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I. INTRODUCTIONBottomonium produ
tion at high energies has provided a useful laboratory for testingthe high-energy limit of quantum 
hromodynami
s (QCD) as well as the interplay of per-turbative and non-perturbative phenomena in QCD. The fa
torization formalism of non-relativisti
 QCD (NRQCD) [1℄ is a rigorous theoreti
al framework for the des
ription ofheavy-quarkonium produ
tion and de
ay. The fa
torization hypothesis of NRQCD assumesthe separation of the e�e
ts of long and short distan
es in heavy-quarkonium produ
tion.NRQCD is organized as a perturbative expansion in two small parameters, the strong-
oupling 
onstant �s and the relative velo
ity v of the heavy quarks.The phenomenology of strong intera
tions at high energies exhibits a dominant role ofgluon intera
tions in quarkonium produ
tion. In the 
onventional parton model [2℄, theinitial-state gluon dynami
s is 
ontrolled by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi(DGLAP) evolution equation [3℄. In this approa
h, it is assumed that S > �2 � �2QCD, wherepS is the invariant 
ollision energy, � is the typi
al energy s
ale of the hard intera
tion, and�QCD is the asymptoti
 s
ale parameter of QCD. In this way, the DGLAP evolution equationtakes into a

ount only one big logarithm, namely ln(�=�QCD). In fa
t, the 
ollinear-partronapproximation is used, and the transverse momenta of the in
oming gluons are negle
ted.In the high-energy limit, the 
ontribution from the partoni
 subpro
esses involving t-
hannel gluon ex
hanges to the total 
ross se
tion 
an be
ome dominant. The summationof the large logarithms ln(pS=�) in the evolution equation 
an then be more importantthan the one of the ln(�=�QCD) terms. In this 
ase, the non-
ollinear gluon dynami
sis des
ribed by the Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution equation [4℄. In theregion under 
onsideration, the transverse momenta (kT ) of the in
oming gluons and their o�-shell properties 
an no longer be negle
ted, and we deal with reggeized t-
hannel gluons. Thetheoreti
al frameworks for this kind of high-energy phenomenology are the kT -fa
torizationapproa
h [5, 6℄ and the quasi-multi-Regge kinemati
s (QMRK) approa
h [7, 8℄, whi
h isbased on e�e
tive quantum �eld theory implemented with the non-abelian gauge-invarianta
tion, as suggested a few years ago [9℄. Our previous analysis of 
harmonium produ
tionat high-energy 
olliders using the high-energy fa
torization s
heme [10, 11℄ has shown theequivalen
e of the kT -fa
torization and the QMRK approa
hes at leading order (LO) in �s.However, the kT -fa
torization approa
h has well-known prin
ipal diÆ
ulties [12℄ at next-to-2



leading order (NLO). By 
ontrast, the QMRK approa
h o�ers a 
on
eptual solution of theNLO problems [13℄. In our LO appli
ations, the QMRK approa
h yields similar formulas asthe kT -fa
toriztion approa
h, so that we 
an essentially 
ontinue using our previous results[10, 11℄ obtained in the kT -fa
torization formalism using the Collins-Ellis pres
ription [6℄.This paper is organized as follows. In Se
. II, the QMRK approa
h is brie
y reviewed. InSe
. III, we explain how the analyti
 results of Refs. [10, 11℄ relevant for our analysis may be
onverted to the QMRK framework. In Se
. IV, we perform �ts to the transverse-momentum(pT = jpT j) distributions of in
lusive bottomonium produ
tion measured at the FermilabTevatron to obtain numeri
al values for the non-perturbative matrix elements (NMEs) ofthe NRQCD fa
torization formalism. In Se
. V, we summarize our results.II. QMRK APPROACHIn the phenomenology of strong intera
tions at high energies, it is ne
essary to de-s
ribe the QCD evolution of the gluon distribution fun
tions of the 
olliding parti
les start-ing from some s
ale �0, whi
h 
ontrols a non-perturbative regime, to the typi
al s
ale �of the hard-s
attering pro
esses, whi
h is typi
ally of the order of the transverse massMT = qM2 + jpT j2 of the produ
ed parti
le (or hadron jet) with (invariant) mass Mand transverse two-momentum pT . In the region of very high energies, in the so-
alledRegge limit, the typi
al ratio x = �=pS be
omes very small, x � 1. This leads to largelogarithmi
 
