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DESY 09{144 ISSN 0418{9833September 2009Complete next-to-leading-order 
orre
tions to J= photoprodu
tion in nonrelativisti
quantum 
hromodynami
sMathias Butens
h�on and Bernd A. KniehlII. Institut f�ur Theoretis
he Physik, Universit�at Hamburg,Luruper Chaussee 149, 22761 Hamburg, Germany(Dated: February 2, 2010)We 
al
ulate the 
ross se
tion of in
lusive dire
t J= photoprodu
tion at next-to-leading orderwithin the fa
torization formalism of nonrelativisti
 quantum 
hromodynami
s, for the �rst timein
luding the full relativisti
 
orre
tions due to the intermediate 1S[8℄0 , 3S[8℄1 , and 3P [8℄J 
olor-o
tetstates. A 
omparison of our results to re
ent H1 data suggests that the 
olor o
tet me
hanism isindeed realized in J= photoprodu
tion, although the predi
tivity of our results still su�ers fromun
ertainties in the 
olor-o
tet long-distan
e matrix elements.PACS numbers: 12.38.Bx, 13.60.Hb, 13.60.Le, 14.40.PqThe fa
torization formalism of nonrelativisti
 quan-tum 
hromodynami
s (NRQCD) [1℄ provides a 
onsis-tent theoreti
al framework for the des
ription of heavy-quarkonium produ
tion and de
ay, whi
h is known tohold through two loops [2℄. This implies a separationof pro
ess-dependent short-distan
e 
oeÆ
ients, to be
al
ulated perturbatively as expansions in the strong-
oupling 
onstant �s, from supposedly universal long-distan
e matrix elements (LDMEs), to be extra
ted fromexperiment. The relative importan
e of the latter 
anbe estimated by means of velo
ity s
aling rules; i.e., theLDMEs are predi
ted to s
ale with a de�nite power of theheavy-quark (Q) velo
ity v in the limit v � 1. In thisway, the theoreti
al predi
tions are organized as doubleexpansions in �s and v. A 
ru
ial feature of this formal-ism is that it takes into a

ount the 
omplete stru
tureof the QQ Fo
k spa
e, whi
h is spanned by the statesn = 2S+1L[a℄J with de�nite spin S, orbital angular mo-mentum L, total angular momentum J , and 
olor multi-pli
ity a = 1; 8. In parti
ular, this formalism predi
ts theexisten
e of 
olor-o
tet (CO) pro
esses in nature. Thismeans that QQ pairs are produ
ed at short distan
es inCO states and subsequently evolve into physi
al, 
olor-singlet (CS) quarkonia by the nonperturbative emissionof soft gluons. In the limit v ! 0, the traditional CSmodel (CSM) is re
overed in the 
ase of S-wave quarko-nia. In the 
ase of J= produ
tion, the CSM predi
tionis based just on the 3S[1℄1 CS state, while the leading rel-ativisti
 
orre
tions, of relative order O(v4), are built upby the 1S[8℄0 , 3S[8℄1 , and 3P [8℄J (J = 0; 1; 2) CO states.Fifteen years after the introdu
tion of the NRQCD fa
-torization formalism [1℄, the existen
e of CO pro
essesand the universality of the LDMEs are still at issue andfar from proven, despite an impressive series of exper-imental and theoreti
al endeavors. The greatest su
-
ess of NRQCD was that it was able to explain the J= hadroprodu
tion yield at the Fermilab Tevatron [3℄, whilethe CSM predi
tion lies orders of magnitudes below thedata, even if the latter is evaluated at next-to-leadingorder (NLO) or beyond [4, 5℄. Also in the 
ase of J= photoprodu
tion at DESY HERA, the CSM 
ross se
tion

