (DIS), e+e� annihilation in the 
ontinuum, Z-boson de
ays, 

 
ollisions, andb-hadron de
ays may be found in the literature; for reviews, see [8℄. Furthermore, thepolarisation of  0 mesons produ
ed dire
tly and of J= mesons produ
ed promptly, i.e.,either dire
tly or via the feed-down from heavier 
harmonia, whi
h also provides a sensi-tive probe of CO pro
esses, was investigated [9,10℄. Until re
ently, none of these studieswas able to prove or disprove the NRQCD fa
torisation hypothesis. However, H1 data ofe + p ! e + J= + X in DIS at the DESY Hadron Ele
tron Ring A

elerator (HERA)[11,12℄ and DELPHI data of 
+
 ! J= +X at the CERN Large Ele
tron Positron Col-lider (LEP2) [13℄ provide �rst independent eviden
e for it by agreeing with the respe
tiveNRQCD predi
tions [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 pro
esse+ p! J= + 
 +X (1)as a 
lean probe of the CO me
hanism and propose its experimental study at HERA II.In fa
t, among the partoni
 subpro
esses 
ontributing at LO,e+ 
! e+ 

 h3S(1)1 i+ 
; (2)e+ g! e+ 

 h3S(8)1 i+ 
; (3)the latter is by far dominant be
ause, in the relevant range of x and Q2, the density ofgluons in the proton is so mu
h 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 in
onsequential. The emissionof photons o� the proton 
an happen either elasti
ally or inelasti
ally, i.e., the protonstays inta
t or is destroyed. In both 
ases, the parton density fun
tion (PDF) 
an beevaluated in the Weizs�a
ker-Williams approximation [16,17℄. Besides ele
tromagneti
proton intera
tion, also di�ra
tive s
attering o� the proton, via pomeron ex
hange, allowsfor CS pro
esses. However, su
h events will be a

umulated at the border of the phasespa
e, at z�< 1, where z is the inelasti
ity variable de�ned in Se
t. 2. By the sametoken, they 
an be eliminated from the experimental data set by applying an appropriatea

eptan
e 
ut on z. In this paper, we assume this to be done.The potential of J= plus photon asso
iated produ
tion to probe the CO me
hanismwas already investigated for photoprodu
tion in ep s
attering [18℄. In that 
ase, however,the bulk of the 
ross se
tion, 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 photoprodu
tion.Spe
i�
ally, the photoprodu
tion analogue of pro
ess (3), 
+g ! 

 h3S(8)1 i+
, only makesup 1/5 of the total 
ross se
tion [18℄. On the other hand, the probability of a photon toappear resolved rapidly de
reases with its size 1=Q2, so that the situation en
ountered in[18℄ is subje
t to a dramati
 
hange as one passes from photoprodu
tion to DIS.In [19℄, prompt J= plus photon asso
iated photoprodu
tion in 

 
ollisions wasstudied in next-to-leading order (NLO), and sizeable 
orre
tions to the 
ross se
tion werefound. Sin
e the present analysis is at an exploratory level, 
onsidering pro
ess (1) forthe �rst time, we stay at LO. A NLO analysis of pro
ess (1) would be more involved thanin the 
ase of [19℄, due to the presen
e of Q2 as an additional mass s
ale, and is left forfuture work. 3