ontributions of the type [�s ln(1=x)℄n in the resummation pro
edure, whi
h isdes
ribed by the BFKL evolution equation [4℄ for an un-integrated gluon distribution fun
-tion �(x; jqT j2; �2), where qT is the transverse two-momentum of the gluon with respe
t tothe 
ight dire
tion of the in
oming hadron from whi
h it stems. A

ordingly, in the QMRKapproa
h [7℄, the initial-state t-
hannel gluons are 
onsidered as reggeons (or reggeized glu-ons). They 
arry �nite transverse two-momenta qT with respe
t to the hadron beam fromwhi
h they stem and are o� mass shell.Reggeized gluons intera
t with quarks and Yang-Mills gluons in a spe
i�
 way. Re
ently,in Ref. [8℄, the Feynman rules for the e�e
tive theory based on the non-abelian gauge-invariant a
tion [9℄ were derived for the indu
ed and some important e�e
tive verti
es. Theindu
ed vertex for the transition from a reggeized gluon to a Yang-Mills gluon R� ! g (PR3



vertex) shown in Fig. 1(a) has the form:���ab (q) = iÆabq2(n�)�; (1)where (n+)� = P �1 =E1, (n�)� = P �2 =E2, P �1;2 are the four-momenta of the 
olliding protons,and E1;2 are their energies in the 
enter-of-mass frame. We have (n�)2 = 0, n+ � n� = 2,and S = (P1 + P2)2 = 4E1E2. For any four-momentum k�, we de�ne k� = k � n�. It is easyto see that the four-momenta of the reggeized gluons 
an be represented asq�1 = q�1T + q�12 (n+)�;q�2 = q�2T + q+22 (n�)�;q+1 = q�2 = 0: (2)The indu
ed intera
tion vertex of one reggeized gluon with two Yang-Mills gluons (PPRvertex) depi
ted in Fig. 1(b) reads����a
b (k1; q; k2) = �gsfab
 q2k�1 (n�)�(n�)� ; (3)where gs = p4��s is the gauge 
oupling of QCD. The reggeized-gluon propagator displayedin Fig. 1(
) is given byD��ab (q) = �iÆab 12q2 h(n+)�(n�)� + (n+)�(n�)�i : (4)The Lagrangian of the e�e
tive theory [9℄ also 
ontains the standard gluon-gluon and quark-gluon intera
tions for Yang-Mills gluons.Using the Feynman rules for the indu
ed verti
es (1) and (3) and the ordinary verti
es,one 
an 
onstru
t e�e
tive verti
es, whi
h obey Bose and gauge symmetries. For example,the e�e
tive three-vertex that des
ribes the produ
tion of a single Yang-Mills gluon withfour-momentum k� = q�1 + q�2 and 
olor index b by two-reggeon annihilation R+ +R� ! g(PRR vertex) shown in Fig. 2 reads�+��
ba (q1; k; q2) = V ���
ab (�q1;�q2; k)(n+)�(n�)� + ����
ab (q1; q2; k)(n+)� + ��+�a
b (q2; q1; k)(n�)�= 2gsf 
ba "(n�)�  q+2 + q22q�1 !� (n+)�  q�1 + q21q+2 !+ (q1 � q2)�# ; (5)where V ���ab
 (k1; k2; k3) = �gsfab
 h(k1 � k2)�g�� + (k2 � k3)�g�� + (k3 � k1)�g��i (6)4



is the Yang-Mills three-gluon vertex, with all four-momenta taken to be outgoing, and weexploited the following relationÆab(n�)� = ���a
 (q) �iÆ
bg��q2 ! : (7)The gauge invarian
e of the e�e
tive theory [9℄ leads to the following 
ondition for am-plitudes in the QMRK: limjq1T j;jq1T j!0 jA(R +R! H+X)j2 = 0: (8)In the QMRK approa
h, the hadroni
 
ross se
tion of quarkonium (H) produ
tionthrough the pro
ess p+ �p! H +X (9)and the partoni
 
