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Abstract. We present calculations of heavy quark and quarkonium production at CERN LEP2 in the
kT-factorization QCD approach. Both direct and resolved photon contributions are taken into account. A
conservative error analysis is performed. The unintegrated gluon distribution in the photon is obtained
from the full CCFM evolution equation. The traditional color-singlet mechanism to describe the non-
perturbative transition of a QQ̄-pair into a final quarkonium is used. Our analysis covers the polarization
properties of heavy quarkonia at moderate and large transverse momenta. We find that the total and
differential open charm production cross sections are consistent with the recent experimental data taken
by the L3, OPAL and ALEPH collaborations. At the same time the DELPHI data for the inclusive J/ψ
production exceed our predictions, but experimental uncertainties are too large to claim a significant
inconsistency. The bottom production in photon–photon collisions at CERN LEP2 is hard to explain
within the kT-factorization formalism.

1 Introduction

Heavyquark andquarkoniumproduction inphoton–photon
collisions at high energies is a subject of intensive studies
fromboth theoretical and experimental points of view [1–6].
From the theoretical side, heavy quarks in γγ collisions can
be produced via the direct and resolved production mecha-
nisms. In direct events, the two photons couple directly to
a heavy quark pair. In resolved events, one photon (“single-
resolved”) or both photons (“double-resolved”) fluctuate
into a hadronic state, and a gluon or a quark of this hadronic
fluctuation takes part in the hard interaction. At LEP2
conditions the contribution of the double-resolved events
(gg → QQ̄) is small [7], and charm and bottom quarks are
produced mainly via direct (γγ → QQ̄) and single-resolved
(γg → QQ̄) processes. The direct contribution is not de-
pendent on the quark and gluon content in the photon,
whereas the single-resolved processes strongly depend on
the photon’s gluon density. Therefore detailed knowledge
of the gluon distributions in the photon is necessary for the
theoretical description of such processes at modern (LEP2)
and future (TESLA) colliders.

Usually quark and gluon densities are described by the
Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP)
evolution equation [8], where large logarithmic terms pro-
portional to ln(µ2) are taken into account. The cross sec-
tions can be rewritten in terms of process-dependent hard
matrix elements convoluted with quark or gluon density
functions. In this way the dominant contributions come
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from diagrams where parton emissions in initial state are
strongly ordered in virtuality. This is called collinear fac-
torization, as the strong ordering means that the virtuality
of the parton entering the hard scattering matrix elements
can be neglected compared to the large scale µ2. However,
at high energies this hard scale is large compared to the
ΛQCD parameter, but on the other hand µ2 is much smaller
than the total energy

√
s (around 200 GeV for the LEP2

collider). Therefore in such a case it was expected that the
DGLAP evolution, which is only valid at large µ2, should
break down.The situation is classified as “semihard” [9–12].

It is believed that at asymptotically large energies (or
small x ∼ µ2/s) the theoretically correct description is
given by the Balitsky–Fadin–Kuraev–Lipatov (BFKL) evo-
lution equation [13] because here large terms proportional
to ln(1/x) are taken into account. Just as for DGLAP,
in this way it is possible to factorize an observable into
a convolution of process-dependent hard matrix elements
with universal gluon distributions. But as the virtualities
(and transverse momenta) of the propagating gluons are
no longer ordered, the matrix elements have to be taken
off-shell and the convolution made also over transverse mo-
mentum kT with the unintegrated (kT-dependent) gluon
distribution F(x,k2

T). The unintegrated gluon distribu-
tion F(x,k2

T) determines the probability to find a gluon
carrying the longitudinal momentum fraction x and the
transverse momentum kT. This generalized factorization
is called kT-factorization [10,11].

The unintegrated gluon distribution is subject of in-
tensive studies [14]. Various approaches to investigate this
quantity have been proposed. One such approach, valid for
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both small and large x, have been developed by Ciafaloni,
Catani, Fiorani and Marchesini and is known as the CCFM
model [15]. It introduces an angular ordering of emis-
sions to correctly treat gluon coherence effects. In the
limit of asymptotic energies, it is almost equivalent to
BFKL [16–18], but also similar to the DGLAP evolution
for large x and high µ2. The resulting unintegrated gluon
distribution depends on two scales; the additional scale q̄2
is a variable related to the maximum angle allowed in the
emission and plays the role of the evolution scale µ2 in the
collinear parton densities. We will use the following classi-
fication scheme [14]: F(x,k2

T) is used for pure BFKL-type
unintegrated gluon distributions and A(x,k2

T, µ
2) stands

for any other type having two scales involved.
The CCFM evolution equation formulated for the pro-

ton has been solved numerically or analytically in different
ways [19–21]. As was shown [22–25], the unintegrated gluon
distribution in the photon Aγ(x,k2