signi�
antly falls short of the data, as demonstrated bya re
ent NLO analysis [6℄ using up-to-date input param-eters and standard s
ale 
hoi
es, leaving room for CO
ontributions [7℄. Similarly, the J= yields measured inele
troprodu
tion at HERA and in two-photon 
ollisionsat CERN LEP2 were shown [8, 9℄ to favor the presen
e ofCO pro
esses. As for J= polarization in hadroprodu
-tion, neither the leading-order (LO) NRQCD predi
tion[10℄, nor the NLO CSM one [5℄ leads to an adequatedes
ription of the Tevaton data. The situation is quitesimilar for the polarization in photoprodu
tion at HERA[6℄.In order to 
onvin
ingly establish the CO me
hanismand the LDME universality, it is an urgent task to 
om-plete the NLO des
ription of J= hadro- [4, 5, 11℄ andphotoprodu
tion [6, 12℄, regarding both J= yield [4, 12℄and polarization [5, 6, 11℄, by in
luding the full CO 
on-tributions at NLO. While the NLO 
ontributions due tothe 1S[8℄0 and 3S[8℄1 CO states may be obtained [11℄ usingstandard te
hniques, familiar from earliest NLO CSM
al
ulations [12℄, the NLO treatment of 3P [8℄J states in2 ! 2 pro
esses requires a more advan
ed te
hnology,whi
h has been la
king so far. In fa
t, the 3P [8℄J 
ontri-butions represent the missing links in all those previousNLO analyses [4{6, 11, 12℄, and there is no reason atall to expe
t them to be insigni�
ant. Spe
i�
ally, their
al
ulation is far more intri
ate be
ause the appli
ationof the 3P [8℄J proje
tion operators to the short-distan
es
attering amplitudes produ
e parti
ularly lengthy ex-pressions involving 
ompli
ated tensor loop integrals andexhibiting an entangled pattern of infrared (IR) singu-larities. This te
hni
al bottlene
k, whi
h has preventedessential progress in the global test of NRQCD fa
tor-ization for the past �fteen years, is over
ome here forthe �rst time. So far, only two 
omplete NLO analysesof heavy-quarkonium produ
tion in high-energy 
ollisionsinvolving CO states have been performed: the total 
rossse
tion of hadroprodu
tion [13℄ and the in
lusive 
rossse
tion at �nite transverse momentum pT in two-photon
ollisions [14℄. However, the former 
ase 
orresponds toa 2 ! 1 pro
ess, whi
h enormously simpli�es the 
al
u-
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qFIG. 1: Sample diagrams 
ontributing at LO (a and d) andto the virtual (b and e) and real (
 and f) NLO 
orre
tions.
FIG. 2: Overview of the IR singularity stru
ture.lation, and the latter 
ase does not involve virtual 
or-re
tions in P -wave 
hannels.In dire
t photoprodu
tion, a quasi-real photon 
 thatis radiated o� the in
oming ele
tron e intera
ts with aparton i stemming from the in
oming proton p. Invokingthe Weizs�a
ker-Williams approximation and the fa
tor-ization theorems of the QCD parton model and NRQCD[1℄, the in
lusive J= photoprodu
tion 
ross se
tion isevaluated fromd�(ep! J= +X) = Xi;n Z dxdy f
=e(x)fi=p(y) (1)� hOJ= [n℄id�(
i! 

[n℄ +X);where f
=e(x) is the photon 
ux fun
tion, fi=p(y) arethe parton distribution fun
tions (PDFs) of the proton,hOJ= [n℄i are the LDMEs, and d�(
i ! 

[n℄ +X) arethe partoni
 
ross se
tions. Working in the �xed-
avor-number s
heme, i runs over the gluon g and the lightquarks q = u; d; s and anti-quarks q.The Feynman amplitudes of 
i ! 