ross se
tion of the two-reggeon fusion subpro
essR+R !H +X (10)are related asd�(p+ �p !H +X) = Z dx1x1 Z d2q1T� � �x1; jq1T j2; �2� Z dx2x2 Z d2q2T�� � �x2; jq2T j2; �2� d�̂(R+R !H +X): (11)where � (x; jqT j2; �2) is the un-integrated gluon distribution fun
tion in the proton, x1 =q�1 =(2E1) and x2 = q+2 =(2E2) are the fra
tions of the proton momenta passed on to thereggeized gluons, and the fa
torization s
ale � is 
hosen to be of order MT . The 
ollinearand un-integrated gluon distribution fun
tions are formally related asxG(x; �2) = Z �20 djqT j2� �x; jqT j2; �2� ; (12)so that, for q1T = q2T = 0, we re
over the 
onventional fa
torization formula of the 
ollinearparton model,d�(p + �p! H+X) = Z dx1G(x1; �2) Z dx2G(x2; �2)d�̂(g + g ! H+X): (13)The partoni
 
ross se
tion or pro
ess (10) may be evaluated asd�̂(R+R! H +X) = N2x1x2S jA(R+R! H +X)j2d�; (14)5



where 2x1x2S is the 
ux fa
tor of the in
oming parti
les,A(R+R !H+X) is the produ
tionamplitude, the overbar indi
ates average (summation) over initial-state (�nal-state) spinsand 
olors, d� is the phase spa
e volume of the outgoing parti
les, andN = (x1x2S)216jq1T j2jq2T j2 (15)is a normalization fa
tor that ensures the 
orre
t transition to the 
ollinear-parton limit.This 
onvention implies that the partoni
 
ross se
tion in the QMRK approa
h is normalizedapproximately to the 
ross se
tion for on-shell gluons when q1T = q2T = 0.In our numeri
al 
al
ulations, we use the un-integrated gluon distribution fun
tions byBl�umlein (JB) [14℄, by Jung and Salam (JS) [15℄, and by Kimber,Martin, and Ryskin (KMR)[16℄. A dire
t 
omparison between di�erent un-integrated gluon distributions as fun
tionsof x, jkT j2, and �2 may be found in Ref. [17℄. Note that the JB version is based on theBFKL evolution equation [4℄. On the 
ontrary, the JS and KMR versions were obtained usingthe more 
ompli
ated Catani-Ciafaloni-Fiorani-Mar
hesini (CCFM) evolution equation [18℄,whi
h takes into a

ount both large logarithms of the types ln(1=x) and ln(�=�QCD).III. RELATION BETWEEN QMRK AND kT -FACTORIZATION APPROACHESIn this se
tion, we obtain the squared amplitudes for in
lusive quarkonium produ
tionvia the fusion of two reggeized gluons in the framework of QMRK [8℄ and NRQCD [1℄. Wework at LO in �s and v and 
onsider the following partoni
 subpro
esses [11℄:R +R ! H h3P (1)J ; 3S(8)1 ; 1S(8)0 ; 3P (8)J i ; (16)R +R ! H h3S(1)1 i+ g: (17)This formalism also allows for a 
onsistent treatment at NLO, whi
h is, however, beyondthe s
ope of this paper and needs a separate investigation.A

ording to the pres
ription of Ref. [8℄, the amplitudes of pro
esses (16) may be obtainedfrom the �ve Feynman diagrams depi
ted in Fig. 3. Of 
ourse, the last three Feynman dia-grams in Fig. 3 
an be 
ombined through the e�e
tive PRR vertex. The Feynman diagramspertinent to pro
ess (17) are shown in Fig. 4.The LO results for the squared amplitudes of subpro
esses (16) and (17) that we �ndby using the Feynman rules of Ref. [8℄ 
oin
ide with those we obtained in Ref. [11℄ in the6



kT -fa
torization approa
h. The general relation between the squared amplitudes in bothapproa
hes is NjA(R +R! H+X)j2 = jAKT(R+R !H +X)j2: (18)The formulas for the 2! 1 subpro
esses (16) are listed in Eq. (27) of Ref. [11℄. In the 
ase ofthe 2! 2 subpro
ess (17), our analyti
 results were not in
luded in the journal publi
ationof Ref. [11℄ for la
k of spa
e. However, they are given in Eq. (38) of the preprint version ofRef. [11℄ and may be obtained in FORTRAN or Mathemati
a format by ele
troni
 mail uponrequest from the authors.The di�erential hadroni
 
