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We discuss prompt production of J/y mesons in proton-proton collisions at the LHC within the NRQCD
k;-factorization approach using Kimber-Martin-Ryskin (KMR) unintegrated gluon distributions (UGDF).
We include both direct color-singlet production (gg — J/yg) as well as a feed down from y. — J/wy and
y' — J/yX decays. The production of the decaying mesons (y.. or ) is also calculated within the NRQCD
k,-factorization approach. The corresponding matrix elements for gg — J/y g, g9 — w'g and gg — x.
include parameters of the nonrelativistic space wave functions of the quarkonia at » = 0, which are taken
from potential models in the literature. We get the ratio of the corresponding cross section ratio for y.(2)-to-
(1) at midrapidities much closer to experimental data than obtained in a recent analysis. Differential
distributions in rapidity and transverse momentum of J/w and y’ are calculated and compared with
experimental data of the ALICE and LHCb Collaborations. We discuss a possible onset of gluon saturation
effects in the production of J/y and y. mesons at forward/backward rapidities. We show that it is necessary
to modify the standard KMR UGDF to describe ALICE and LHCb data. A mixed UGDF scenario was
proposed. Then, we can describe the experimental data for J/y production within model uncertainties with
a color-singlet component only. Therefore, our theoretical results leave only relatively small room for the
color-octet contributions. We discuss relations to other models in the literature. The results for the so-called

hybrid model are compared to the results of the original k,-factorization approach.

DOI: 10.1103/PhysRevD.97.034035

I. INTRODUCTION

There is a long-standing lack of convergence in under-
standing production of J/y quarkonia in proton-proton or
proton-antiproton collisions. Some authors believe that
the corresponding cross sections are dominated by the
so-called color-octet contribution. On the other hand, some
other authors expect that the color-singlet contribution
dominates. The color-octet contribution cannot be calcu-
lated from first principle and is rather fitted to the
experimental data. The fits lead to different sizes of the
color-octet contribution, depending on the details of cal-
culations of the color-singlet contribution(s). In many
cases, successful fits were obtained, but in our opinion,
there is no clear understanding of the problem. Different
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fits from the literature give different magnitudes of the
color-octet contributions classified according to quantum
numbers of the c¢ system.

In the present paper, we calculate the color-singlet
contributions in the NRQCD k,-factorization approach
and see how much room is left for the more difficult
color-octet contribution.

It is known that a sizeable part of the J/y production
comes from radiative decays of y,. mesons. Therefore, in
the following, we have to include also this contribution very
carefully trying to confront with experimental data for y,
production whenever possible.

In a very recent k,-factorization analysis of y,. production
[1], the authors found very different values of the non-
relativistic wave function at the origin for y.(1) and y.(2),

(1.1)

from a fit based on the k,-factorization approach to LHC
data. This large modification would put in doubt either
the NRQCD approach and/or validity of the leading-order
k,-factorization. In the standard potential model, one
obtains the same radial wave function for different y,

R (O~ SR, (0)
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species [2]. Here, we diccuss also this element of the whole
construction. In the following, we use Kniehl-Vasin-Saleev
matrix elements which are given explicitly in Ref. [3].

Finally, the ' quarkonium also has a sizeable branching
fraction into J/wX [4]. Fortunately, this contribution is
much smaller than the direct one as is discussed in this
paper. It was considered recently in almost identical
approach in [5].

In the present approach, we concentrate rather on small
transverse momenta of J/y or y’ relevant for ALICE and
LHCD data [6-10]. We expect that color-singlet contribu-
tions may dominate in this region of the phase space.

II. SOME THEORETICAL ASPECTS

In the following, we consider only color-singlet mech-
anisms and look at how much room is left for color-octet
production.

A. Main contributions

The main color-singlet mechanism of the J/y meson
production is illustrated in Fig. 1. In this case, J/y is
produced in association with an extra “hard” gluon due to
C-parity conservation.

