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Highlights from the ki -factorization approach on the quarkonium production puzzles
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In the framework of the&-factorization approach, we analyze the production of various quarkonium states
at modern colliders and discuss the origin and the size of theoretical uncertainties. We find that the effects of
the initial gluon off-shellness can provide a reasonable explanation fal thepin alignment in botlpp and
ep collisions. We point out the fundamental role of the polarization observables, which indicate a clear
difference between the collinear and noncollinear interpretations of QCD.
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[. INTRODUCTION also shown to reasonably describe the data on the hadropro-
duction of beauty{17,18, J/¢ [19], and y.mesong20] at
At the energies of modern colliders, the interaction dy-the Fermilab Tevatron. The theoretical predictions made in

namics is governed by the properties of parton distributionsXef- [21] have triggered dedicated experimental analyses
in the smallx region. This domain is characterized by the [22,23 of the J/y polarization (i.e., spin alignment at

N HERA conditions.
double inequalitys> u?=s> A?, which shows that the typi- "

X . The problem ofl/ ¢ polarization aep andpp colliders is
cal parton interaction scaje (of the order of the subprocess an intriguing subject in modern physics. The puzzling history

invariant energy\/g) is much higher than the QCD param- of J/y traces back to the early 1990s, when the flata-27
eterA, but is much lower than the total c.m. system energyon theJ/y andY hadroproduction cross sections revealed a
\Js. The situation is therefore classified as “semihard.” In more than one order of magnitude discrepancy with theoret-
such a case, the perturbation expansiorxinmay contain ical expectationg28,29. This fact has induced extensive
large coefficient®O[In(s/u?)]=0[In(1/x)] which compen- theoretical activity. In particular, it led to the introduction of
sate the smallness of the coupling constag(tu?/A?). The  a new production mechanism, the so called color-octet model
resummation [1-4] of the terms [In(u?/A?)ag]", [30-38. Since then, the color-octet model has been believed
[In(?/A?)In(1/x) as]”, and[In(1/x)as]" results in the so to give the most likely explanation of the quarkonium pro-
called noncollinear or unintegrated parton distributionsduction phenomena, although there are also some indications
Jﬂ(x,k%,,uz), which determine the probability of finding a that it is not working well. One of the problems is connected
parton of typd carrying the longitudinal momentum fraction to the photoproduction date89,4Q) where the contribution
x and transverse momentuky at the probing scalg.?. from the color-octet mechanism is unnecessary or even un-
Thesek-dependent distributions generalize the factorizatiorwanted[41-43 as the experimental results can be described
of the hadronic matrix elements beyond the collinear apwithin the color-singlet model alonig4]. Another difficulty
proximation. Hereafter this generalized factorization will berefers to theld/ spin alignment. If, as expected, the domi-
referred to as ky factorization.” The unintegrated parton nant contribution comes from the gluon fragmentation into
distributions obey certain evolution equatidesy., Balitskit an octetcc pair, the mesons must have strong transverse
Fadin-Kuraev-LipatoBFKL) [5] or Ciafaloni, Catani, Fio- polarization[43—47. This is in disagreement with the data
rani, Marchesini(CCFM) [6]] and reduce to conventional [48,49, which point to unpolarized or even longitudinally
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) [7]  polarized mesons.
densities once thk; dependence is integrated out. Several attempts have been made in the literature to in-
Nowadays, the significance of tlkg-factorization(semi-  corporate the color-octet model within tig-factorization
hard approach is becoming more and more commonly recapproach[50,51. Some interesting results have been ob-
ognized. Its applications to a variety of photo-, lepto-, andtained, although still failing to offer a consistent solution of
hadroproduction processes are widely discussed in the literahe polarization problem. In this paper, we reconsider the
ture [8—-12. Remarkable agreement is found between theoverall situation regarding the production of quarkonium
data and the theoretical calculations regarding the photastates(including both charm and beauty families, bqtlp
[13] and electroproductiofil4] of D* mesons and forward andep collisions, with respect to both; spectra and polar-
jets [15], as well as for specific kinematic correlations ob- ization propertiesand present our understanding of the mat-
served in the associatdd* +jets photoproductiorf16] at  ter. The outline of the paper is the following. In Sec. Il we
the DESYep collider HERA. The semihard approach was briefly recall the basic principles of the color-singlet and
color-octet models and explain their extensions to the
k-factorization approach. The necessary technical details
*Email address: baranov@sci.lebedev.ru are described in Sec. Ill. The numerical results followed by a

0556-2821/2002/68.1)/11400311)/$20.00 66 114003-1 ©2002 The American Physical Society



S. P. BARANOV PHYSICAL REVIEW D66, 114003 (2002

% V. used in calculations in place of the ordinary color-singlet
Z M wave functions:

. : 9 9
+ permutations -+ permutations — 2_ 2
(0]0310) = Re(0) 2= 54w W5(0) .