ross se
tion of pro
ess (11) may then be evaluated from thesquared matrix elements of pro
esses (16) and (17) as indi
ated in Eqs. (46) and (48) ofRef. [11℄.IV. BOTTOMONIUM PRODUCTION AT THE TEVATRONThe CDF Collaboration at the Tevatron measured the pT distributions of �(1S), �(2S),and �(3S) mesons in the 
entral region of rapidity (y), jyj < 0:4, at pS = 1:8 TeV (run I)[19℄ and that of the �(1S) meson in the rapidity regions jyj < 0:6, 0:6 < jyj < 1:2, and1:2 < jyj < 1:8 at pS = 1:96 TeV (run II) [20℄. In both 
ases, the S-wave bottomonia wereprodu
ed promptly, i.e., dire
tly or through non-forbidden de
ays of higher-lying S- and P -wave bottomonium states, in
luding 
as
ade transitions su
h as �(3S)! �b1(2P )! �(1S).As is well known, the 
ross se
tion of bottomonium produ
tion measured at the Tevatronat large values of pT is more than one order of magnitude larger than the predi
tion of the
olor-singlet model (CSM) [21℄ implemented in the 
ollinear parton model [22℄. Swit
hingfrom the CSM to the NRQCD fa
torization formalism [1℄ within the 
ollinear parton model[23℄ somewhat ameliorates the situation in the large-pT region, at pT >� 10 GeV, but still doesnot lead to agreement at all values of pT . On the other hand, the shape of the pT distribution
an be des
ribed in the 
olor evaporation model [24℄ improved by the resummation of thelarge logarithmi
 
ontributions from soft-gluon radiation at all orders in �s in the region ofpT < M [25℄. However, the overall normalization of the 
ross se
tion 
an not be predi
tedin this approa
h [24, 25℄.In 
ontrast to previous analyses in the 
ollinear parton model, we perform a joint �tto the CDF data from run I [19℄ and run II [20℄ for all pT values, in
luding the small-7



pT region, to extra
t the 
olor-o
tet NMEs of the �(nS) and �bJ(nP ) mesons using threedi�erent un-integrated gluon distribution fun
tions. Our 
al
ulations are based on exa
tanalyti
al expressions for the relevant squared amplitudes, obtained in the QMRK approa
has explained in Se
. III.For the reader's 
onvenien
e, we list in Table I the in
lusive bran
hing fra
tions of thefeed-down de
ays of the various bottomonium states, whi
h 
an be gleaned from Ref. [26℄.Theses values supersede those presented in Ref. [23℄. Sin
e the �(nS) mesons are identi�edin Refs. [19, 20℄ through their de
ays to �+�� pairs, we have to in
lude the 
orrespondingbran
hing fra
tions, whi
h we also adopt from Ref. [26℄, B(�(1S) ! �+ + ��) = 0:0248,B(�(2S)! �++��) = 0:0131, and B(�(3S)! �++��) = 0:0181. We take the pole massof the bottom quark to be mb = 4:77 GeV.We now present and dis
uss our numeri
al results. In Table II, we list our �t results forthe relevant 
olor-o
tet NMEs for three di�erent 
hoi
es of un-integrated gluon distributionfun
tion, namely JB [14℄, JS [15℄, and KMR [16℄. The relevant 
olor-singlet NMEs are not�tted. The 
olor-singlet NMEs of the �(nS) mesons are determined from the measuredpartial de
ay widths of �(nS) ! l+ + l� using the va
uum saturation approximation andheavy-quark spin symmetry in the NRQCD fa
torization formulas and in
luding NLO QCDradiative 
orre
tions [28℄. The partial de
ay widths of �b0(nP )! 2
, from whi
h the 
olor-singlet NMEs of the �bJ(nP ) mesons 
ould be extra
ted, are yet unknown. However, theseNMEs 
an be estimated using the wave fun
tions evaluated at the origin from potentialmodels [29℄, as was done in Ref. [23℄. We adopt the 
olor-singlet NMEs of the �b0(nP )mesons from Ref. [23℄.We �rst study the relative importan
e of the various 
olor-o
tet b�b Fo
k states in dire
t�(nS) hadroprodu
tion. Previous �ts to CDF data [19℄ were 
onstrained to the large-pTregion, pT >� 8 GeV, and 
ould not separate the 
ontributions proportional to hO�(nS)[1S(8)0 ℄iand hO�(nS)[3P (8)0 ℄i. Instead, they determined the linear 
ombinationM�(nS)r = hO�(nS) h1S(8)0 ii+ rm2b hO�(nS) h3P (8)0 ii; (19)for the value of r that minimized the error on M�(nS)r . By 
ontrast, the QMRK ap-proa
h allows us to 
over also the small-pT region and thus to �t hO�(nS)[1S(8)0 ℄i andhO�(nS)[3P (8)0 ℄i separately, thanks to the di�erent pT dependen
es of the respe
tive 
ontribu-tions for pT <� 8 GeV. This feature is ni
ely illustrated for dire
t �(1S) hadroprodu
tion in8



