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hoen�univie.a
.atBERND A. KNIEHLII. Institut f�ur Theoretis
he Physik, Universit�at Hamburg,Luruper Chaussee 149, 22761 Hamburg, Germanykniehl�desy.deRe
eived (Day Month Year)Revised (Day Month Year)We report on re
ent progress in testing the fa
torization formalism of nonrelativisti
quantum 
hromodynami
s (NRQCD) at next-to-leading order (NLO) for J= yield andpolarization. We demonstrate that it is possible to unambiguously determine the leading
olor-o
tet long-distan
e matrix elements (LDMEs) in 
omplian
e with the velo
ity s
al-ing rules through a global �t to experimental data of unpolarized J= produ
tion in pp,pp, ep, 

, and e+e� 
ollisions. Three data sets not in
luded in the �t, from hadropro-du
tion and from photoprodu
tion in the �xed-target and 
olliding-beam modes, areni
ely reprodu
ed. The polarization observables measured in di�erent frames at DESYHERA and CERN LHC reasonably agree with NLO NRQCD predi
tions obtained usingthe LDMEs extra
ted from the global �t, while measurements at the FNAL Tevatronexhibit severe disagreement. We demonstrate that alternative LDME sets re
ently ob-tained, with di�erent philosophies, in two other NLO NRQCD analyses of J= yield andpolarization also fail to re
on
ile the Tevatron polarization data with the other availableworld data.Keywords: J= meson; nonrelativisti
 QCD; fa
torization.PACS Nos.: 12.38.Bx, 13.60.Le, 13.88.+e, 14.40.Pq1. Introdu
tionWhile the overly su

essful experiments at the LHC are exploring the Higgs se
-tor and are systemati
ally sear
hing for signals of physi
s beyond the standardmodel (SM), we must not be 
arried away losing tra
k of a longstanding, unre-solved puzzle in quantum 
hromodynami
s (QCD), the otherwise well-establishedSU(3) gauge theory of the strong intera
tions, right in the 
ore of the SM. In fa
t,despite 
on
erted experimental and theoreti
al e�orts ever sin
e the dis
overy of theJ= meson in the November revolution of 1974 (The Nobel Prize in Physi
s 1976),the genuine me
hanism underlying the produ
tion and de
ay of heavy quarkonia,1

http://arxiv.org/abs/1212.2037v2
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h are QCD bound states of a heavy quark Q = 
; b and its antiparti
le Q, hasremained mysterious.Nonrelativisti
 QCD (NRQCD)1 endowed with an appropriate fa
torization the-orem, whi
h was 
onje
tured in a seminal work by Bodwin, Braaten, and Lepage2and expli
itly proven through next-to-next-to-leading order for large transverse mo-menta pT ,3;4 arguably 
onstitutes the most probable 
andidate theory at the presenttime. This implies a separation of pro
ess-dependent short-distan
e 
oeÆ
ients, tobe 
al
ulated perturbatively as expansions in the strong-
oupling 
onstant �s, fromsupposedly universal long-distan
e matrix elements (LDMEs), to be extra
ted fromexperiment. The relative importan
e of the latter 
an be estimated by means ofvelo
ity s
aling rules,5 whi
h predi
t ea
h of the LDMEs to s
ale with a de�nitepower of the heavy-quark velo
ity v in the limit v � 1. In this way, the theoreti
alpredi
tions are organized as double expansions in �s and v. A 
ru
ial feature ofthis formalism is that the QQ pair 
an at short distan
es be produ
ed in any Fo
kstate n = 2S+1L[a℄J with de�nite spin S, orbital angular momentum L, total angularmomentum J , and 
olor multipli
ity a = 1; 8. In parti
ular, this formalism predi
tsthe existen
e of intermediate 
olor-o
tet (CO) states in nature, whi
h subsequentlyevolve into physi
al, 
olor-singlet (CS) quarkonia by the nonperturbative emissionof soft gluons. In the limit v ! 0, the traditional CS model (CSM) is re
overed inthe 
ase of S-wave quarkonia. In the 
ase of J= produ
tion, the CSM predi
tion isbased just on the 3S[1℄1 CS state, while the leading relativisti
 