(a) (b)
This equation applies to a-wave color-octet states, and a
similar relation holds forRg(0) andWg(0) if the P-wave
color-octet states are involved. For the sake of uniformity, we
will be consistently using the notation in terms®{0) and
(d)

+permutation R'(0) for both color-singlet and color-octet contributions.
(c) A generalization of the above formalism to the
k-factorization approach implies two important steps. These

FIG. 1. Feynman diagrams representing the gluon-gluon fusiomre the introduction of noncollinear gluon distributions and
mechanism in the color-singlet and color-octet models. Only thahe modification of the gluon spin density matrix in the par-
perturbative skeleton of the process is presented; the soft gluongn |evel matrix elements.
corresponding to the nonperturbative color-octet transitions are not 1o understand the basic featureskgffactorization, it is
shown. useful to rely upon the analogy between QCD and QED. In

discussion are presented in Sec. IV. Finally, the conclusion§/€ctrodynamics, one has the well-known Wedksa-

are formulated in Sec. V. Williams approximatiof WWA), which essentially plays the
role of the collinear parton model. In this approach, the “par-
Il. THE MODEL ton” photons are assumed to be on mass shell, and their

transverse momentum is neglected. On the other hand, a

In the framework of the color-singlet approaf®8,29,  more accurate formulgknown as the equivalent photon ap-
the production of any heavy meson is described as the peproximation (EPA)] presents an explicit dependence on the
turbative production of a color-singléQ pair with the  photon virtualityk?, and there exists a kinematic connection
quantum numbers of the quarkonium state under considebetween the virtuality and the photon transverse momentum
ation. The corresponding Feynman diagrams are shown iky: k?=k2/(1—x), wherex is the photon longitudinal mo-
Fig. 1(a) (assuming also five possible permutations of thementum fraction. The step that is made in QED when pass-
incoming and outgoing gluonsThe formation of a meson ing from the WWA to the EPA is now repeated in QCD kn
from the quark pair is a nonperturbative process. Within thdactorization, one takes into account that gluons generated in
nonrelativistic approximation which we are using, this prob-the parton evolution cascade do carry non-negligible trans-
ability reduces to a single parameter related to the mesowerse momentum and are off mass shell.
wave function at the origifiR(0)|?, which is known for the In the equivalent photon approximation, the off-shell pho-
J/y and Y families from the measured leptonic decay ton spin density matrix is given by the full lepton tensor
widths.

In addition to the above, we consider the color-octet pro-
duction schem¢30-33, which implies that the heav) Q
pair is perturbatively created in a hard subprocess as an OC%erep is the momentum of the beam particle, adhe
cplor state apd sub§equently evolves in'to a physical quark%omentum of the emitted photon. A similar anzBz. (2),
hium state via emitting sofnonperturbativegluons, which  see pejoyis used in thek;-factorization approach. Neglect-

may be interpreted as a series of “classical’ color-dipolejng the second term in the right hand side of EB.in the

tra}ns]tlons. Although thgse transmc_)n probabilities can, iNghall limit, p>k, one arrives at the spin structueée* "

principle, be expressed in terms _of flelq operators and there- p“p”. The latter can be rewritten in the form

fore calculated, no such calculation exists to date. Thus, the

transition probabilities remain free parameters, which are as-

sumed to obey a definite hierarchy in powers ofthe rela- et e* V=kEKY k|2, 2

tive velocity of the quarks in the bound system under study.

This freedom is commonly used to estimate the color-octetvhere we have represented the four-momenkuas k=xp

parameters by adjusting them to experimental data. In the-k; and applied a gauge shiét'— e*—k*/x. This formula

case when the color-oct€Q state is allowed, there appear converges to the usualee* = —g*” whenk—0. As we

additional contributions due to the diagrams shown in Figswill see in Sec. 1V, the presence of longitudinal components

1(b)-1(d). The complete gauge invariant set comprises sixn the off-shell gluon spin density matrix has an important

diagrams of the typéa), six diagrams of the typéb), four ~ impact on the quarkonium polarization properties.

diagrams of the typéc), and one diagrand). In the numerical analysis, we have tried four different sets
The nonperturbative transition matrix elements mentione®f kr-dependent gluon densities. In the approach of |

here (usually denoted in the literature é8|0g|0)) are re- based on a leading-order perturbative solution of the BFKL

lated to the fictituous color-octet wave functions, which areequation, the unintegrated gluon denSﬁg(x,kﬁ,Mz) is cal-

eI~ LI=8p p”~4(pk)g"", ®
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culated as a convolution of the ordina(gollineap gluon
densityG(x, x?) with universal weight factors:

1 X X
Fo(x,KF u?)= L Q(n,k$,M2);G(;,M2)dn, 3)

G0 K2 u?)= %30(2 VaaIn(Un)In(u?11é)),
T

k< u?, (4)

G0 K2 u?)= % lo(2 Vs IN(1/7)In(K3/ 12),
T

k> p?, (5)

where J, and |, stand for Bessel functiongof real and
imaginary arguments, respectivelyand as=a¢/3w. The
leading-order(LO) Gluck-Reya-Vogt(GRV) set [53] was
used in our calculations as the input collinear density.
Another set[54] is obtained from a unified BFKL and
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—[1 1
ng(2)=as E—2+Z(1—Z)+E . 7