Fig. 5, where the shapes of the 
ontributions proportional to hO�(1S)[3S(8)1 ℄i, hO�(1S)[1S(8)0 ℄i,and hO�(1S)[3P (8)0 ℄i are 
ompared. Noti
e that the peak positions signi�
antly di�er, by upto 2 GeV. Apparently, this suÆ
es to disentangle the 
ontributions previously 
ombined byEq. (19).In Figs. 6, 7, and 8, we 
ompare the CDF data on prompt �(nS) hadroprodu
tion inrun I [19℄ with the theoreti
al results evaluated with the JB [14℄, JS [15℄, and KMR [16℄un-integrated gluon distribution fun
tions, respe
tively, and the NMEs listed in Table II. Inea
h 
ase, the 
olor-singlet and 
olor-o
tet 
ontributions are also shown separately. Ex
eptfor the JB and KMR analyses of �(3S) produ
tion, the 
olor-o
tet 
ontributions are alwayssuppressed, espe
ially at low values of pT . In the JS analysis, the �(1S) and �(2S) data aresigni�
antly ex
eeded by the 
olor-singlet 
ontributions for pT <� 10 GeV, whi
h explainsthe poor quality of the �t, with �2=d.o.f. = 27. In the JB analysis, this only happens forpT <� 2 GeV, so that the value of �2=d.o.f. is lowered by one order of magnitude, being�2=d.o.f. = 2:9. By 
ontrast, the KMR gluon yields an ex
ellent �t, with �2=d.o.f. = 0:5,and will be the only one 
onsidered in the following dis
ussion. Comparing the 
olor-singletand 
olor-o
tet 
ontributions in Fig. 8, we observe that the latter is dominant in the �(3S)
ase and in the �(2S) 
ase for pT >� 13 GeV, while it is of minor importan
e in the �(1S)
ase in the whole pT range 
onsidered. The latter feature is substantiated by the run-II dataand is re
e
ted in all their y subintervals, as may be see from Fig. ??.Noti
e that the 
ontributions to prompt �(nS) hadroprodu
tion due to the feed-downfrom the �bJ(3P ) mesons have been negle
ted above, simply be
ause the latter have notyet been observed and their partial de
ay widths are unknown. In the remainder of thisse
tion, we assess the impa
t of these 
ontributions. For the 
olor-singlet NME, we use thepotential model result hO�b0(3P )[3P (1)0 ℄i = 2:7 GeV5 [29℄. By analogy to the KMR �t resultsfor hO�b0(1P )[3S(8)1 ℄i and hO�b0(2P )[3S(8)1 ℄i in Table II, we expe
t the value of hO�b0(3P )[3S(8)1 ℄ito be negligibly small, 
ompatible with zero. Looking at Table I, a naive extrapolationfrom the �bJ(1P ) and �bJ(2P ) states suggests that the in
lusive bran
hing fra
tions for the�bJ(3P ) de
ays into the �(3S), �(2S), and �(1S) states 
ould be about 12%, 9%, and 7%,respe
tively. These de
ays generate further 
as
ade transitions, whose in
lusive bran
hingfra
tions follow from these estimates in 
ombination with the entries of Table I. In
ludingall these ingredients, we repeat our KMR �t to the CDF data. As illustrated in Fig. 10for prompt �(nS) hadroprodu
tion in run I, the CDF data 
an be fairly well des
ribed9