We calculate the dominant color-singlet gg — J/ywg
contribution taking into account transverse momenta of
initial gluons. In the k,-factorization approach, the differ-
ential cross section can be written as

do(pp — JhygX)

dy]/y/dygdzpj/w.tdng,t
_ 1 /dz‘htdtht | AofTshell 12
167252 T 99 =Ilvg

X 52(Eilt + th - ﬁH.t - l_;g,t)
X fg(xl ’ q%r’ IMZ)FQ(XZﬂ Q%t’ /42)’

FIG. 1. Leading-order diagram for direct J/yw (y’) meson
production in the k,-factorization approach.

where F, are unintegrated (or transverse-momentum-
dependent) gluon distributions. The matrix elements were
calculated as was explained, for example, in [11,12]. The
corresponding matrix element squared for the gg — J/ygis

[Mgsigl® < a3 |R(0) . (2.2)

Running coupling constants are used in the present calcu-
lation. Different combinations of renormalization scales
were tried. We decided to use

a = a,(u})a,(ud)a,(13).

(2.3)
where u3 = g3,, 3 = q3, and y3 = m? (prescription 1) or
i = max(qh m?), 2 = max(gZ.m?) and 3 = i
(prescription 2), where here m, is the J/y transverse mass.
The factorization scale in the calculation was taken
as 4 = (m? + p2, )12

Similarly, we do calculations for the P-wave y. meson
production. Here, the lowest-order subprocess gg — y.
is allowed by positive C-parity of y. mesons. In the
k,-factorization approach, the leading-order cross section
for the y. meson production can be written somewhat
formally as

dx, dx, dq,, gy,

X1 X T T
x 8((qy + q2)* - M)z((.)ag_gﬁH(xl’ X2.41.42)
x fg(xl’ q%t’ /‘%)fg(xb q%z’ ﬂ%)»

Opp—y. =

(2.4)

where F, are unintegrated (or transverse-momentum-
dependent) gluon distributions and o, ,, are gg— x.
(off-shell) cross sections. The situation is illustrated dia-
gramatically in Fig. 2.

The matrix element squared for the gg — y. sub-
process is

(Mg [P o a5 |R'(0)]%.

(2.5)

FIG. 2. Leading-order diagram for y,. meson production in the
k,-factorization approach.
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After some manipulation,

1
O pp=y. :/dydzptdz%

2
SX1Xp My,

x |Mg*g*—m zj:g(xl’q%nﬂ%)

X fg(xb qgnﬂ%)/“" (2'6)

that can be also used to calculate rapidity and transverse
momentum distribution of the y,. mesons.

In the last equation, p, = g, + ¢», is the transverse
momentum of the y. meson and ¢, = ¢;, — ¢, is the
auxiliary variable which is used for the integration of the

cross section. Furthermore, m,, is the so-called y. trans-
My My

verse mass and x; = —% exp(y), X, = F exp(—y). The

factor 1 is the Jacobian of transformation from (g, gy,) to
(P, q,) variables.

As for the J/y production, running coupling constants
are used. Different combination of scales were tried. The
best choices are

a? = a,(u)ay(u3). (2.7)

where u? = g3, and p3 = ¢3, (prescription 1) or u? =
max(q3,,m?) and p} = max(q3,, m?) (prescription2).
Above, m, is the transverse mass of the y,. meson.

The factorization scale(s) for the y. meson production
are fixed traditionally as % = m?.

The J/w mesons are produced then by the y,. — J/yy
decays which are dominated by E1 transitions [13,14]. This
channel cannot be easily eliminated experimentally as the
produced photons are usually rather soft. Due to the same
reasons, y. mesons can be measured at large transverse
momenta or very forward/backward directions.

B. Unintegrated gluon distributions

In the present analysis, the Kimber-Martin-Ryskin
KMR UGDFs [15] are used, which are generated from
conventional collinear MMTH2014LO PDFs [16]. In
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FIG. 3.

actual calculations of distributions, we interpolate them
on a three-dimensional grid in log;(x), log;o(k?) and
log(u?) prepared before the calculation of the production
cross section or differential distributions.

The KMR UGDF was succesfully used, for example, for
production of charm and charmed mesons [17,18] as well
as for production of two pairs of c¢ [19,20].

In a standard approach, the KMR UGDFs are calculated
for larger values of gluon transverse momenta and are
usually frozen at small gluon transverse momenta. The
value at which the freezing is applied is independent of all
other variables, longitudinal momentum fraction, in par-
ticular. The UGDFs used in calculations neglect possible
effects of saturation. For small initial gluon momenta, k7, <
Q3 or k3, < Q% and for forward/backward production,
some effects of gluon saturation may be expected. The
saturation scale as is often parametrized as

03 (x) = Qf(xo/x)". (2.8)
One could correct the original KMR distributions by assu-
ming saturation of UGDFs for k3, < Q2,

Fa(x, k2, u?) = constfor k2 < Q2. (2.9)

We call this model of UGDF “saturation A” for brevity. For
comparison, we consider also faster damping of the small-
k, region by multiplying the F 4 by an extra damping factor,
Fple, k) = (RIQ)Fa(x. 3 p?).  (2.10)

We call this model of UGDF “saturation B” for brevity.
Another, called “mixed UGDF”, scenario is discussed in
the text. Some consequences of the small-k, corrections are
discussed in the following section.