The last, fourth approach was originally proposed ih
and is now frequently discussed in the literat(iges8]. It
recalls the kinematic relation between the virtualify and
the transverse momentuiy of a parton:q2=k-2r/(1—x).
Consequently, the ordinagyintegrated”) gluon distribution
function G(x,q?) may be considered as giving tké distri-
bution also. In this approach, the unintegrated gluon density
is derived from the “integrated” one by simply differentiat-
ing it with respect tog?:

d
Fo(x,k5, u?=k3) = d—q26<x,q2>|qz:kg. ®)

Ill. DETAILS OF THE CALCULATION

Let ki, ko, k3, p., andp; be the momenta of the two
incoming gluons, the outgoing gluon, and the outgoing
heavy(charmedl quark and antiquark, respectivels;, e, €3
the gluon polarization vectorsm, the quark massm,
=2m., k=k;+k,, anda, b, ¢, andd the eightfold color
indices of the two incoming gluons, the outgoing gluon, and

the (colored cc state. We also introduce the projection op-
eratorJ(S,L), which guarantees the proper spin and orbital

DGLAP description off, data and includes the so called 5ngular momentum of thec state under consideration.
consistency constraifib5]. The consistency constraint intro- Then, the gluon-gluon fusion matrix elements read
duces a large correction to the LO BFKL equation; about

70% of the full next to leading-ordeiNLO) corrections to
the BFKL exponeni\ are effectively included in this con-
straint, as is argued if56].

The third set of gluon distribution functions is extracted

from a numerical solutiofi57] of the CCFM equatiori6].t

Ma(99— ¢9) :tr{él(pc_ Ki+me) £,

X(—pc—Kkz+me)£3I(SL)IC,

Since the CCFM is an evolution equation in terms of the

angle of the emitted partons, the corresponding gluon density

]—'g(x,k$ ,q) differs from the othek -dependent gluon den-

sities by the third argumer& which is the scaled maximum
emission angle. It may be argu¢87] that the role of this
variable is similar to that of:? in the collinear gluon densi-

Xt TATPTCTI k2 —2(pckqy) ]2

X[K2+2(peks)] 1+5 permutations,

ties. Note, however, that the CCFM gluon splitting functioan(ggH ¥g) =tr{y,(Po—Ka+me) £33(S,L)}
M L]

contains only singular terms in the gluon momentum fraction
z

—(1 1
ng(z): as(EAns+ E) ) (6)

with A5 being the non-Sudakov form factor to regulate the
1/z singularity. The nonsingular terms of the splitting func-

C)
XiGB)(ky,€1,ky, €2, —k,u)C,f20°
Xtr{TeTeTH[K?] K5+ 2(pcks)]
+5 permutations, (10

tion are not included in the CCFM approximatigl. On the ~ Mc(99—#9) =tr{7,J(S,L)}G®)(ky, €1,k €2, — K, 1)

other hand, the aforementioned approaches of R&#$.and
[54] are based on the full DGLAP splitting function:

IA numerical parametrization of this set has been kindly offered
by Hannes Jung in the form of RRTRAN code.
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My(gg— ¢g9)=tr{y,J(SL)}GWABC(¢, €;,€5,)C,, d3q , NE]
f AV (@)= i€ (L) =R (x=0), (19)
Xtr{ T [mZ] . (12) (27) 4

etc., whereR(X) is the spatial component of the wave func-

In the above expression§,*) andG* are related to the tion in the coordinate representatifimne Fourier transform
- _ i ) pbe-
standard QCD three- and four-gluon couplings vatii” be of ¥(q)]. The first term contributes only t& waves, but

ing split into three terms with respect to their color structure.vanishes foiP waves becaus®p(0)=0. On the contrary,

G(3)(p,)\,q,,u,k, »)=[(q—p)"g"*+ (k—q) g~ the second term C(?ntributes onlyl?mgves, put vanis_heg for
Swaves becaus®5(0)=0. States with various projections
+(p—k)*g™], of the orbital angular momentum onto theaxis are repre-
sented by the polarization vecte(L,).
GWAN, u,v,0) =faPefele(ghrgho—ghogr), The polarization vectors(S,) and e(L,) are defined as
explicit four-vectors. In the frame where ttzeaxis is ori-
GWB(\, v, 0) = faefPeq(ghrg T — ghogrr), ented along the quarkonium momentum vectqs,

e cerbels Nmn v =(0,0py|.E,), these polarization vectors read
GY (N, v, 0) = 125525 (g g7 — g™ g™).

e(=1)=(1,%i,0,0/v2, €(0)=(0,0E,,|p,/)/m,.
(20)
When necessary, states with defif@eandL, can be trans-

lated into states with definite total momentuhand its pro-
jection J, using the Clebsch-Gordan coefficients:

The factor represented by the @Ygenerator matrid® has
to be replaced by the unit matrix if the outgoiog state is a
color singlet. The coefficier€,, stands for the normalization
of the cc color wave function and is equal to\i3 and 1/2
for the singlet and octet states, respectively.