orre
tions, of relativeorder O(v4), are built up by the 1S[8℄0 , 3S[8℄1 , and 3P [8℄J (J = 0; 1; 2) CO states.The CSM is not a 
omplete theory, as may be understood by noti
ing thatthe next-to-leading-order (NLO) treatment of P -wave quarkonia is plagued by un-
an
eled infrared singularities, whi
h are, however, properly removed in NRQCD.This 
on
eptual problem 
annot be 
ured from within the CSM, neither by pro-
eeding to higher orders nor by invoking kT fa
torization et
. In a way, NRQCDfa
torization,2 appropriately improved at large values of pT by systemati
 expansionin powers of m2Q=p2T ,6;7;8 is the only game in town, whi
h makes its experimentalveri�
ation su
h a matter of paramount importan
e and general interest.9The experimental test of NRQCD fa
torization2 has been among the most ur-gent tasks on the agenda of the international quarkonium 
ommunity9 for almosttwo de
ades and, with high-quality data being so 
opiously harvested at the LHC,is now more tantalizing than ever. In the following, we dis
uss the present status oftesting NRQCD fa
torization in 
harmonium produ
tion.
2. Global �t to measurements of unpolarized J= yieldsWe 
onsider the in
lusive produ
tion of J= mesons in 
ollisions of two parti
lesA and B. Owing to the fa
torization theorems of the QCD parton model and
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Next-to-leading-order tests of nonrelativisti
-QCD fa
torization with J= yield and polarization 3Table 1. NLO NRQCD �t results for the J= CO LDMEs.18 Subtra
tingfrom the data the estimated 
ontributions from the feed-down of heavier 
har-monia, whi
h are not in
luded in the 
al
ulations, improves the quality of the�t. set A: unsubtra
ted set B: subtra
tedhOJ= (1S[8℄0 )i (4:97� 0:44)� 10�2 GeV3 (3:04 � 0:35)� 10�2 GeV3hOJ= (3S[8℄1 )i (2:24� 0:59)� 10�3 GeV3 (1:68 � 0:46)� 10�3 GeV3hOJ= (3P [8℄0 )i (�1:61 � 0:20) � 10�2 GeV5 (�9:08� 1:61) � 10�3 GeV5�2d:o:f: 4.42 3.74NRQCD,2 the 
ross se
tion is 
al
ulated asd�(AB ! J= +X) = Xi;j;k;l;n Z dx1dx2dy1dy2 fi=A(x1)fk=i(y1)fj=B(x2)fl=j(y2)� hOJ= [n℄id�(kl ! 

[n℄ +X); (1)where fi=A(x1) is the parton distribution fun
tion (PDF) of parton i = g; q; qin hadron A = p; p or the 
ux fun
tion of photon i = 
 in 
harged leptonA = e�; e+, fk=i(y1) is ÆikÆ(1�y1) or the PDF of parton k in the resolved photon i,d�(kl ! 

[n℄ +X) are the partoni
 
ross se
tions, and hOJ= [n℄i are the LDMEs.In the �xed-
avor-number s
heme, we have q = u; d; s. In the 
ase of e+e� annihi-lation, all distribution fun
tions in Eq. (1) are delta fun
tions. The hadroni
 systemX always 
ontains one hard parton at leading order (LO) and is taken to be voidof heavy 
avors, whi
h may be tagged and vetoed experimentally.10;11 The par-toni
 