T, µ
2) can be constructed

by a method similar as in the proton1. But the situation
is a bit different due to the pointlike component which
reflects the splitting of the photon into a quark–antiquark
pair. Also in the photon there are no sum rules equiva-
lent to those in the proton case that constrain the quark
distributions. However, this difference is not significant be-
cause the CCFM equation contains only gluon splitting,
g → gg. For the first time the unintegrated gluon den-
sity in the photon was obtained in [22] using a simplified
solution of the CCFM equation in the single loop approx-
imation, when small-x effects can be neglected. It means
that the CCFM evolution is reduced to the DGLAP one
with the difference that the single loop evolution takes the
gluon transverse momentum kT into account. Another sim-
plified solution of the CCFM equation for a photon was
proposed [23] using the Kimber–Martin–Ryskin (KMR)
prescription [20]. In this way the µ2-dependence in the un-
integrated gluon distribution enters only in the last step
of the evolution, and one-scale evolution equations can be
used up to the last step. Both these methods give simi-
lar results [23]. The phenomenological unintegrated gluon
density, based on the Golec-Biernat and Wüsthoff (GBW)
saturation model [24] (extended to the large-x region), was
proposed also [23]. Very recently the unintegrated gluon
distribution in the photon Aγ(x,k2

T, µ
2) was obtained [25]

using the full CCFM evolution equation for the first time.
It was shown that the full CCFM-evolved effective (inte-
grated over k2

T) distribution is much higher than the usual
DGLAP-based gluon density at x < 10−1 region.

In the previous studies [23,25] the unintegrated gluon
distributions in a photon (obtained from the single loop
as well as full CCFM evolution equation) were applied to
the calculation of the open charm and bottom produc-
tion at LEP2. It was found that the total cross section of
the charm production is consistent with the experimental
data. In contrast, the theoretical predictions of the bot-
tom total cross section underestimate the data by a factor
2 or 3. But we note that all these calculations deal with

1 See also [26], where we have used for the unintegrated gluon
density in a photon the prescription proposed by Blümlein [27].

the total cross sections of the open charm and bottom
production only. In this paper we will study heavy flavor
production at LEP2 in more detail using the full CCFM-
evolved unintegrated gluon density [25]. We will investigate
the total and differential heavy quark cross section (namely
pseudo-rapidity and transverse momenta distributions of
the D∗-meson) and compare our theoretical results with
the recent experimental data taken by the L3, OPAL and
ALEPH collaborations at LEP2 [1–5].

Also we will study here the very intriguing problem con-
nected with the inclusive J/ψ meson production at high
energies. It traces back to the early 1990s, when the CDF
data on the J/ψ and Υ hadroproduction cross section re-
vealed a more than order of magnitude discrepancy with
the theoretical expectations. This fact has resulted in in-
tensive theoretical investigations of such processes. In the
so-called non-relativistic QCD (NRQCD) [28] there are ad-
ditional (octet) transition mechanism from the cc̄-pair to
the J/ψ mesons, where a cc̄-pair is produced in the color
octet (CO) state and transforms into a final color-singlet
state (CS) with the help of soft gluon radiation. The CO
model describes well the heavy quarkonium production at
the Tevatron [29], although there are also some indications
that it does not work well. For example, contributions from
the octet mechanism to the J/ψ photo- and leptoproduc-
tion processes at HERA do not well reproduce [30] the
experimental data. Also NRQCD does not predict J/ψ
polarization properties at HERA and Tevatron [30,31]. At
the same time the usual CS model supplemented with the
kT-factorization formalism gives a fully correct descrip-
tion of the inclusive J/ψ production at HERA [32] and
Tevatron [33] including spin alignment of the quarkonium.
TheCOcontributionswithin the kT-factorization approach
also will not contradict the experimental data if the pa-
rameters of the non-perturbative matrix elements will be
reduced [33,34]. But this fact changes the hierarchy of these
matrix elements which are obtained within the NRQCD.

Recently the DELPHI collaboration has presented ex-
perimental data [35] on the inclusive J/ψ production in γγ
collisions at LEP2, which wait to be confronted with differ-
ent theoretical predictions. The theoretical calculations [36]
within the NRQCD formalism agree well with the DEL-
PHI data. In contrast, the collinear DGLAP-based lead-
ing order perturbative QCD calculations in the CS model
significantly (by order of magnitude) underestimate [36]
the data. The aim of this paper, in particular, is to in-
vestigate whether the inclusive J/ψ production at LEP2
can be explained in the traditional CS model by using
kT-factorization and a CCFM-based unintegrated gluon
density in the photon.