in the QMRK approa
h to the CSM, while the 
olor-o
tet 
ontributions turn out to benegligibly small. We note in passing that a similar observation, although with lower degreeof agreement between data and theory, 
an be made for the JB gluon, while the JS gluonbadly fails for pT <� 10 GeV.V. CONCLUSIONWorking at LO in the QMRK approa
h to NRQCD, we analyti
ally evaluated the squaredamplitudes of prompt bottomonium produ
tion in two-reggeon 
ollisions. We extra
tedthe relevant 
olor-o
tet NMEs, hOH[3S(8)1 ℄i, hOH[1S(8)0 ℄i, and hOH[3P (8)0 ℄i for H = �(1S),�(2S), �(3S), �b0(1P ), and �b0(2P ), through �ts to pT distributions of prompt �(nS)hadroprodu
tion measured by the CDF Collaboration at the Tevatron in p�p 
ollisions withpS = 1:8 TeV [19℄ and 1.96 TeV [20℄ using three di�erent un-integrated gluon distributionfun
tions of the proton, namely JB [14℄, JS [15℄, and KMR [16℄. The �ts based on theKMR, JB, and JS gluons turned out to be ex
ellent, fair, and poor, respe
tively. Theyyielded small to vanishing values for the 
olor-o
tet NMEs, espe
ially when the estimatedfeed-down 
ontributions from the as-yet unobserved �bJ(3P ) states were in
luded.The present analysis, together with a re
ent investigation of 
harmonium produ
tionat high energies [11℄, suggest that the 
olor-o
tet NMEs of bottomonium are more stronglysuppressed than those of 
harmonium as expe
ted from the velo
ity s
aling rules of NRQCD.We illustrated that the QMRK approa
h [8, 9℄ provides a useful laboratory to des
ribe thephenomenology of high-energy pro
esses in the Regge limit of QCD.LO predi
tions in both the 
ollinear parton model and the QMRK framework su�er fromsizeable theoreti
al un
ertainties, whi
h are largely due to unphysi
al-s
ale dependen
es.Substantial improvement 
an only be a
hieved by performing full NLO analyses. While thestage for the NLO NRQCD treatment of 2! 2 pro
esses has been set in the 
ollinear partonmodel [30℄, 
on
eptual issues still remain to be elaborated in the QMRK approa
h. Sin
e,at NLO, in
oming partons 
an gain a �nite kT ki
k through the perturbative emission ofpartons, one expe
ts that essential features produ
ed by the QMRK approa
h at LO willthus automati
ally show up at NLO in the 
ollinear parton model.10
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TABLE I: In
lusive bran
hing fra
tions of the feed-down de
ays of the various bottomonium states.InnOut �(3S) �b2(2P ) �b1(2P ) �b0(2P ) �(2S) �b2(1P ) �b1(1P ) �b0(1P ) �(1S)�(3S) 1 0.114 0.113 0.054 0.106 0.00721 0.00742 0.00403 0.102�b2(2P ) � � � 1 � � � � � � 0.162 0.0110 0.0113 0.00616 0.130�b1(2P ) � � � � � � 1 � � � 0.21 0.0143 0.0147 0.00798 0.161�b0(2P ) � � � � � � � � � 1 0.046 0.00313 0.00322 0.00175 0.0167�(2S) � � � � � � � � � � � � 1 0.068 0.07 0.038 0.320�b2(1P ) � � � � � � � � � � � � � � � 1 � � � � � � 0.22�b1(1P ) � � � � � � � � � � � � � � � � � � 1 � � � 0.35�b0(1P ) � � � � � � � � � � � � � � � � � � � � � 1 0.06�(1S) � � � � � � � � � � � � � � � � � � � � � � � � 1
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a, ± b, ν

q

(a)

c, ±

a, µ b, ν

q

k1 k2

(b)

a, µ b, ν

q

(c)FIG. 1: Feynman diagrams pertinent to the (a) PR vertex, (b) PPR vertex, and (
) reggeized-gluonpropagator given in Eqs. (1), (3), and (4), respe
tively.
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q1 q2
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+
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c, +, η a, −