ross se
tions appropriate for the dire
t produ
tion of unpolarized J= mesonswere 
al
ulated at NLO in NRQCD in Refs. 12, 13 for dire
t photoprodu
tion, inRefs. 14, 15, 16, 17 for hadroprodu
tion, and in Ref. 18 for resolved photoprodu
-tion, two-photon s
attering involving both dire
t and resolved photons, and e+e�annihilation.In our numeri
al analysis, we set m
 = 1:5 GeV, adopt the values of me, �, andthe bran
hing ratios B(J= ! e+e�) and B(J= ! �+��) from Ref. 19, and usethe one-loop (two-loop) formula for �(nf )s (�), with nf = 4 a
tive quark 
avors, at LO(NLO). As for the proton PDFs, we use set CTEQ6L1 (CTEQ6M)20 at LO (NLO),whi
h 
omes with an asymptoti
 s
ale parameter of �(4)QCD = 215 MeV (326 MeV).As for the photon PDFs, we employ the best-�t set AFG04 BF of Ref. 21. Weevaluate the photon 
ux fun
tion using Eq. (5) of Ref. 22, with the upper 
uto� onthe photon virtualityQ2 
hosen as in the 
onsidered data set. As for the CS LDME,we adopt the value hOJ= (3S[1℄1 )i = 1:32 GeV3 from Ref. 23. Our default 
hoi
esfor the renormalization, fa
torization, and NRQCD s
ales are �r = �f = mT and�� = m
, respe
tively, where mT = pp2T + 4m2
 is the J= transverse mass. Thebulk of the theoreti
al un
ertainty is due to the la
k of knowledge of 
orre
tionsbeyond NLO, whi
h are estimated by varying �r, �f , and �� by a fa
tor 2 up anddown relative to their default values.
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hoen, Bernd A. KniehlIn Ref. 18, we performed a global �t to high-quality data of in
lusive unpolarizedJ= produ
tion, 
omprising a total of 194 data points from 26 data sets. Spe
i�
ally,these in
luded pT distributions in hadroprodu
tion from PHENIX24 at RHIC, CDFat Tevatron I25;26 and II,27 ATLAS,28;29 CMS,30 ALICE,31 and LHCb32 atthe LHC; p2T , W , and z distributions in photoprodu
tion from H133 and ZEUS34at HERA I and H135 at HERA II; a p2T distribution in two-photon s
atteringfrom DELPHI36 at LEP II; and a total 
ross se
tion in e+e� annihilation fromBelle10 at KEKB. Denoting the photon, proton, and J= four-momenta by p
 ,pp, and pJ= , respe
tively, W = p(p
 + pp)2 is the 
p 
enter-of-mass energy andz = (pJ= � pp)=(p
 � pp) is the inelasti
ity variable measuring the fra
tion of thephoton energy passed on to the J= meson in the proton rest frame. We ex
ludedfrom our �t all data points of two-photon s
attering with pT < 1 GeV and ofhadroprodu
tion with pT < 3 GeV, whi
h 
annot be su

essfully des
ribed by our�xed-order 
al
ulations as expe
ted. The �t results for the CO LDMEs obtained atNLO in NRQCD with default s
ale 
hoi
es are 
olle
ted in Table 1. They dependonly feebly on the pre
ise lo
ations of the pT 
uts.Our 
al
ulations refer to dire
t J= produ
tion, as the data from Tevatron I25;26do, while the data from Tevatron II,27 LHC,28;29;30;31;32 and KEKB10 
ompriseprompt events and those from RHIC,24 HERA,33;34;35 and LEP II36 even non-prompt ones. The �t results obtained negle
ting the e�e
ts due to these admixturesare listed in the se
ond 
olumn of Table 1 (set A). However, the resulting error issmall against our theoreti
al un
ertainties and has no e�e
t on our 
on
lusions. Infa
t, the fra
tion of J= events originating from the feed-down of heavier 
harmoniaonly amounts to about 36% for hadroprodu
tion,25 15% for photoprodu
tion atHERA,35 9% for two-photon s
attering at LEP II,37 and 26% for e+e� annihilationat KEKB,38 and the fra
tion of J= events from B de
ays is negligible RHIC,HERA,35 and LEP II37 energies. Re�tting the data with the estimated feed-down
ontributions subtra
ted yields the values listed in the third 
olumn of Table 1 (setB). The �2 values per data point a
hieved by the two �ts, whi
h are spe
i�ed as�2d:o:f: in Table 1, are to be taken with a grain of salt, sin
e they do not take intoa