III. RESULTS

A. v’ production

We start with y’ production. In Fig. 3, we show rapidity
distributions of y’ obtained with the KMR unintegrated
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Rapidity distribution of ' meson (direct mechanism) for the KMR UGDF for /s = 7 TeV (left panel) and /s = 13 TeV

(right panel). The upper line is for the scale prescription 1, and the lower line is for prescription 2.
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FIG. 4. Rapidity distribution of y’ meson (direct mechanism) for the mixed UGDFs for /s = 7 TeV (left panel) and /s = 13 TeV
(right panel). The upper line is for scale prescription 1, and the lower line is for prescription 2.

gluon distributions. In the left panel, we compare our
results with the ALICE experimental data for \/s = 7 TeV
[8]. The ALICE Collaboration measured only v’ mesons
emitted in rather forward directions. This corresponds to
one longitudinal momentum fraction small and the second
longitudinal momentum fraction large. We show results
with the two different prescriptions for the arguments of the
QCD running coupling constant as was discussed in the
previous section. One gets a rather large uncertainty band
associated with the choice of the a, argument. On the right
panel, we show our predictions for /s = 13 TeV.

For very small x, one may expect saturation effects. The
KMR UGDF does not include such effects. To illustrate the
potential effect instead of using both UGDFs of the same
type (KMR) for large x;/x,, we take the KMR UGDF,
whereas for small x,/x;, we take, for example, the Kutak-
StaSto nonlinear UGDF [21]. It is marked by the KS
acronym in Fig. 4. A slightly smaller cross section has been
obtained than with the KMR UGDEF. The effect is, however,
not significant.

Since the y' meson decays y' — J/wX with BF = 0.61
[4], it constitutes also a contribution to the J/y channel and
is taken into account in the rest of the paper.

B. J/¥ direct production

There are three components of prompt J/y production:
direct production (see Figs. 5-8) and feed down from y’
and y,. decays.

In this subsection, we present results for the direct
component for J/y production. In Fig. 5, we show exclu-
sively this contribution for three different collision energies:
/s =2.76 TeV (left panel), \/s =7 TeV (middle panel)
and /s = 13 TeV (right panel). As for ' production, we
show our results for two different prescriptions for a, and for
the KMR UGDF. As for the y’ production, there is large
uncertainty related to the choice of running coupling constant
(see the yellow band). The direct contribution is large,
but there is a room for other contributions, which are
discussed in the following.
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FIG. 5.

Rapidity distribution of J/yr mesons (direct mechanism) for the KMR UGDF for /s = 2.76 TeV (left panel), /s = 7 TeV
(middle panel) and /s = 13 TeV (right panel). The upper line is for the scale prescription 1, and the lower line is for prescription 2.

The results are compared with the ALICE [6-8] and LHCb [9,10] experimental data.

034035-4

presciption 1 for p.i

presciption 2 for p;

KMR MMTH
FERTEI RN B
-2 0

y

2014
-
2

(s =13 TeV

4...



PROMPT INCLUSIVE PRODUCTION OF J/y, y' ...

PHYS. REV. D 97, 034035 (2018)

S S L B e o e e e A B AL NLNLLE S ey A B L L ELEI A Ea
95 —i#— LHCb E 14 |- —@— Alice 2011 - 14~ —— LHCb ]
F | — — KS-KMR presciption 1 forp2 . ] I P— Alice 2011 \JE =7TeV T [ | — — KS-KMR presciption 1 forp? . T
NI NS KV oroccition 2 foris 3 12]| 8 wov2on ] bl S KMA oreecintion 2 ot ]
E - presciption 2 foru? . ] N P — ] N - presciption 2 forp2 . ]
. 7:_ \/g:276 TeV _: . L ——KS-KMF{prescip(iomforp?R ] g L \/§:13 TeV ]
=S F E Q 10 KS-KMR presciption 2 for 2 1 o 10 1
2 6f 4 2t 1 =2 | 1
> F E > gf 1 > [ 1
S sk E o 8f ] S 8f ]
= 5F E = [ ] = [ ]
z E E z 6 1 z I ]
3 4F 1 3 °¢ 1 3 °F ]
< F ] = =
° JE 3 ° T ] ° T ]
o : E T 4L ] T 4B J
2F E : ] : ]
15 E o 3 o[ ]
Py P S RPN RPN B (e ol . v o] P E R U B B
-6 ) 2 0 2 4 6 -6 -4 2 0 2 4 6 -6 ) 2 0 2 4 6
y y y