The projection operatod(S,L) reads for the different

spin and orbital angular momentum staf28,29 GM(J’JZ):LESZ (1L;;1,8,]3,3,)e*(L,)€e"(S). (21
1o\ /e —0) — 172
J(*5p)=I(S=0.L=0)=ys(pctme)/m,~, (13 However, we do not use such a presentation in our calcula-
tions. We find it more convenient to operate directly with the
3 — — _ _ 1/2
JESY=I(S=1L=0)=£(S) (Bt mc)/m,”, (14 polarization vectore(L,) ande(S,) to properly include the
3m B 32 interference 35] between color-octet states with differeht
JCP)Y=I(S=1L=1)=(Pc— M) £(S,) (Pt me)/my;”. As far as the gluon spin density matrix is concerned, we
(15 take for the off-shell incoming gluorigl]
States with various projections of the spin momentum onto P KEK/|kir] 2. 22

the z axis are represented by the polarization veetds,).

In the nonrelativistic approximation which we are using,-rhe final state gluon in Eq¥9)—(12) is assumed on shell,

the relative momentum of the qu_ar_ks in the bound state is Selel’=—gh”. The evaluation of the traces in Eq§)—
treated as a small quantity. So it is useful to represent th&z) i

quark momenta as follows: s straightforward and is done using the algebraic ma-

nipulation system FORMS59].
It is worth saying that to observe gauge invariance with
1 1 i !
Pc=5Py+d, Pe=5P,—d, (16)  off-shell gluons is a problem, which can be solved by a
2 2 rather artificial trick[4]. One starts with a set of “extended”
) ! ) diagrams, where the off-shell gluons are considered as emit-
wherep, is the momentum of the final state quarkonium. o by exernal on-shell fieldsay, quarks and so are repre-

The probability for the two quarks to form a meson dependgenteq as internal lines in the Feynman graphs. As all of the
on the bound state wave functidn(q). Therefore, we mul- o 4erna] lines in these graphs are on shell, the gauge invari-

tiply the matrix elements9)—(12) by W(q) and perform 50 of the whole set is not problematic. However, the full
integration with respect ta. The integration is performed 5,9 invariant set may contain unfactorizable diagrams
after expanding the integrand arouge:0: (different from those shown in Fig.)lthat is, diagrams that
cannot be represented as a convolution of gluon-gluon fusion
matrix elements with gluon distribution functiorifor ex-
ample, this extended set contains diagrams with gluon lines

. stretched between the two external quark lines; Fige) 5
no longer dependent ay they may be factored outside the . .
integral sign. A term-by-term integration of this series thenand 4d) in [4]). At the same time, we learn from Réd] that

ields [29] the contribution from these unfactorizable graphs vanishes in
y the particular gaugé€22), and so one is authorized to take

M) =M|qo+q*(IMIIq)|qeo+---. (A7)

Since the expressions fovl|,—q, (M/dq%)|4-o. €tc., are

4 1 into account only the usual graphs shown in Figs)-41(d).
f _q\p(q): ——R(x=0), (18  We notice that in some exceptional cases, such as the pro-
(2m)3 Vam duction ofJ/ ¢ mesons via a direct color-singlet mechanism,
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the diagrams shown in Fig(d are gauge invariant on their distribution functions and perform integration over the final
own, even with off-shell external gluons. In that case, thestate phase space. The multiparticle phase space
gauge invariance can be verified explicitly, by substitutinglld®p; /(2E;) 8*(Epin—Zpou) IS parametrized in terms
the gluon momenta for their polarization vectors. This prop-of transverse momenta, rapidities, and azimuthal
erty also holds for the color-singlet production pf states angles:d®p; /(2E;) = (w/2)d piZTdying)i/(ZTr). Let ¢, oo,
and for the color-octet subproces$29)—(31) mentioned be- and ¢4 be the azimuthal angles of the initial and final gluons,
low. andy, and ¢, the rapidity and the azimuthal angle of
To calculate the cross section of a physical process wenhe J/ ¢ particle. Then the fully differential cross section
have to multiply the matrix elements squared by the gluorreads

47?3 R(0)|? 1
do(pppX)=—— 3 =

spins

1
= a2
52 > |M(gg—yg)l

colors

dg de, g,

X}-g(xl’k%T ’:U«Z)JTg(Xz!k%T v#z)dk%Td kgTd pzi//Tdy?)dyl,DE o7 o

(23

The phase space physical boundary is determined by the itinear parton model. The difference in shape between these
equality[60] two contributions is due to the additional Feynman diagrams
shown in Figs. (b)-1(d), whosept behavior is qualitatively
G(s.1,k5,ki k3, m2)=0, (24)  different from that of Fig. a). The production ofl/y par-
ticles at highpt is thought to be dominated by gluon frag-
where s= (k; +k;)2, t=(k;—py)% andG is the standard mentation into the’S;[8] state(dashed histograyfollowed
kinematic function60]. by a series of nonperturbative gluon emissions. The contri-
The initial gluon momentum fractions, andx, are cal-  butions from other octet states'§[8] and P,[8], J
culated from the energy-momentum conservation laws in the=0,1,2) saturate the cross section at modemtevalues

light-cone projections: (and are not shown in the figyreAlthough the agreement
with the Tevatron data is apparently satisfactory, one should
(kq+ k2)E+pH =X, \/s= myrexply,) +|Ksr|explys), not forget the troubling issue of the photoproduction data and

the problem of spin alignment.