ount the theoreti
al un
ertainties, whi
h ex
eed most of the experimental errors.The fa
t that the global �t18 su

essfully pins down the three CO LDMEs asit does is quite nontrivial by itself and establishes their universality, the more soas the long-standing diÆ
ulty of NRQCD to des
ribe the photoprodu
tion data atlarge values of z is over
ome. Furthermore, their values are of order O(v4) withrespe
t to the CS LDME hOJ= (3S[1℄1 )i,23 in 
omplian
e with the velo
ity s
alingrules.5 Both observations 
onsolidate the validity of NRQCD fa
torization as far asthe unpolarized J= yield is 
on
erned.In Fig. 1, all data sets �tted to are 
ompared with our default NLO NRQCDresults (solid lines). For 
omparison, also the default results at LO (dashed lines)as well as those of the CSM at NLO (dot-dashed lines) and LO (dotted lines) areshown. In order to visualize the size of the NLO 
orre
tions to the hard-s
attering
ross se
tions, the LO predi
tions are evaluated with the same LDMEs and PDFs.
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-QCD fa
torization with J= yield and polarization 5The yellow and blue (shaded) bands indi
ate the theoreti
al errors on the NLONRQCD and CSM results. We observe from Fig. 1 that the experimental data areni
ely des
ribed by NLO NRQCD, being almost ex
lusively 
ontained within its er-ror bands, while they overshoot the NLO CSM predi
tions typi
ally by 1{2 orders ofmagnitude for hadroprodu
tion and a fa
tor of 3{5 for photoprodu
tion. In 
ontrastto the LO analysis of Ref. 39, the DELPHI data36 tend to systemati
ally overshootthe NLO NRQCD result, albeit the deviation is by no means signi�
ant in view ofthe sizable experimental errors. This may be attributed to the destru
tive interfer-en
e of the 1S[8℄0 and 3P [8℄J 
ontributions, whi
h is a genuine NLO phenomenon. Wehave to bear in mind, however, that the DELPHI measurement 
omprises only 16events with pT > 1 GeV and has not been 
on�rmed by any of the other three LEP IIexperiments. The Belle measurement, �(e+e� ! J= + X) = (0:43� 0:13) pb,10is 
ompatible both with the NLO NRQCD and CSM results, (0:70+0:35�0:17 ) pb and(0:24+0:20�0:09 ) pb, respe
tively. However, the measured 
ross se
tion was a
tually ob-tained from a data sample with the multipli
ity of 
harged tra
ks in the eventsbeing larger than four, and 
orre
tions for the e�e
t of this requirement were notperformed, so that the value quoted in Ref. 10 just gives a lower bound on the 
rossse
tion.3. Further tests of NRQCD fa
torization in unpolarized J= produ
tionThree data sets not in
luded in the global �t,18 from hadroprodu
tion and from pho-toprodu
tion in the �xed-target and 
olliding-beam modes, are ni
ely reprodu
edby our NLO NRQCD predi
tions, as may be seen from Figs. 2 and 3. They weretaken by the ATLAS Collaboration40 at the LHC, by Denby et al.41 at the Fermi-lab Tagged-Photon Spe
trometer, and by the ZEUS Collaboration42 at HERA II.The �2d:o:f: values evaluated using our default NLO NRQCD predi
tions read 10.74,a0.40, and 7.50, respe
tively.We 
on
lude that NRQCD fa
torization passes this non-trivial test, whi
h, in the 
ase of Refs. 40, 41, probes kinemati
 regions far outsidethose 
overed by the global �t.184. J= polarizationThe polarization of the J= meson is 
onveniently analyzed experimentally bymeasuring the angular distribution of its leptoni
 de
ays, whi
h is 
ustomarilyparametrized using the three polarization observables ��, ��, and ���, as43W (�; �) / 1 + �� 
os2 � + �� sin2 � 
os(2�) + ��� sin(2�) 
os�; (2)where � and � are respe
tively the polar the azimuthal angles of l+ in the J= rest frame. This de�nition depends on the 
hoi
e of 
oordinate frame. In the ex-perimental analyses,35;44;45;46;47 the heli
ity (re
oil), Collins-Soper, and targetaThis value is redu
ed to 4.88 if the data point at the largest value of pT is omitted.
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hoen, Bernd A. Kniehlframes were employed, in whi
h the polar axes point in the dire
tions of �(~pp+~pp),~pp=j~ppj � ~pp=j~ppj, and �~pp, respe
tively. The values �� = 0;+1;�1 
orrespondto unpolarized, fully transversely polarized, and fully longitudinally polarized J= mesons, respe
tively. The alternative notation � = ��, � = ���, and � = 2�� isfrequently en
ountered in the literature. In Refs. 45, 46, �� is 
alled �.Working in the spin density matrix formalism and denoting the z 
omponent ofS by i; j = 0;�1, we have�� = d�11 � d�00d�11 + d�00 ; �� = d�1;�1d�11 + d�00 ; ��� = p2Re d�10d�11 + d�00 ; (3)where d�ij is the ij 
omponent of the di�erential 
ross se
tion. An expression ofd�ij in terms of PDFs and partoni