FIG. 6. Rapidity distribution of J/y mesons (direct mechanism) for the mixed UGDFs for /s = 2.76 GeV (left panel), /s = 7 TeV
(middle panel) and /s = 13 TeV (right panel). The upper line is for the scale prescription 1, and the lower line is for prescription 2.

For completeness in Fig. 6, we show also our
results with the mixed UGDFs scenario described
above. Here, the effect of UGDF modification is similar
as for y/.
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We look also for transverse momentum distributions.
For example, the LHCb Collaboration measured such
distributions for different intervals of

rapidity [9,10].

In Fig. 7, we show such distributions for \/E =7 TeV for
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FIG.7. Transverse momentum distribution of J/y (direct component only) together with LHCb [9] experimental data for /s = 7 TeV

for different ranges of rapidity specified in the figures.
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FIG. 8.
13 TeV for different ranges of rapidity specified in the figures.

two different prescriptions of a,. Our direct component
exhausts a large fraction of the cross section for small
p;- At larger p,, clearly some other contributions are
missing.

In Fig. 8, we show similar distributions for /s = 13 TeV.
The situation is very much the same as for /s = 7 TeV.

C. Jiy from yx,. decays

Now we proceed to the important contribution of J/y
originating from the feed down from the y,. production
and decay. The y.(0) meson has a very small branching
fraction for decay y.(0) - Jhwy (BR=0.0127 [4]).
Therefore, in the following, we take into account
only production and decays of y.(1) (BF =0.339
[4]) and y.(2) (BF =0.192 [4]). In Fig. 9, we show
rapidity distributions of resulting J/yy mesons for two
different prescriptions of a, (compare top and bottom
panels) for three different energies +/s =2.76, 7,
13 TeV. This calculations were performed with the
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Transverse momentum distribution of J/y (direct component only) together with LHCb [10] experimental data for /s =

KMR UGDE. For comparison, we present also existing
data of the ALICE and LHCb Collaborations. We show
both contributions of each of the mesons and a sum of
them. The first prescription leads to a clearly too large
cross section, having in mind the other missing con-
tributions. This is especially clearly seen for /s =
13 TeV, at large rapidities. The second prescription is
not in conflict with the data, but one should remember
other, not yet included, contributions (direct one and y’
feed down).

The situation with y,. production seems more prob-
lematic than for the direct contribution and not yet
discussed y’ feed down. What is specific for .
production? In Fig. 10, we show averaged values of
x; and x, being arguments of UGDFs. Clearly, in the
forward LHCb rapidity region, the corresponding
longitudinal momentum fractions are extremely small.
For /s = 13 TeV, they reach the gluon longitudinal
momentum fractions as small as x ~ 107%. This makes
the forward production of y,. very special in the context
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of searching for saturation/nonlinear effects. We show
results when the averaging is performed in different
regions of y,. transverse momenta.

The very small values of longitudinal momentum frac-
tions relevant for y. production in the forward directions
fully justify the use of the “mixed” UGDFs, discussed
already in the context of direct production. In Fig. 11, we

1
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show corresponding rapidity distributions. The results
obtained for the “mixed” distributions are quite different
than those obtained solely with the KMR UGDF:s, especially
for /s = 13 TeV. Is it a sign of the onset of saturation?
This should be clarified in the future by dedicated mea-
surements of y,. mesons for different rapidities. This process
seems to be very promising in this context.
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FIG. 10. Average longitudinal momentum fractions x; and x, as a function of y (rapidity of y.) for different ranges of y,. transverse
momenta as specified in the figures.
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FIG. 11.

Rapidity distribution of J/y mesons (from y, decays) for the mixed UGDFs for /s = 2.76 GeV (left panel), /s = 7 TeV

(middle panel) and /s = 13 TeV (right panel). The upper plots are for the scale prescription 1, and the lower plots are for prescription 2.