[n℄ + X are 
al-
ulated by the appli
ation of appropriate spin and 
olorproje
tors onto the usual Feynman amplitudes for open

 produ
tion [13℄. Example Feynman diagrams forpartoni
 LO subpro
esses as well as virtual- and real-
orre
tion diagrams are shown in Fig. 1. Important prop-erties of these proje
tions are that the relative momen-tum q between the 
 and 
 quarks has to be set to zero,in the 
ase of P -wave states after taking the derivativewith respe
t to q.We 
he
ked analyti
ally that all appearing singulari-ties 
an
el. As for the ultraviolet singularities, we renor-malize the 
harm-quark mass and the wave fun
tions ofthe external parti
les a

ording to the on-shell s
heme,and the strong-
oupling 
onstant a

ording to the mod-
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FIG. 3: Separate and joint dependen
es of d�(ep ! J= +X)=dp2T at p2T = 20 GeV2 in full NRQCD at LO and NLO on�r and �f .i�ed minimal-subtra
tion s
heme. Figure 2 displays anoverview of the IR singularity stru
ture. In the 
ase ofthe 3S[1℄1 , 1S[8℄0 , and 3S[8℄1 states, the soft and 
ollinearsingularities of the real 
orre
tions are 
an
eled as usualby 
omplementary 
ontributions stemming from the vir-tual 
orre
tions and by the absorption of universal partsinto the proton and photon PDFs, the latter entering viaresolved photoprodu
tion. In 
ase of the 3P [8℄J states, thesoft singularity stru
ture is more 
omplex. The reason isthe following: In the soft limit, the real-
orre
tion ampli-tudes fa
torize into LO amplitudes and so-
alled eikonalfa
tors. Taking the derivative with respe
t to q andsquaring the amplitudes then leads to additional soft #2and soft #3 terms be
ause the derivative has to be takenof the eikonal fa
tors as well. The soft #3 terms are pro-portional to a linear 
ombination of the short-distan
e
ross se
tions to produ
e the 3S[1℄1 and 3S[8℄1 states. Theyare 
an
eled against IR singularities stemming from ra-diative 
orre
tions to the hOJ= (3S[1℄1 )i and hOJ= (3S[8℄1 )iLDMEs. The soft #2 terms do not fa
torize to LO 
rossse
tions. They also 
an
el against virtual-
orre
tion 
on-tributions as the usual soft #1 terms.Apart from the analyti
al 
an
ellation of all o

ur-ring singularities, our 
al
ulation passes a number of fur-ther nontrivial 
he
ks. We implemented two indepen-dent methods for the redu
tion of the tensor loop inte-grals, whi
h yielded identi
al results. As for the real 
or-re
tions, the numeri
al evaluation of our expressions forthe squared matrix elements agree with numeri
al out-put generated using the program pa
kage MadOnia [15℄,well within the numeri
al un
ertainty of the latter. Weveri�ed that our results are stable w.r.t. variations of thephase spa
e sli
ing parameters introdu
ed as a demar
a-tion between the soft and/or 
ollinear regions from therest of the three-parti
le phase spa
e. [? ℄. Finally, we
ould ni
ely reprodu
e the NLO CSM results of Ref. [12℄after adopting the inputs 
hosen therein. For spa
e lim-itation, we refrain from presenting here more te
hni
aldetails, but refer the interested reader to a forth
omingpubli
ation.



3We now des
ribe our theoreti
al input and the kine-mati
 
onditions for our numeri
al analysis. We setm
 = mJ= =2, adopt the values of mJ= , me, and� from Ref. [16℄, and use the one-loop (two-loop) for-mula for �(nf )s (�), with nf = 3 a
tive quark 
avors,at LO (NLO). As for the proton PDFs, we use setCTEQ6L1 (CTEQ6M) [17℄ at LO (NLO), whi
h 
omeswith an asymptoti
 s
ale parameter of �(4)QCD = 215 MeV(326 MeV), so that �(3)QCD = 249 MeV (389 MeV).We evaluate the photon 
ux fun
tion using Eq. (5) ofRef. [18℄ with the 
ut-o� Q2max = 2 GeV2 [19, 20℄ on thephoton virtuality. Our default 
hoi
es for the renormal-ization, fa
torization, and NRQCD s
ales are �r = �f =mT and �� = m
, respe
tively, where mT =pp2T + 4m2
is the J= transverse mass. We adopt the LDMEs fromRef. [21℄, whi
h were �tted to Tevatron I data usingthe CTEQ4 PDFs, be
ause, besides the usual LO set,they also 
omprise a higher-order-improved set deter-mined by approximately taking into a