The outline of this paper is the following. In Sect. 2
we present the basic formalism of the kT-factorization ap-
proach with a brief review of the calculation steps. In Sect. 3
we present the numerical results of our calculations. Finally,
in Sect. 4, we give some conclusions. The compact analytic
expressions for the off-shell matrix elements of all the sub-
processes under consideration are given in the appendix.
These formulas may be useful for the subsequent applica-
tions.
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2 Cross sections for heavy flavor production

In γγ collisions heavy quark and quarkonium can be pro-
duced by one of the three mechanisms: direct production,
single-resolved and double-resolved production processes.
The direct contribution is governed by simple QED am-
plitudes which are independent on the gluon density in
the photon. The double-resolved process gives a much
smaller contribution than the direct and single-resolved
processes [7] and will not be taken into account in this anal-
ysis.

Let p(1)
γ and p(2)

γ be the momenta of the incoming pho-
tons and p1 and p2 the momenta of the produced quarks.
The single-resolved contribution to the γγ → QQ̄ process
in the kT-factorization approach has the following form:

dσ1−res(γγ → QQ̄)

=
∫

dx
x

Aγ(x,k2
T, µ

2)dk2
T

dφ
2π

dσ̂(γg∗ → QQ̄), (1)

where σ̂(γg∗ → QQ̄) is the heavy quark production cross
section via an off-shell gluon having a fraction x of the
photon’s longitudinal momentum, the non-zero transverse
momentum kT (k2

T = −k2
T �= 0) and an azimuthal angle

φ. The expression (1) can be easily rewritten as

dσ1−res(γγ → QQ̄)
dy2dp2

2T

=
∫

1
16π(xs)2(1 − α2)

Aγ(x,k2
T, µ

2)

×|M̄|2(γg∗ → QQ̄)dk2
T

dφ
2π

dφ2

2π
, (2)

where |M̄|2(γg∗ → QQ̄) is the off-shell matrix element,
s = (p(1)

γ +p(2)
γ )2 is the total CM frame energy, y2 andφ2 are

the rapidity and the azimuthal angle of the produced heavy
quark having mass mQ, α2 = m2T exp(y2)/

√
s and m2

2T =
m2
Q+p2

2T. To calculate the single-resolved contribution to
the inclusive J/ψ production the same formula (2) can be
used where the off-shell matrix element |M̄|2(γg∗ → QQ̄)
should be replaced by one which corresponds to the γg∗ →
J/ψ + g production process.

The available experimental data [1–5,35] refer to heavy
quark or quarkonium production in the e+e− collisions
also. In order to obtain these total cross sections, the γγ
cross sections need to be weighted with the photon flux in
the electron:

dσ(e+e− → e+e−QQ̄+X) (3)

=
∫
fγ/e(x1)dx1

∫
fγ/e(x2)dx2 dσ(γγ → QQ̄),

where we use the Weizäcker–Williams approximation for
the bremsstrahlung photon distribution from an electron:

fγ/e(x) =
α

2π

(
1 + (1 − x)2

x
ln
Q2

max

Q2
min

+ 2m2
ex

(
1

Q2
max

− 1
Q2

min

))
, (4)

with Q2
min = m2

ex
2/(1−x)2 and Q2

max = Q2
min +(Eθ)2(1−

x). Here x = Eγ/Ee, E = Ee =
√
s/2, s is the total energy

in the e+e− collision, and θ ∼ 30 mrad is the angular cut
that ensures that the photon is quasi-real.

The multidimensional integration in (2) and (3) has
been performed by means of the Monte Carlo technique, us-
ing the routine VEGAS [37]. The full C++ code is available
from the authors on request2. For the reader’s convenience,
we collect the analytic expressions for the off-shell matrix
elements |M̄|2(γg∗ → QQ̄) and |M̄|2(γg∗ → J/ψg) in the
appendix, including, in particular, the relevant formulas
for the helicity zero J/ψ production state.

3 Numerical results

First of all, we can perform the integration of the uninte-
grated gluon distribution Aγ(x, k2

T, µ
2) [25] over the gluon

transverse momenta k2
T to obtain the effective gluon den-

sity in the photon:

xgγ(x, µ2) ∼
µ2∫
0

Aγ(x,k2
T, µ

2)dk2
T. (5)

The effective density xgγ(x, µ2) can be compared with the
experimental data [38, 39] taken by the H1 collaboration
at HERA. As seen in Figs. 1 and 2, this gluon distribu-
tion agrees well with the existing data extracted from
hard dijet photoproduction (mean p2

T = 38 GeV2 [38] and
p2
T = 74 GeV2 [39]). In contrast, the KMR construction

of the unintegrated gluon density in the photon tends to
underestimate the HERA data at x < 10−1 [23].