k

q1 q2

+

b, µ

c, + a, −, ν

k

q1 q2FIG. 2: Feynman diagrams pertinent to the e�e
tive PRR vertex given in Eq. (5).
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TABLE II: NMEs of the �(1S), �(2S), �(3S), �b0(1P ), and �b0(2P ) mesons from �ts to CDFdata from run I [19℄ and run II [20℄ in the 
ollinear parton model (PM) [23℄ using the CTEQ5L[27℄ parton distribution fun
tions of the proton and in the QMRK approa
h using the JB [14℄, JS[15℄, and KMR [16℄ un-integrated gluon distribution fun
tions of the proton. The errors on the �tresults are determined by varying in turn ea
h NME up and down about its 
entral value until thevalue of �2 is in
reased by unity keeping all other NMEs �xed at their 
entral values.NME PM [23℄ Fit JB Fit JS Fit KMRhO�(1S)[3S(1)1 ℄i=GeV3 10:9� 1:6 10:9� 1:6 10:9� 1:6 10:9� 1:6hO�(1S)[3S(8)1 ℄i=GeV3 �2:0� 4:1�0:6+0:5�� 10�2 (5:3� 0:5)� 10�3 (0:0� 1:8)� 10�4 (0:0� 3:1)� 10�3hO�(1S)[1S(8)0 ℄i=GeV3 � � � (0:0� 4:7)� 10�4 (0:0� 5:2)� 10�5 (0:0� 4:3)� 10�3hO�(1S)[3P (8)0 ℄i=GeV5 � � � (0:0� 1:3)� 10�3 (0:0� 1:6)� 10�4 (9:5� 2:0)� 10�2M�(1S)5 =GeV3 �1:4� 0:7+1:0�0:7�� 10�1 (0:0� 7:6)� 10�4 (0:0� 8:7)� 10�5 (2:1� 0:9)� 10�2hO�b0(1P )[3P (1)0 ℄i=GeV5 2:4� 0:4 2:4� 0:4 2:4� 0:4 2:4� 0:4hO�b0(1P )[3S(8)1 ℄i=GeV3 �1:5� 1:1+1:3�1:0�� 10�2 (0:0� 2:1)� 10�3 (0:0� 8:4)� 10�5 (0:0� 1:4)� 10�3hO�(2S)[3S(1)1 ℄i=GeV3 4:5� 0:7 4:5� 0:7 4:5� 0:7 4:5� 0:7hO�(2S)[3S(8)1 ℄i=GeV3 �1:6� 0:6+0:7�0:5�� 10�1 (0:0� 5:9)� 10�3 (0:0� 4:1)� 10�4 (3:3� 0:8)� 10�2hO�(2S)[1S(8)0 ℄i=GeV3 � � � (0:0� 9:2)� 10�4 (0:0� 8:3)� 10�5 (0:0� 3:7)� 10�3hO�(2S)[3P (8)0 ℄i=GeV5 � � � (0:0� 2:6)� 10�3 (0:0� 2:8)� 10�4 (0:0� 1:6)� 10�2M�(2S)5 =GeV3 ��1:1� 1:0+0:3�0:2�� 10�1 (0:0� 1:5)� 10�3 (0:0� 1:4)� 10�4 (0:0� 7:2)� 10�3hO�b0(2P )[3P (1)0 ℄i=GeV5 2:6� 0:5 2:6� 0:5 2:6� 0:5 2:6� 0:5hO�b0(2P )[3S(8)1 ℄i=GeV3 �0:8� 1:1+1:1�0:8�� 10�2 (1:1� 0:4)� 10�2 (0:0� 2:8)� 10�4 (0:0� 5:7)� 10�3hO�(3S)[3S(1)1 ℄i=GeV3 4:3� 0:9 4:3� 0:9 4:3� 0:9 4:3� 0:9hO�(3S)[3S(8)1 ℄i=GeV3 �3:6� 1:9+1:8�1:3�� 10�2 (1:4� 0:3)� 10�2 (5:9� 4:2)� 10�3 (1:1� 0:4)� 10�2hO�(3S)[1S(8)0 ℄i=GeV3 � � � (0:0� 2:6)� 10�3 (0:0� 8:1)� 10�4 (0:0� 2:7)� 10�3hO�(3S)[3P (8)0 ℄i=GeV5 � � � (2:4� 0:8)� 10�2 (3:4� 4:2)� 10�3 (5:2� 1:1)� 10�2M�(3S)5 =GeV3 �5:4� 4:3+3:1�2:2�� 10�2 (5:2� 4:4)� 10�3 (7:4� 10:2)� 10�4 (1:1� 0:5)� 10�2hO�b0(3P )[3P (1)0 ℄i=GeV5 2:7� 0:7 2:7� 0:7 2:7� 0:7 2:7� 0:7�2=d:o:f : � � � 2:9 27 0:515
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