ount dominanthigher-order e�e
ts due to multiple-gluon radiation in in-
lusive J= hadroprodu
tion, whi
h had been found tobe substantial by a Monte Carlo study [22℄. This obser-vation is in line with the sizable NLO 
orre
tions re
entlyfound in Refs. [4, 5, 11℄, still ex
luding the 3P [8℄J 
hannelsat NLO. Of 
ourse, LDME �ts to more re
ent Tevatrondata are available, but their goodness is 
learly limited bythe present theoreti
al un
ertainties in the short-distan
e
ross se
tions, preventing the in
rease in experimentalpre
ision gained sin
e the analysis of Ref. [21℄ from a
tu-ally being bene�
ial. Apart from that, the 
entral valuesof the J= LDMEs have only moderately 
hanged, asmay be seen by 
omparing the LO results of Ref. [21℄with those re
ently obtained [23℄ by �tting Tevatron IIdata using the CTEQ6L1 PDFs [17℄. Be
ause the pTdistributions of the 1S[8℄0 and 3P [8℄J 
ontributions to J= hadroprodu
tion exhibit very similar shapes, �ts usuallyonly 
onstrain the linear 
ombinationMJ= r = hOJ= (1S[8℄0 )i+ rm2
 hOJ= (3P [8℄0 )i; (2)with an r value of about 3.5 [21, 23℄. As inRef. [14℄, we take the demo
rati
 
hoi
e hOJ= (1S[8℄0 )i =(r=m2
)hOJ= (3P [8℄0 )i =MJ= r =2 as our default.Re
ently, the H1 Collaboration presented preliminarydata on in
lusive J= photoprodu
tion taken in 
olli-sions of 27.6 GeV ele
trons or positrons on 920 GeV pro-tons in the HERA II laboratory frame [20℄. They ni
elyagree with their previous measurement at HERA I [19℄.These data 
ome as singly di�erential 
ross se
tions inp2T , W = p(p
 + pp)2, and z = (pJ= � pp)=(p
 � pp), inea
h 
ase with 
ertain a

eptan
e 
uts on the other twovariables. Here, p
 , pp, and pJ= are the photon, proton,and J= four-momenta, respe
tively. In the 
omparisonsbelow, we impose the same kinemati
 
onditions on ourtheoreti
al predi
tions.We start our numeri
al analysis by estimating the theo-reti
al un
ertainties. The dependen
es on the unphysi
al