(ket kZ)Epr:XZ\/EI myr exp( —y,) +|Ksrlexp(—ys),

> 02
29 g "
0O
myr=(m3+|p,7|>)"% Here, we preserve exact kinematics L0
and do not neglect the “small” light-cone component of the = &
gluon momentum. The multidimensional integration in Eq. % L
(23) has been performed by means of the Monte Carlo tech- S oif L.
nique, using the routine VEGA$61]. The full FORTRAN © 10 = o
code is available from the author on request. ot el
10 & N TR
IV NUMERICAL RESULTS AND DISCUSSION 10_3 :\Ill\\lllllllll‘lll II|||I-I:;-| Llllll_l-l-
We begin the discussion by presenting a comparison be- 0 2 4 6 8 10121416 18 20
tween the predictions of the conventional and the Pr(¥), Gev

k-factorization approaches for thE# ¢ transverse momen- ) L
tum spectrum at Fermilab Tevatron conditions. For the col- FIG. 2. 3/¢ hadroproduction at Tevatron conditionsp(ys

i ¢ del the al densiti f =1.8TeV), |7,/<0.6: a comparison between the collinear and
inear parton model, we use the gluon densities of RS]. k-factorization approaches. Solid histogram, color-singlet contri-

In_ the_kT'faCtor'zat'on approach, we use the unm;egrated dISbution within the collinear approximation; dashed histogram,
tributions developed from the same GRD) set in accor-  3g g] color-octet contribution within the collinear approximation:
dance with52]. The renormalization scale in the strong cou- gash-dotted histogram, color-singlet contribution within kiefac-
pling constanteg(?) is chosen equal to th# ¢ transverse  torization; upper dotted histogram, color-octet contribution from the
momentum in all casesu’= pZ,/,T. The nonperturbative 2—1 procesq30) within the k; factorization; lower dotted histo-
color-octet parameters are taken as in R88]. gram, color-octet contribution from the-22 process27) within

The solid and dashed histograms in Fig. 2 represent ththeks factorization gZ,;=m7, |R 15 (6;(0)|°=8x 10"° Ge\?; W,
color-singlet and381[8] color-octet contributions in the col- experimental dat§24,25.
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3 102k, g+9—°P,[8]+g, (28)
< E
€ 10 ¢ which are of orderO(ag). The formally lowest-order 2
= 1 2 —1 subprocesses
o g
el g+g— 'Syl 8], (29
0 F
© 5L g+g— 35,[8], (30
10°L g+g—3P,[8] (31)
£ e, . - .
1o b b b b b b L S 9 do not contribute to the visible cross sections as they produce
0 2 4 6 8 1012141618 20 only states with zeropy. On the contrary, in the
P(y), GeV kr-factorization approach, the-21 subprocesse®9)—(31)

FIG. 3. The effect of the unintegrated gluon distribution func- are regarded as true leading order, while th_eZ subpro-
tions on the size and shape of the color-singlet contribution: a Comgesses(26)—(28) play the role of next-to-leading-order cor-

parison of four different parametrizations. Solid histogram, BEKL "€ctions.

(Bliimlein) [52]; dashed histogram, KM$64]; dash-dotted histo- When calculating the NLO contributions, one has to take
gram, CCFM[57]; dotted histogram, DGLAPM, experimental ~Care about the mfrgred instability of the relevant:2 ma-
data[24,25. trix elements. In a rigorous approach, one has to consider the

corresponding 2»1 subprocesses at next-to-leading order.
An extension of the color-singlet model to the Then, the interference between the LO and NLO contribu-

kT-factorization approach shows a Stropg broadening ef- tionS must Cancel the infrared diVergent partS Of thez
fect (dash-dotted histogram in Fig),2vhich is connected to  Subprocesses. Such calculations have been performed in the
the initial gluon transverse momentum. Although the absocollinear factorization in63]. Since the corresponding re-
lute size of the production cross section does not changgults are not yet available iky factorization, we use an
much, the enhancement of the differential cross section in th@Pproximate phenomenological approach. In order to restrict
h|gh (o region brings the predictions of the Co|0r_sing|et the 2—2 SprrOCESSGS to the perturbative domain, we intro-
model into closer agreement with the data. A similar effectduce the regularization parametgf,, so that all propaga-
was considered earlier in RdB6] using calculations based tors are kept away from their poles by a distance not less
on PYTHIA [62], and, also, in thé-factorization approach than qrzeg. It may be argued30-32,64 that the nonpertur-
[19,50,5]. The authors came to the conclusion that, with thebative parts of the 2:2 subprocesses can be absorbed into
initial gluon transverse momentum taken into account, on®—1 subprocesses; that is, when the emitted gluon is soft,
needs some significantly lower values for the color-octet maene can consider the final state as represented by a single
trix elements to fit the Tevatron data. This, in turn, reducegatrticle rather than by two. In this approach, the regulariza-
the discrepancy between the theory and the electroproductidion parameteqrzeg in the 2—2 processes and the nonpertur-
data where the color-octet contribution is not needed at all.bative color-octet matrix elements in the-2l processes
The size of the color-octet contribution, that is needed tanust be correlatefb4] to avoid double counting between the
fill the gap between the predictions of the color-singlethard and soft gluons in the final stat@nd so to avoid sen-
model and the hadroproduction data depends on the choiegtivity of the results to the choice afy. If the regulariza-
of the unintegrated gluon density. Figure 3 demonstrates thgon parameter is set t@lrzegzl Ge\# (that is, of order
effect of using different parametrizations on the behavior OfAéCD’ which may be regarded as the lower limit of the

the color-singlet contribution. The curves obtained Withperturbative domain the contributions from the 21 and