The paper is organised as follows. In Se
t. 2, we 
olle
t the formulas from whi
h theLO 
ross se
tion of pro
ess (1) 
an be evaluated. In Se
t. 3, we update the extra
tionof the NRQCD MEs of the J= ,  0, and �
J mesons in [9℄ by in
luding in the �t CDFdata from Tevatron run II [20℄ besides that from run I [6℄. In Se
t. 4, we then present ourpredi
tions for the 
ross se
tion of pro
ess (1) under HERA II experimental 
onditionsand demonstrate that this is an ex
ellent probe of the CO me
hanism. Our 
on
lusionsare 
ontained in Se
t. 5.2 Analyti
 resultsWe now present our analyti
 results for the 
ross se
tion of pro
ess (1). We work atLO in the parton model of QCD with nf = 3 a
tive quark 
avours and employ theNRQCD fa
torisation formalism [1℄ to des
ribe the formation of the J= meson. Westart by de�ning the kinemati
s. We denote the four-momenta of the in
oming leptonand proton and the outgoing lepton, J= meson, and photon by k, P , k0, p , and p0,respe
tively. The parton a stru
k 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 fra
tion of the virtual-photon energy transferred to the J= meson, respe
tively. We negle
t the masses ofthe proton, lepton, and light quarks, 
all the one of the J= meson M , and take the
harm-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, respe
tively.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-momentum
onservation, 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)respe
tively. Here and in the following, we denote the quantities referring to the 
?p CMframe by an asterisk. The se
ond 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 dire
tion of the three-momentum of the virtual photon, in a

ordan
e with HERA
onventions [11,12℄.The 
ross se
tions of pro
esses (2) and (3) may be 
onveniently 
al
ulated by applyingthe 
ovariant-proje
tor 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 fa
tors a

ount for 
olour and 
oupling adjustments.A

ording to the fa
torisation theorems of the parton model and NRQCD, the 
rossse
tion of pro
ess (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 fa
torisation s
ale M , and (d3�=dy dQ2 dt) (e + a ! e + 

[n℄ + 
)are given by (6). The kinemati
ally allowed ranges of y and Q2 are M2 =S < y < 1 and0 < Q2 < yS �M2 , respe
tively.Prompt J= produ
tion may be 
onveniently des
ribed by inserting in (7) the e�e
tiveMEs spe
i�ed in (20) of [19℄.3 Determination of the MEsThe re
ent CDF measurement of prompt J= in
lusive hadroprodu
tion 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 be
ausethe prompt J= sample was expli
itly broken down into dire
t 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, whi
h otherwisepro
eeds 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 extra
ted from the measured partial de
ay widths of  (nS)! l+ + l�and �
2 ! 
 + 
 [23℄, respe
tively. 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 �
Jin
lusive hadroprodu
tion [6,20℄ and the 
ross-se
tion ratio ��
2=��
1 [24℄ measured at theTevatron. In 
ontrast to the run I data [6℄, the run II data [20℄ rea
h 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 predi
tion, so that their in
lusion would spoil the �t. Therefore, we onlyin
lude the 14 data points with pT > 4:25 GeV. Sin
e 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 exa
tly, by solving a set of seven linear equations for the seven unknownCO MEs.The relevant partoni
 
ross se
tions 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
 de
aybran
hing fra
tions 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 Theoreti
al-Experimental Proje
t on QCD(CTEQ6L1) [26℄. For 
onsisten
y, we employ the one-loop formula for �(3)s (�) and 
hoosethe asymptoti
 s
ale parameter to be �(3)QCD = 253 MeV (246 MeV), appropriate for theMRST2001LO (CTEQ6L1) PDFs. We identify the renormalisation s
ale � and the fa
-torisation s
ale 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 respe
tive 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 appre
iably smallerthan in [9℄.4 Prompt J= plus photon asso
iated ele
troprodu
-tionWe are now in a position to present our theoreti
al predi
tions for the 
ross se
tion ofpro
ess (1) under HERA II experimental 
onditions. They are evaluated from the formulaslisted in Se
t. 2 with the inputs and 
onventions des
ribed in Se
t. 3, ex
ept that we nowset � = M = �pQ2 +M2 and vary the s
ale parameter � between 1/2 and 2 about thedefault value 1. Sin
e (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 des
ribed 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 � �)m2
r M (nS)r (9)and vary � between 0 and 1 around the default value 1/2.In order to estimate the theoreti
al un
ertainties in our predi
tions, we vary the un-physi
al parameters � and � as indi
ated above, take into a

ount the experimental errorson m
 and the default MEs, and swit
h from the MRST2001LO PDFs [25℄, whi
h 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, ele
trons or positrons with energy Ee = 27:5 GeV
ollide with protons of energy Ep = 920 GeV, yielding a 
.m. energy of pS = 2qEeEp =318 GeV. For de�niteness, we adopt the experimental a