s
ales �r and �f are investigated in full NRQCD at LOand NLO for the typi
al 
ase of d�(ep! J= +X)=dp2Tat p2T = 20 GeV2 in Fig. 3. Contrary to na��ve expe
-tations, the s
ale dependen
e is not redu
ed when pass-ing from LO to NLO. Detailed investigation reveals thatthis behavior may be as
ribed to the fa
t that the new
oeÆ
ient of �3s(�r) is greatly dominated by the partthat does not 
arry logarithmi
 dependen
e on �r or�f , mainly arising from the gluon-indu
ed 1S[8℄0 and 3P [8℄0
hannels, while the 
omplementary part still formallywarrants renormalization group invarian
e up to termsbeyond NLO. As for the dependen
e on m
, a redu
tionof m
 from mJ= =2 � 1:55 GeV to 1.4 GeV typi
allyentails a rise in 
ross se
tion by about 50%. The free-dom in sharing MJ= r of Eq. (2) between hOJ= (1S[8℄0 )iand (r=m2
)hOJ= (3P [8℄0 )i typi
ally 
reates an un
ertaintyof about 10%. The bulk of the theoreti
al un
ertaintyis a
tually due to the la
k of knowledge of the 
om-plete NLO 
orre
tions to the 
ross se
tion of in
lusiveJ= hadroprodu
tion, whi
h is instrumental for a reli-able NLO �t of the CO LDMEs to the Tevatron data.As explained above, these 
orre
tions are expe
ted to bedominated by positive and sizable 
ontributions from realQCD bremsstrahlung [4, 5, 11, 22℄, leading to a signi�-
ant redu
tion of the CO LDMEs [21℄. At present, thetheoreti
al un
ertainty in in
lusive J= photoprodu
tionfrom this sour
e may be 
onservatively estimated by 
om-paring the full NRQCD evaluations using the LO andhigher-order-improved LDME sets of Ref. [21℄, with theunderstanding that the former is bound to overshoot afuture evaluation with a genuine NLO set. This kindof un
ertainty is indi
ated in the remaining �gures byshaded (yellow) bands, whose upper margins (solid lines)refer to the LO set.The H1 measurements [19, 20℄ of the p2T , W , and zdistributions of in
lusive J= photoprodu
tion are 
om-pared with our new NLO predi
tions in full NRQCD inFig. 4(a){(
), respe
tively. For 
omparison, also the de-fault predi
tions at LO (dashed lines) as well as thoseof the CSM at NLO (dot-dashed lines) and LO (dottedlines) are shown. Noti
e that the experimental data are
ontaminated by the feed-down from heavier 
harmonia,mainly due to  0 ! J= +X , whi
h yields an estimatedenhan
ement by about 15% [12℄. Furthermore, our pre-di
tions do not in
lude resolved photoprodu
tion, whi
h
ontributes appre
iably only at z . 0:3 [21℄, and di�ra
-tive produ
tion, whi
h is 
on�ned to the quasi-elasti
 do-main at z � 1 and pT � 0. These 
ontributions are eÆ-
iently suppressed by the 
ut 0:3 < z < 0:9 in Figs. 4(a)and (b), so that our 
omparisons are indeed meaning-ful. We observe that the NLO 
orre
tions enhan
e theNRQCD 
ross se
tion, by up to 115%, in the kinemati
range 
onsidered, ex
ept for z . 0:45, where they arenegative. As may be seen from Fig. 4(
), the familiargrowth of the LO NRQCD predi
tion in the upper end-point region, leading to a breakdown at z = 1, is furtherenhan
ed at NLO. The solution to this problem 
learlylies beyond the �xed-order treatment and may be found
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) z distributions of in
lusive J= photoprodu
tion at LO and NLO in the CSM and full NRQCDin 
omparison with H1 data [19, 20℄. The shaded (yellow) bands indi
ate the theoreti
al un
ertainty due to the CO LDMEs.in soft 
ollinear e�e
tive theory [24℄. The experimentaldata are ni
ely gathered in the 
entral region of the er-ror bands, ex
ept for the two low-z points in Fig. 4(
),whi
h overshoot the NLO NRQCD predi
tion. However,this apparent disagreement is expe
ted to fade away on
ethe NLO-
orre
ted NRQCD 
ontribution due to resolvedphotoprodu
tion is in
luded. In fa
t, the above 
onsid-erations 
on
erning the large size of the NLO 
orre
tionsto hadroprodu
tion dire
tly 
arry over to resolved pho-toprodu
tion, whi
h pro
eeds through the same partoni
subpro
esses. On the other hand, the default CSM pre-di
tions signi�
antly undershoot the experimental data,by typi
ally a fa
tor of 4, whi
h has already been ob-served in Ref. [6℄. Ex
ept for p2T & 4 GeV2, the situationis even deteriorated by the in
lusion of the NLO 
orre
-tions.Despite the 
aveat 
on
erning our limited knowledgeof the CO LDMEs at NLO, we 
on
lude that the H1