D. y. production

So far y, mesons were measured only at /s = 7 TeV, at
midrapidities and rather large transverse momenta. Then,
the corresponding longitudinal momentum fractions are
not so small. In Fig. 12, we show our results for both
/s =7 TeV, together with ATLAS experimental data
[22], and our predictions for /s = 13 TeV. We get a
reasonable, but not ideal, description of the experimental
transverse momentum distributions for y.(1) (left panel)
and y.(2) (middle panel). We slightly overestimate the
data for y.(2) especially for smaller values of transverse
momenta. For completeness, we show the ratio y.(2)/
x(1). In principle, we could try to treat parameters of y.(1)
and y.(2) independently and better fit them to the ATLAS
data, but we leave it for the future when next-to-leading
order corrections will be included. Summarizing this short
subsection, we have shown that our parameters for y.
are reasonable. They are to some extent effective as only
leading-order k,-factorization is done here. How it changes
at next-to-leading order clearly goes beyond the scope of
the present analysis.

E. All contributions for J/yr production

Having reviewed all components separately, we are
ready to include all of them together. In the following,

we adopt always prescription 2 (lower limits above) for «;
as an example.

In Fig. 13, we show corresponding results for the KMR
UGDEFE. While we get a good description of the exper-
imental distribution for /s = 2.76 TeV, it is slightly worse
for /s = 7 TeV and clear disagreement for /s = 13 TeV.
The disagreement is larger for larger rapidities (smaller
longitudinal momentum fractions). This may be related to
onset of saturation in this region of phase space and is
worthy of further study.

In Fig. 14, we show similar results for the “mixed”
scenario. We get too much damping of the cross section,
especially for largest /s. This may signal also the presence
of other, nonincluded, mechanisms or may signal that the
KS saturation effects are too strong. They may also appear
too early in x.

Since, as discussed above, the longitudinal momentum
fractions for J/y and y’ are about an order of magnitude
larger than those for y. production, we consider also a new
scenario. Here, we take standard KMR UGDFs for the S-
wave quarkonia and “mixed” UGDFs for the y. mesons.
The resulting distributions are shown in Fig. 15. The
agreement with the experimental data is very good, but
we cannot draw too strong conclusions. More systematic
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FIG. 12. Transverse momentum distributions of y..(1) (left panels) and y.(2) (middle panels). The right panels show the ratio of y,.(2)
to y.(1). The upper plots are for /s = 7 TeV, and the lower plots are for /s = 13 TeV. The experimental ATLAS [22] data are shown

for comparison.

studies of low-p, distributions of J/y and y,. mesons would
certainly be very useful in this context.

F. General comments and relations to other

approaches in the literature

In very forward directions, often a so-called hybrid
approach is applied for different reactions, like forward

S
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FIG. 13.

do(J/¥)/dy (ub)

jet or dijet production. In this approach, one uses one
collinear parton distribution and one unintegrated gluon
distribution. The hybrid model is claimed to be a sensible
approximation in very forward directions [large x of the
produced object(s)], when one of the longitudinal fractions
(x; or x,) is very small and the second longitudinal fraction
is large. At the LHCb or forward ALICE measurements for
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Rapidity distribution of J/y mesons for all considered mechanisms for three different energies. In this calculation, for all
cases, the KMR UGDF and prescription 2 were used.
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the high collision energies /s =7, 8, 13 TeV and
relatively small transverse momenta of y. or J/y, both
x’s are rather small x;, x, < 10~ (see Fig. 10). For the
LHCb rapidity coverage, xp < 0.05. Therefore, for the
high energy collisions and so-called “forward” LHCb
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rapidity region, this is still a rather “central” rapidity
region in the sense of the longitudinal momentum fractions.
The corresponding larger gluon longitudinal fractions
(max{x;,x,}) are similar as those for central rapidities

at RHIC.
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FIG. 16. Rapidity distribution of y.(1) meson in the hybrid model and compared to the k,-factorization approach. The left panel is for
/s =7 TeV, and the right panel is for \/s = 13 TeV.
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We showed in our previous works that the inclusive D
meson production at the LHCb can be described nicely
within the original k,-factorization, see, e.g., [19]. We
checked that the hybrid approach is not the best there
and leads to a deficit of the cross section for /s = 7 and
8 TeV. Now, we show some results of the hybrid model and
a comparison to the results obtained within the original
k,-factorization approach. In Fig. 16, for example, we show
rapidity distribution of y.(1) mesons (2 — 1 partonic
process). The hybrid model gives almost the same result
as the original k,-factorization approach. In Fig. 17, we
show corresponding transverse momentum distribution
obtained by integrating over the LHCb rapidity region
2.0 <y < 4.5. Also, here, the agreement is quite good.