 spin density matrix elements may be found inEq. (3) of Ref. 48.Our results for dire
t photoprodu
tion48 are shown in Fig. 4. We 
ompare ourNLO predi
tions for the parameters � and � as fun
tions of pT and z with mea-surements by the H1 Collaboration35 in the heli
ity and Collins-Soper frames andby the ZEUS Collaboration44 in the target frame. Unfortunately, the H135 andZEUS44 data do not yet allow us to distinguish the produ
tion me
hanisms 
learly.However, kinemati
al regions 
an be identi�ed in whi
h a 
lear distin
tion 
ouldbe possible in more pre
ise experiments at a future ep 
ollider, su
h as the CERNLHeC.49 At higher values of pT , NRQCD predi
ts the J= meson to be largely un-polarized, in 
ontrast to the CSM. In the z distributions, the s
ale un
ertainties aresizable, and the error bands of the CSM and NRQCD predi
tions largely overlap.Our results for dire
t hadroprodu
tion50;51 are shown in Fig. 5. We 
ompareour predi
tions for the parameters �� and �� as fun
tions of pT in the heli
ity andCollins-Soper frames with the measurements by CDF45;46 and ALICE.47 In theheli
ity frame, the CSM predi
ts the J= polarization to be strongly longitudinalat NLO, while NRQCD predi
ts it to be strongly transverse. In the Collins-Soperframe, the situation is inverted. The pre
ise CDF measurement at Tevatron run II,46whi
h is partially in disagreement with the one at run I,45 found the J= mesonsto be largely unpolarized in the heli
ity frame, whi
h is in 
ontradi
tion with boththe CSM and NRQCD predi
tions at NLO. The early ALICE data47 is, however,
ompatible with NRQCD at NLO, favoring NRQCD over the CSM.5. Comparisons with the literatureAfter our NLO NRQCD studies of J= polarization,48;50;51 two others appeared,whi
h are, however, limited to hadroprodu
tion. In Ref. 52, it was shown that themeasured hadroprodu
tion 
ross se
tions and the CDF II polarization measure-ment 
an be simultaneously des
ribed by NRQCD at NLO with one of the threeCO LDME sets listed in the fourth 
olumn of Table 2. In Ref. 53, the polarizationof promptly produ
ed J= mesons was studied by also in
luding the feed-downfrom polarized �
J and  0 mesons as des
ribed in Refs. 54, 55. To this end, theCO LDMEs of the �
J and  0 mesons were �tted to LHCb (and CDF) unpolarized
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-QCD fa
torization with J= yield and polarization 7produ
tion data, and the resulting 
as
ade de
ay rates into J= mesons were thenused as feed-down 
ontributions to determine the J= CO LDMEs in a �t to unpo-larized J= produ
tion data from LHCb and CDF with pT > 7 GeV. The resultingLDMEs may be found in the third 
olumn of Table 2. Referen
e 53 predi
ts theJ= polarization to be moderately transverse in the heli
ity frame.In Fig. 6, we systemati
ally 
ompare the analyses of Refs. 50, 51, 52, 53 as rep-resented by the CO LDME sets in Table 2 with regard to their performan
es indes
ribing the unpolarized J= yields measured in e+e� annihilation by Belle,10 inphotoprodu
tion by H1,33;35 and in hadroprodu
tion by CDF II27 and ATLAS,40as well as the J= polarization observable �� in the heli
ity frame as measuredby CDF II.46 We observe that none of the LDME sets 
an des
ribe all the datasets. While the CO LDMEs of Ref. 18 yield a good des
ription of the unpolar-ized J= yields, there is a strong disagreement with the CDF II measurement ofJ= polarization. On the other hand, the CO LDMEs of Ref. 52 
an des
ribe allhadroprodu
tion data, but lead to overshoots by fa
tors of 4{6 for e+e� annihi-lation and photoprodu
tion. Finally, the CO LDMEs of Ref. 53 yield predi
tionswhi
h, in all 
ases, fall between those of the other two options.Table 2. LDME sets determined in Refs. 18, 52, 53 and used in Fig. 6. In Ref. 52, two alter-native sets are provided besides the default one. The analyses of Refs. 50, 51, 52 only refer todire
t J= produ
tion.Butens
hoen, Gong, Wang, Chao, Ma, Shao, Wang, Zhang52Kniehl18 Wan, Zhang53 default set set 2 set 3hOJ= (3S[1℄1 )i 1:32 GeV3 1:16 GeV3 1:16 GeV3 1:16 GeV3 1:16 GeV3hOJ= (1S[8℄0 )i 0:0497 GeV3 0:097 GeV3 0:089 GeV3 0 0:11 GeV3hOJ= (3S[8℄1 )i 0:0022 GeV3 �0:0046 GeV3 0:0030 GeV3 0:014 GeV3 0hOJ= (3P [8℄0 )i �0:0161 GeV5 �0:0214 GeV5 0:0126 GeV5 0:054 GeV5 0hO 0(3S[1℄1 )i 0:758 GeV3hO 0(1S[8℄0 )i �0:0001 GeV3hO 0(3S[8℄1 )i 0:0034 GeV3hO 0(3P [8℄0 )i 0:0095 GeV5hO�0 (3P [1℄0 )i 0:107 GeV5hO�0 (3S[8℄1 )i 0:0022 GeV36. Con
lusionsAs for the unpolarized J= yield, NRQCD fa
torization was 
onsolidated at NLOby a global �t to the world's data of hadroprodu
tion, photoprodu
tion, two-photons
attering, and e+e� annihilation,18 whi
h su