eptan
e 
uts from the re
entH1 analysis of in
lusive J= ele
troprodu
tion [11℄, whi
h in
lude 2 < Q2 < 100 GeV,50 < W < 225 GeV, 0:3 < z < 0:9, and p?2T > 1 GeV2. We 
onsider 
ross se
tiondistributions 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 predi
tions (solid lines) are
ompared with the CSM ones (dashed lines). In ea
h 
ase, the theoreti
al un
ertainties areindi
ated by the shaded bands. As expe
ted from our dis
ussion in Se
t. 1, the NRQCDpredi
tions vastly ex
eed the CSM ones, by almost one order of magnitude, The gapsare 
onsiderably larger than the theoreti
al errors. On the other hand, the shapes of thevarious 
ross se
tion distributions 
ome out very similar in both approa
hes, whi
h maybe understood by observing that the partoni
 
ross se
tions of the CS and CO 
hannels in7



(6) are proportional to ea
h other. From Fig. 1, we read o� that the integrated NRQCD
ross se
tion is of order 10 fb. Given that the integrated luminosity to be 
olle
ted bythe end of HERA operation amounts to about 1 fb�1, one thus expe
ts about 10 signalevents.5 Con
lusionsWe studied the ele
troprodu
tion of prompt J= mesons in asso
iation with promptphotons in ep 
ollisions under HERA II kinemati
 
onditions to LO in the NRQCD [2℄fa
torisation formalism [1℄. We 
onsidered 
ross se
tion distributions in all variablesof 
urrent interest [11,12℄, in
luding Q2, W , z, p?2T , y? , p2T , and y . As input for our
al
ulation, we used updated information on the NRQCDMEs extra
ted from a 
ombined�t to data on in
lusive 
harmonium hadroprodu
tion 
olle
ted 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 asso
iated ele
-troprodu
tion as a useful probe of the CO me
hanism. In fa
t the NRQCD predi
tionsturned out to ex
eed the CSM ones by almost one order of magnitude. Unfortunately, the
ross se
tion distributions in both theories have very similar shapes, so that the NRQCDto CSM ratio 
annot be further enhan
ed by spe
i�
 a

eptan
e 
uts. Should this pro-du
tion pro
ess be experimentally observed with the rate predi
ted by NRQCD, thenthis would provide strong eviden
e in favour of the existen
e of CO pro
esses in nature.In view of the moderate integrated 
ross se
tion 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.A
knowledgements. The resear
h 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 resear
h ofC.P.P. was supported in part by the DFG through Graduiertenkolleg No. GRK 602/2and by the OÆ
e of the Vi
e President for A
ademi
 A�airs of the University of thePhilippines.Referen
es[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. Nu
l. Phys. 28, 678 (1978)℄; E.L. Berger, D. Jones, Phys. Rev. D 23, 1521(1981); R. Baier, R. R�u
kl, Phys. Lett. 102B, 364 (1981)8



10
1 Q2 [GeV2]

10
-2

10
-1

10
0

dσ
/d

Q
2  [

fb
/G

eV
2 ]

NRQCD
CSM

0.3 0.5 0.7 0.9z

10
1

10
2

dσ
/d

z 
[f

b]

10
0

10
1 p*T

 2 [GeV2]

10
-2

10
-1

10
0

10
1

dσ
/d

p* T
 2

 [
fb

/G
eV

2 ]

2 2.8 3.6 y*J/ψ

10
0

10
1

dσ
/d

y* J/
ψ
 [

fb
]

10
0

10
1 pT

2 [GeV2]
10

-3

10
-2

10
-1

10
0

dσ
/d

p T2  [
fb

/G
eV

2 ]

50 100 150 200
W [GeV]

10
-2

10
-1

dσ
/d

W
 [

fb
/G

eV
]