Finally, in Fig. 18, we show rapidity distribution for a
directly produced J/w meson (the gg — Jlwg 2 — 2
partonic process). Here, the agreement between the
two approaches is not so good. This may be partially
understood by the fact that forward J/y does not auto-
matically mean also forward gluon. The situation here is
similar as for open charm production.
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In the present study, we have focused on application of
the k,-factorization approach. There are other models in the
literature. One of them is the next-to-leading order collinear
approach (see, e.g., [23] and references therein). This
approach is similar to our approach.

Another alternative approach is the color-evaporation
model [24,25]. The old color-evaporation model has been
corrected recently [26] and is also able to describe
experimental data on inclusive quarkonium production,
approximately even some polarization variables [27]. This
approach is based, however, on a very different philosophy
compared to our approach. We include only color-singlet
terms with essentially no free parameters and include all
known feed down contributions. As written already in our
abstract, we do not see significant room for color-octet
terms. So far, we have not seen studies of the improved
color-evaporation model for rapidity distributions in for-
ward region. Certainly, such an analysis would be interest-
ing and worthy to do, but it clearly goes beyond the scope
of the present approach where we focus on quite a different
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FIG. 17. Transverse momentum distribution of y.(1) meson in the hybrid model compared to the k,-factorization approach for the
LHCb rapidity coverage. The left panel is for /s = 7 TeV, and the right panel is for /s = 13 TeV.
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approach. Compared to the color-evaporation model, there
are essentially no free parameters in our approach.

IV. CONCLUSIONS

In the present paper, we have focused on the calculation
of cross sections for inclusive prompt production of J/y
and y' in forward directions within the k,-factorization
approach. In this calculation, NR QCD matrix elements
were used with parameters of quarkonia c¢ wave functions
at the origin taken from potential model(s).

In the present calculation, we have used two different
sets of unintegrated gluon distribution functions: the
Kimber-Martin-Ryskin UGDF based on DGLAP collinear
gluon distribution function and the Kutak-Stasto UGDF
which includes nonlinear effects at small x values and
describes exclusive production of J/y [28].

We have included both the direct component and the
component related to radiative decays of y. mesons. In
general, they give similar contributions for the integrated
cross section.

We have compared our results with the recent results of
the ALICE and LHCb Collaborations (small transverse
momenta and forward directions) at /s = 7 TeV. We have
found that using standard KMR UGDF we overestimate
the forward production of J/y in this case. The biggest
contribution is given by radiative decays of y. mesons. We
have proposed how to modify UGDFs to include possible
onset of saturation effects. In this mixed UGDF scenario, a
reasonable description of the data is possible. We have
found that within model uncertainties (UGDFs, renormal-
ization scale, parameters of the nonrelativistic wave func-
tion) we can almost describe the production of J/y or v/ at
low transverse momenta and forward direction including
only color-singlet contribution.

We have discussed theoretical uncertainties related to the
choice of renormalization scales. In addition, we have
discussed some open issues related to the KMR UGDFs.
We have shown how to modify the KMR UGDFs to include
possible saturation effects. A possible onset of saturation
or, in general, nonlinear effects for UGDFs was discussed,
especially in the context of the LHCb data. We have found
that production of y,. mesons in forward directions is a very
good way to search for the onset of saturation, because, as
discussed in our paper, it probes smaller values of longi-
tudinal momentum fraction than the J/y production and is
therefore better suited for that purpose. Such an analysis
could be done by the LHCb Collaboration.

We have also made a comparison of our k,-factorization
results to the results of the hybrid model where one
collinear and one unintegrated gluon are used. This latter
approach is used, for example, for forward jet production.
We have found that the two approaches (hybrid and
k;-factorization) have given very similar results for y,
production (gg — y.) and a bit different results for direct
gg — Jlwg production. A short explanation is given in the
main text.

Other approaches have been briefly discussed, but a
comparison of results goes beyond the scope of the present
studies.
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