BFKL, Kobo-Martin-Schwinger(KMS), CCI_:M, and DG- 2.2 subprocesses are quite compardblee Fig. 4

LAP sets converge apr=3 GeV, but deviate from each  Gjyen the regularization parameter and the color-octet

other by about one order of magnitudepgt=20 GeV. One  ayrix elements fixed at some arbitrary values, we display

can see that the formally subleading terms, such as the onggs penavior of the different partonic subprocesses in Fig. 5.

corresponding to the “consistency constraint” or the nonsin-—rj,q shapes of the curves representii®[8] (dotted histo-

gylar parts .of the gluqn splitting function, introduce 'argegrams) and 3P,[8] (dash-dotted histogramscolor-octet

differences in the predicted spectra. o channels are very similar to each other, both being very dif-
Turning to the behavior of the color-octet contrlbutlons,ferent from that of the’S,[8] channel(dashed histograms

we face another uncertainty, which is connected to the inter-rhiS feature is observed even in the-A processes where

play be_tween the%Z a_nd 21 partonic _subproces_ses. I the J/ transverse momentum is totally determined by the
the collinear approximation, the perturbation expansion starts, omenta of the initial gluons. Most likely, this property has

from the 22 subprocesses to be attributed to the structure of the three-gluon coupling
(g* +g* —g* —35,[8]), which cancels some powers p¥

1
9+9— "Sl8]+0, (26) in the denominator. The difference in thg shapes between
the different contributions that we see here agrees with the
g+9—3S,[8]+g, (270 calculations made by other authd&9,51].
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FIG. 4. The effect of the infrared cutoff on the size and the FIG. 5. Different color-octet and color-singlet contributions
shape of color-octet contributions. Dotted histogram, contributionwithin the ky-factorization approach. Solid histogram, color-singlet
from subproces$31); dashed histogram, contribution from subpro- contribution; upper and lower dashed histograms, contributions
cess(28) with qfeg: mz,; dash-dotted histogram, contribution from from the subprocess&30) and(27), respectively; upper and lower
subproces$28) with gre,=1 Ge\2. The nonperturbative matrix el- dash-dotted histograms, contributions from the subproce&igs
ement is kept fixed|:72é,30[8](0)|2:7><10‘3 Ge\P. and (28), respectively; upper and lower dotted histograms, contri-

butions from the subprocessé9) and (26), respectively. The pa-

As we have seen already in Fig. 2, tfi8,[8] channel rameter setting is as follows|R 35 11(0)|?=8x 10" GeV?,
shows an inadequate behavior of the spectrum in com- |R1$0[8](0)|2:8X 102 GeV?, |Rsg5)(0)*°=8x10"% Ge\’,
parison with the data. This means that ﬂ‘@l[8] channel R (0)[2=7x1073 Ge\P, g? :mzl.
cannot be the dominant one in the region under study, and ~ 3Pqi8] e
that the corresponding color-octet matrix element must be
reduced by at least a factor of 50. The difference between the
color-octet matrix elements, which we need to assign to fi{Fig. 6) agree with the analysis of RéB0]. We observe only
the déita, violates the nonrelativistic QGNRQCD) scaling  minor differences, which may be explained by the different
rules: choice of gluon distributions. In particular, we find that the

Before we proceed to the numerical fits, we find it useful yat5 show no necessity for the presence 384 8] color-
to comment on the effect of the renormalization sqaz?eln octet contribution. At least, the value of the corresponding
the strong coupling constant. The replacementp,)>  nonperturbative matrix element needs to be reduced by a
— ag(Kiy) as(K3y) increases the predicted cross sections by awge factor, compared {83]. At the same time, the authors
factor of 2.5 for the charmonium family, and by a factor of
more than 3 for the bottomonium family.

We also recall that the shapes of plf distributions are
sensitive to the choice of unintegrated gluon densities. Taken
together, these uncertainties show that the theory cannot pre-
tend to an accuracy better than a factor of 2 dw®Bich is
also typical for the collinear calculationsn such a situa-
tion, we find it meaningless to invest effort in fine-tuning.
The results shown in Figs. 6—8 are not intended to provide
precise fits. They are only intended to demonstrate the quali-
tative behavior of thé+-factorization approach and to show
its qualitative compatibility with the data.