-1.5 -0.5 0.5 1.5yJ/ψ

10
0

10
1

dσ
/d

y J/
ψ
 [

fb
]Figure 1: NRQCD (solid lines) and CSM (dashed lines) predi
tions of the Q2, z, p?2T , y? ,p2T , W , and y distributions of prompt J= plus photon asso
iated ele
troprodu
tion atHERA II in the kinemati
 region de�ned by 2 < Q2 < 100 GeV, 50 < W < 225 GeV,0:3 < z < 0:9, and p?2T > 1 GeV2. The shaded bands indi
ate the theoreti
al un
ertainty9



[4℄ E. Braaten, S. Fleming, Phys. Rev. Lett. 74, 3327 (1995); E. Braaten, T.C. Yuan,Phys. Rev. D 52, 6627 (1995)[5℄ P. Cho, A.K. Leibovi
h, Phys. Rev. D 53, 150 (1996); 53, 6203 (1996)[6℄ CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 79, 572 (1997); 79, 578 (1997)[7℄ R. Barbieri, R. Gatto, E. Remiddi, Phys. Lett. 61B, 465 (1976)[8℄ E. Braaten, S. Fleming, T.C. Yuan, Annu. Rev. Nu
l. Part. S
i. 46, 197 (1996); B.A.Kniehl, G. Kramer, Phys. Lett. B 413, 416 (1997); M. Kr�amer, Prog. Part. Nu
l.Phys. 47, 14 (2001); M. Klasen, Rev. Mod. Phys. 74, 1221 (2002)[9℄ E. Braaten, B.A. Kniehl, J. Lee, Phys. Rev. D 62, 094005 (2000)[10℄ B.A. Kniehl, J. Lee, Phys. Rev. D 62, 114027 (2000); B.A. Kniehl, G. Kramer, C.P.Paliso
, ibid. 68, 114002 (2003)[11℄ H1 Collaboration, C. Adlo� et al., Eur. Phys. J. C 10, 373 (1999); 25, 41 (2002)[12℄ ZEUS Collaboration, S. Chekanov et al., Eur. Phys. J. C 44, 13 (2005)[13℄ DELPHI Collaboration, J. Abdallah et al., Phys. Lett. B 565, 76 (2003)[14℄ B.A. Kniehl, L. Zwirner, Nu
l. Phys. B 621, 337 (2002); 637, 311 (2002); 678, 258(2004)[15℄ M. Klasen, B.A. Kniehl, L.N. Mihaila, M. Steinhauser, Phys. Rev. Lett. 89, 032001(2002); R.M. Godbole, D. Indumathi, M. Kr�amer, Phys. Rev. D 65, 074003 (2002)[16℄ B.A. Kniehl, Phys. Lett. B 254, 267 (1991)[17℄ M. Gl�u
k, M. Stratmann, W. Vogelsang, Phys. Lett. B 343, 399 (1997)[18℄ M. Ca

iari, M. Gre
o, M. Kr�amer, Phys. Rev. D 55, 7126 (1997)[19℄ M. Klasen, B.A. Kniehl, L.N. Mihaila, M. Steinhauser, Phys. Rev. D 71, 014016(2005)[20℄ CDF Collaboration, D. A
osta et al., Phys. Rev. D 71, 032001 (2005)[21℄ A. Petrelli, M. Ca

iari, M. Gre
o, F. Maltoni, M.L. Mangano, Nu
l. Phys. B 514,245 (1998).[22℄ B.A. Kniehl, G. Kramer, Eur. Phys. J. C 6, 493 (1999); Phys. Rev. D 60, 014006(1999)[23℄ Parti
le Data Group, S. Eidelman et al., Phys. Lett. B 592, 1 (2004)[24℄ CDF Collaboration, T. A�older et al., Phys. Rev. Lett. 86, 3963 (2001)10



[25℄ A.D. Martin, R.G. Roberts, W.J. Stirling, R.S. Thorne, Phys. Lett. B 531, 216(2002)[26℄ J. Pumplin, D.R. Stump, J. Huston, H.-L. Lai, P. Nadolsky, W.-K. Tung, JHEP0207, 012 (2002)

11


	Introduction
	Analytic results
	Determination of the MEs
	Prompt J/ plus photon associated electroproduction
	Conclusions