essfully pinned down the three COLDMEs in 
omplian
e with the velo
ity s
aling rules and impressively supportedtheir universality. In a se
ond step, NLO NRQCD predi
tions of J= polariza-tion observables in various referen
e frames were 
onfronted with measurements
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hoen, Bernd A. Kniehlin photoprodu
tion at HERA and hadroprodu
tion at the Tevatron and the LHC.In the 
ase of hadroprodu
tion at the Tevatron, the predi
tion of strongly trans-verse J= polarization in the heli
ity frame stands in severe 
ontrast to the pre
iseCDF II measurement,46 whi
h found the J= mesons to be unpolarized. Usingthe CO LDME sets re
ently extra
ted from hadroprodu
tion data by two othergroups52;53 does not help us to rea
h a satisfa
tory des
ription of all the avail-able pre
ision data. Thus, we 
on
lude that the universality of the J= produ
tionLDMEs is 
hallenged. Possible remedies in
lude the following:(i) The eagerly awaited J= polarization measurements at the LHC might not
on�rm the CDF II results.(ii) Although unlikely, measurements at a future ep 
ollider, su
h as the LHeC,49might reveal that the pT distribution of J= photoprodu
tion exhibits a drasti-
ally weaker slope beyond pT = 10 GeV, the rea
h of HERA, so that the LDMEsets of Refs. 52, 53 might yield better agreement with the data there.(iii) The assumption that the v expansion is 
onvergent might not be valid for
harmonium, leaving the possibility that the LDME universality is inta
t.A
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Fig. 4. The polarization parameters � and � for dire
t photoprodu
tion at HERA evaluated atNLO in the CSM and in NRQCD48 using set B of CO LDME from Table 1 are 
ompared to H135and ZEUS44 data. The theoreti
al un
ertainties are due to s
ale variations in the CSM (bluebands) and in
lude also the errors on the CO LDMEs (yellow bands) in NRQCD.