In Figs. 6, 7, and 8, we display the results for the produc- 10
tion of J/¢, x., and Ymesons at the Fermilab Tevatron,
respectively. In general, our results for dirdéty production

do/d(P:(¥), nb/GeV

III|IIIllll".l.nil|Illi";"\":']-lllllll

0 2 4 6 8 10 12 14 16 18 20
P:(y), GeV

FIG. 6. The overall fit of the experimental data fbr/ hadro-

) ) ] ] ~production. The parameter settings are the BFKL gluon distribution
(o thei estimates, the diterence beteen (8] and 26181~ or0" (52, [Rosu(OI°~8X10 * GeV, [Ragyg (O)f°~ 16
matrix elements amounts to a factor of 100. They suppose thar 10 GeV?, |R s5,(5)(0)[*=0, |R3Po[8](0)| =14x10°7° GeV,
“there might be some dynamical reasdi&]” or “there might be qrzegzl Ge\2. Thin solid histogram, color-singlet contribution;
some new counting ruld§6]” to account for the suppression of the thick dashed histogram, contribution from subprocéz8); thin
35,[8] matrix elements. The authors [&0] estimate the difference dashed histogram, contribution from subprocéd®; thick dotted
between the values 0fS;[8] andMyg (that is, a linear combination histogram, contribution from subproce§26); thin dotted histo-
of 1S,[8] and 3P,[8]) as a factor of 30, but they do not regard it gram, contribution from subproce€29); thick solid histogram, sum
as a kind of inconsistency. of all contributions;M, experimental datf24,25.
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FIG. 7. The overall fit of the experimental data for the hadro- ~ FIG. 9. The fraction of longitudinally polarized/ymesons as
production ofJ/ymesons viay.decays. Dashed histogram, color- calculated for different particular contributions. Solid histogram,
singlet contribution with BFKL gluon distribution functidis2] and ~ color-singlet contribution; thin and thick dashed histograms, contri-
IRQP [l](O)|2=O.O75 GeV [67]; W, experimental datf24]—[26]. bgtlons from subpr_ocesse{§0) and _(27)_, respectively; thin and

0 thick dash-dotted histograms, contributions from subproce8dgs
and(28), respectively; dotted histogram, contributions from subpro-

of [50] state that “if this matrix element is put exactly to cesse€29) and (26).

zero, the quality of the fit is much worse.”

Similarly, when we use the BFKL gluon density, we find yately). Once again, we observe the qualitative compatibility
no need for a color-octet contribution to the productionyef o the color-singlet contribution with the data.
mesongFig. 7). At the same time, the calculatiof®0] using  Now we turn to the most interesting part of the consider-
the KMS gluon density show that a small color-octet admix-atjon. The clever idef86] that, having taken the initial gluon
ture improves the agreement with the data. transverse momentum into account, one needs lower values

As far as the production of is concernedFig. 8), one  f the nonperturbative matrix elements to fit the Tevatron
should keep in mind that the_ quotgd data contain radlatlv%ata’ helps to overcome the apparent incompatibility be-
feed-down fromy,, states, which brings about 51P27] of  tween the electro- and hadroproduction model parameters.
the visible cross section. Therefore, to separate the dire¢jowever, as long as the gluon off-shellness is ignored, the
production, the plotted data should be rescaled by an agsroplem ofJ/y spin alignment remains unsolved. It is in-
proximate factor of 1/Zplease note that thgy dependence  stryctive to analyze the effects of gluon off-shellness on the
of these two contributions has not been measured S€P37y, polarization properties within thé-factorization ap-
proach.

We are arriving at the key point of the present paper.
Figure 9 shows the results of our calculations regarding the
different contributing mechanisms. Remarkably, the fraction
of longitudinally polarized mesons increases with in all
cases, including both color-singlet and color-octet contribu-
tions. The only exception refers to tH&[ 8] state, which is
produced unpolarized because of its spinless nature. The
property of large longitudinal polarization holds even for the
35,[8] state, although its production at large is believed
to be dominated by the gluon fragmentatibn.

As a matter of academic interest, we have checked that
the longitudinal polarization strengthens continuously with
increasingpy, and, consequently, thk;-factorization ap-

) ) proach does not merge with the “collinear” interpretation of
FIG. 8. The overall fit of the experimental data for the hadro-

production of Y mesons at Tevatron conditionspp(y/s
=1.8 TeV), |7y|<0.4. The parameter settings are the BFKL 3
gluon distribution  function [52], |Rag1)(0)°=6 GeV?,

do/d(P(T"), nb/GeV

']O -III|III|III‘III|III|I\I|III|III|III|III

0 2 4 6 8 10 12 14 16 18 20
P(T), GeV

Our result is in contradiction with the analysis of Yuan and Chao
_ - [51], which also relies on th&--factorization approach. Unfortu-
|R/1So[81(0)|2:1><10 ’ Ge2V3, |R351[81(0)|2_:6X5L0 3_ GeV?, nately, the authors provide too few details on their method of cal-
|R3PO[8](O)|220'5 GeV, qr,=10 Ge\?. Thin solid histogram,  cyation to disclose the origin of the discrepancy. In particular, they
color-singlet contribution; dotted histogram, contribution from do not specify the off-shell gluon spin density matrix and do not
1g,[8] state; dashed histogram, contribution froiB,[8] state;  present the definition af/ ¢ helicity states. One can find some more
dash-dotted histogram, contribution frofP,[8] states; thick details in their previous papét9], which is devoted to the produc-
solid histogram, sum of all contributiond, experimental data tion of color-singlet statesalso in thek-factorization scheme
[24]-27]. However, even there, the explanations are insufficient.
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FIG. 11. Model predictions for thd/« spin alignment at the
3 ! E HERA ZEUS conditions,ep(\/§:300 GeV), Q%<1 Ge\?, 50
2 08 & GeV <W<180 GeV, 0.4z,<1.0. A comparison of different
S 06 F gluon distributions: Solid histogram, BFKBIlmlein) [52]; dashed
0.4 & histogram, KMS[54]; dash-dotted histogram, CCFM7]; dotted
0.2 & histogram, DGLAP®, experimental datf22].
0 F
02 E HERA possess the same kind of behavior. A comparison with
—0.4 = recent experimental data collected by the collaborations
—0.6 B ZEUS [22] and H1[23] is presented in Figs. 11 and 12,
—0.8 S N respectively. In both cases, the polarization analysis is per-
T 0 2 4 B 8 10 12 14 16 18 20 formed in the so called target frame, that is, the rest system