data [19, 20℄ show 
lear eviden
e of the existen
e of COpro
esses in nature, as predi
ted by NRQCD, supportingthe 
on
lusions previously rea
hed for hadroprodu
tionat the Tevatron [3℄ and two-photon 
ollisions at LEP2[9℄. In order to further substantiate this argument, it isindispensable to 
omplete the NLO analysis of in
lusiveJ= hadroprodu
tion in NRQCD, by treating also the3P [8℄J 
hannels at NLO, so as to permit a genuine NLO �tof the relevant CO LDMEs to Tevatron and CERN LHCdata. This goal is greatly fa
ilitated by the te
hni
aladvan
ement a
hieved in the present analysis.We thank L. Mihaila and J. Soto for useful dis
ussions,and M. Steder for help with the 
omparison to H1 data[20℄. This work was supported in part by BMBF GrantNo. 05H09GUE, DFG Grant No. KN 365/6{1, and HGFGrant No. HA 101.[1℄ G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev.D 51, 1125 (1995); 55, 5853(E) (1997).[2℄ G. C. Nayak, J. W. Qiu, and G. Sterman, Phys. Rev. D72, 114012 (2005); 74, 074007 (2006).[3℄ P. L. Cho and A. K. Leibovi
h, Phys. Rev. D 53, 150(1996); 53, 6203 (1996).[4℄ J. Campbell, F. Maltoni, and F. Tramontano, Phys. Rev.Lett. 98, 252002 (2007); P. Artoisenet, J. P. Lansberg,and F. Maltoni, Phys. Lett. B 653, 60 (2007); P. Ar-toisenet, AIP Conf. Pro
. 1038, 55 (2008).[5℄ B. Gong and J.-X. Wang, Phys. Rev. Lett. 100, 232001(2008).[6℄ P. Artoisenet, J. Campbell, F. Maltoni, and F. Tramon-tano, Phys. Rev. Lett. 102, 142001 (2009); C.-H. Chang,R. Li and J.-X. Wang, Phys. Rev. D 80, 034020 (2009).[7℄ M. Ca

iari and M. Kr�amer, Phys. Rev. Lett. 76, 4128(1996); P. Ko, J. Lee, and H. S. Song, Phys. Rev. D 54,4312 (1996); 60, 119902(E) (1999).[8℄ B. A. Kniehl and L. Zwirner, Nu
l. Phys. B 621, 337(2002);[9℄ M. Klasen, B. A. Kniehl, L. N. Mihaila, and M. Stein-hauser, Phys. Rev. Lett. 89, 032001 (2002).

[10℄ E. Braaten, B. A. Kniehl, and J. Lee, Phys. Rev. D 62,094005 (2000); B. A. Kniehl and J. Lee, ibid. 62, 114027(2000).[11℄ B. Gong, X. Q. Li, and J.-X. Wang, Phys. Lett. B 673,197 (2009).[12℄ M. Kr�amer, J. Zunft, J. Steegborn, and P. M. Zerwas,Phys. Lett. B 348, 657 (1995); M. Kr�amer, Nu
l. Phys.B 459, 3 (1996).[13℄ A. Petrelli, M. Ca

iari, M. Gre
o, F. Maltoni, andM. L. Mangano, Nu
l. Phys. B 514, 245 (1998)[14℄ M. Klasen, B. A. Kniehl, L. N. Mihaila, and M. Stein-hauser, Nu
l. Phys. B 713, 487 (2005); Phys. Rev. D 71,014016 (2005).[15℄ P. Artoisenet, F. Maltoni, and T. Stelzer, JHEP 0802,102 (2008).[16℄ Parti
le Data Group, C. Amsler et al., Phys. Lett. B 667,1 (2008).[17℄ CTEQ Colaboration, J. Pumplin et al., JHEP 0207, 012(2002).[18℄ B. A. Kniehl, G. Kramer, and M. Spira, Z. Phys. C 76,689 (1997).[19℄ H1 Collaboration, C. Adlo� et al., Eur. Phys. J. C 25,



525 (2002).[20℄ F.D. Aaron et al. (H1 Collaboration), DESY 09{225,arXiv:1002.0234 [hep-ex℄.[21℄ B. A. Kniehl and G. Kramer, Eur. Phys. J. C 6, 493(1999).[22℄ B. Cano-Coloma and M. A. San
his-Lozano, Nu
l. Phys. B 508, 753 (1997).[23℄ B. A. Kniehl and C. P. Paliso
, Eur. Phys. J. C 48, 451(2006).[24℄ S. Fleming, A. K. Leibovi
h, and T. Mehen, Phys. Rev.D 74, 114004 (2006).

http://arxiv.org/abs/1002.0234