February 19, 2013 5:11 WSPC/INSTRUCTION FILE mpla
14 Mathias Butens
hoen, Bernd A. Kniehl

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

5 10 15 20 25 30

-0.2
-0.15

-0.1
-0.05

0
0.05

0.1
0.15

0.2

5 10 15 20 25 30
pT [GeV](a)

pT [GeV]

λ φ(
p T

)
λ θ(

p T
)

CDF data: Run I / II/

CS, LO
CS, NLO
CS+CO, LO
CS+CO, NLO

Helicity frame

|y| < 0.6
√s

–
 = 1.96 TeV

pp
–
 → J/ψ + X

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

3 4 5 6 7 8 9 10

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

3 4 5 6 7 8 9 10
pT [GeV](b)

pT [GeV]

λ φ(
p T

)
λ θ(

p T
)

ALICE data

CS, LO
CS, NLO
CS+CO, LO
CS+CO, NLO

Helicity frame

2.5 < y < 4
√s

–
 = 7 TeV

pp → J/ψ + X

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

3 4 5 6 7 8 9 10

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

3 4 5 6 7 8 9 10
pT [GeV](c)

pT [GeV]

λ φ(
p T

)
λ θ(

p T
)

ALICE data

CS, LO
CS, NLO
CS+CO, LO
CS+CO, NLO

Collins-Soper frame

2.5 < y < 4
√s

–
 = 7 TeV

pp → J/ψ + X

Fig. 5. The polarization parameters �� and �� for hadroprodu
tion evaluated at NLO in theCSM and in NRQCD50;51 using set B of CO LDME from Table 1 are 
ompared to CDF datafrom Tevatron runs I45 and II46 and to ALICE data.47 The theoreti
al un
ertainties are due tos
ale variations in the CSM (blue bands) and in
lude also the errors on the CO LDMEs (yellowbands) in NRQCD.
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(l)Fig. 6. The unpolarized J= yields measured in e+e� annihilation by Belle,10 in photoprodu
tionby H1,33;35 and in hadroprodu
tion by CDF II27 and ATLAS40 as well as the J= polarizationobservable �� in the heli
ity frame as measured by CDF II46 are 
ompared with the NLO NRQCDpredi
tions evaluated using the CO LDME sets of Refs. 18, 52, 53 listed in Table 2. The theoreti
alerrors in graphs a{g refer to s
ale variations, and those in graph d are obtained by also addingin quadrature the �t errors on the CO LDMEs a

ording to Table 1. Graph h is taken over fromFig. 4 of Ref. 53. In graphs i{l, the 
entral lines refer to the default CO LDME set of Ref. 52, andthe theoreti
al errors are evaluated using the alternative CO LDME sets of Ref. 52.