Pr(%), GeV of the J/4 meson, using the direction opposite to that of the
incoming proton as reference axis. Although the experimen-
FIG. 10. Model predictions for thé/y(upper pangland ¢’  tal errors are rather large, the data seem to support the trend
(lower panel spin alignment at Tevatron conditions. The parameterghserved in thé+-factorization approach. However, the data
setting is as in Fig. 65, experimental datp49]. still preclude any definitive conclusions on the favorable set
QCD in the highp; limit. Although the validity of theks of unintegrated gluon densities. The theoretical results shown

factorization at highpr may be doubted, it may provide an here have been confirmed by an independent calculation in

improved treatment of the modergig region in comparison [6%1 conclusion, we point out that the qualitative predictions
with the collinear factorization, where the contribution from ’ P 4 P

longitudinally polarized gluons is neglected. As the datafor the J/ ¢ polarization are stable with respect to variations

taken into analysis are restrictedio<20 GeV, which is a in the model parameters. In fact, there is no dependence on

. - o the a4 constant(which cancels oyt and there is only weak
small quantity _Compafed tQE._l'g TeV, the applicability sensitivity to the inclusion of next-to-leading-order subpro-
of the ky factorization is justified.

A comparison with the available data on the charmonium

spin alignment shows that nature tends to favor the =
k-factorization approach. The polarization ¢f mesons 3
provides a cleaner sample than the polarizatiod/af me- N
sons since the former is not contaminated by feed-down from 1
Xc decays. The preliminary results obtained by the Collider

Detector at FermilaCDF) Collaboration49] are displayed 0.5
in Fig. 10 together with the theoretical estimations expressed
in terms of the leptonic decay angular parameterwhich
characterizes the azimuthal angle asymmetry measured in the 05
JIy rest frame with respect to a given reference axis:

dI'}, /d cos®~1+acos@. At the Tevatron conditions, the —1 ""1'"""""""""""""""""
reference axis is connected to the laboratory systdm 2 3 4 5 6 7 8
same as th@p c.m. system The casesr=1 anda=—1 Pr(y). Gev

correspond to transverse and longitudinal polarization of the G, 12. Model predictions for tha/ ¢ spin alignment at HERA

J/¢y meson, respectively. We emphasize that the data n@§1 conditions, ep(1/s=300 GeV), Q<1 Ge\Z, 60 GeV<W

only point to unpolarizeds” production at moderater, but <260 Gev, 0.05:z,<0.9. A comparison of different gluon dis-

also to essentially longitudinal polarization at high®f.  tributions: Solid histogram, BFKI(BIimlein) [52]; dashed histo-

This feature is perfectly accommodated in our calculations.gram, KMS[54]; dash-dotted histogram, CCF7]; dotted histo-
The predictions made for thé/¢ photoproduction at gram, DGLAP;®, experimental datg23].

o
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cesses and to the values of the color-octet matrix elementtates at modern colliders. The model succeeds in describing
because the behavior of all contributions is very similar.  the pt spectra ofl/¢, x., andY mesons at the Fermilab
Tevatron and provides a consistent picture of the production
V. CONCLUSIONS of J/4 mesons in deep inelastic scattering at HERA. The
) , model even succeeds in describing the polarization phenom-
Here we have addressed the issue of performing a globaly observed in bothp andep interactions, thus providing
analysis  of quarkonium  production  within  the 5 jmportant insight for solving a long-term puzzle.
ky-factorization approach. The state of the art has not yet The ynderlying physics is essentially related to the initial
reached the precise quantitative level, and the theoretical prejjon off-shellness, which dominates the gluon polarization
dictions remain rather qualitative than quantitative. There argoperties and has a considerable impact on the kinematics.
significant uncertainties connected with the choice of the unpp, the experimental side, we note the fundamental role of
integrated gluon densities, the renormalization scale in the,e polarization variables, which make the difference be-

strong coupling constant, the inclusion of next-to-leading+yeen the collinear and noncollinear approaches clearly vis-
order subprocesses, and the nonperturbative color-octet trajpe.

sitions. At the moment, it seems impossible to unambigu-
ously fix all the relevant parameters by adjusting them to the
available experimental data.

At the same time, thé&--factorization approach shows a  The author conveys his thanks to Leifndson, Hannes
number of important achievements. As a general feature, théung, and especially Nikolai Zotov for their encouraging in-
model behavior is found to be perfectly compatible with theterest and useful discussions. The work was supported by the
available data on the production of various quarkoniumRoyal Swedish Academy of Sciences.
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