Fig. 1. The effective gluon distribution xgγ(x, µ2) in the pho-
ton as a function of log10x at µ2 = 38 GeV2. The experimental
data [38] are from the H1 collaboration using hard dijets pro-
duction

2 lipatov@theory.sinp.msu.ru
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Fig. 2. The effective gluon distribution xgγ(x, µ2) in the photon
as a function of x at µ2 = 74 GeV2. The experimental data [38]
are from the H1 collaboration using hard dijets production

Being sure that the full CCFM-evolved unintegrated
gluon density Aγ(x, k2

T, µ
2) reproduces well the experi-

mental data for xgγ(x, µ2), we are now in a position to
present our numerical results. We describe first our the-
oretical input and the kinematical conditions. The cross
sections for heavy quark and quarkonium production de-
pend on the heavy quark mass and the energy scale µ2.
Since there are no free quarks due to the confinement effect,
their masses cannot be measured directly and should be
defined from hadron properties. In our analysis we have
examined the following choice: mc = 1.4± 0.1 GeV for the
charm and mb = 4.75 ± 0.25 GeV for the bottom quark
masses. Such a variation of the quark masses gives the
largest uncertainties in comparison with the scale varia-
tion3 and therefore can be used as an estimate of the total
theoretical uncertainties. Then, we will apply the standard
expression µ2 = m2

Q + p2
T for both renormalization and

factorization scales. Here pT is the transverse momentum
of the heavy quark in the center-of-mass frame. We use
the LO formula for the strong coupling constant αs(µ2)
with nf = 4 active quark flavors and ΛQCD = 200 MeV,
such that αs(M2

Z) = 0.1232. But ΛQCD = 340 MeV [7] was
tested also.

Figure 3 confronts the total cross section σ(γγ → cc̄+
X) calculated as a function of the photon–photon total
energy Wγγ with the experimental data [2] taken by the
L3 collaboration in the interval 5 < Wγγ < 70 GeV. The
solid line represents the calculations with the charm mass
mc = 1.4 GeV, whereas the upper and lower dashed lines
correspond to mc = 1.3 GeV and mc = 1.5 GeV respec-
tively. It is clear that kT-factorization reproduces well both
the energy dependence and the normalization. One can
see that the sensitivity of the results to the variations of
the charm mass is rather large: shifting the mass down
to mc = 1.3 GeV changes the estimated cross section by
15–20% at Wγγ ∼ 60 GeV. But in general all three curves
lie within the experimental uncertainties.

3 It was shown [25] that the Monte Carlo generator CAS-
CADE [19,40] predicts very similar results for the total charm
cross section with both scales µ2 = m2

Q + p2
T and µ2 = 4m2

Q.

Fig. 3. The open charm total cross section σ(γγ → cc̄ + X)
as a function of Wγγ at

√
s = 189– 202 GeV. The solid line

corresponds to the charm mass mc = 1.4 GeV, the upper and
lower dashed lines correspond to the mc = 1.3 GeV and mc =
1.5 GeV respectively. The experimental data [2] are taken by
the L3 collaboration

Fig. 4. The open charm total cross section σ(e+e− → e+e−cc̄+
X) as a function of the e+e− center-of-mass energy

√
s. All

curves are the same as Fig. 3. The experimental data are from
the L3 [1, 3], OPAL [4] and ALEPH [5] collaborations

Experimental data for the total cross section σ(e+e− →
e+e−cc̄ + X) come from the three LEP collaborations
L3 [1, 3], OPAL [4] and ALEPH [5]. In Fig. 4 we show
our predictions in comparison with the data. All curves
here are the same as in Fig. 3. One can see that our cal-
culations describe the experimental data well again. The
variation of the quark masses 1.3 < mc < 1.5 GeV gives
the theoretical uncertainties: approximately 15% in abso-
lute normalization.

The available experimental data were obtained for the
D∗ meson production also. Two differential cross section
are determined: first as a function of the transverseD∗ mo-
mentum pT, and second as a function of pseudo-rapidity |η|.
In our calculation we convert the charmed quark into a D∗
meson using the Peterson fragmentation function [41]. The
default set for the fragmentation parameter εc and the frac-
tion f(c → D∗) is εc = 0.06 and f(c → D∗) = 0.26. Other
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Fig. 5. The differential cross section dσ/dpT for inclusive D∗

production at |η| < 1.4. The solid and both dashed curves here
are the same as in Fig. 3 (calculated with the default value
εc = 0.06), dash-dotted curve represents results obtained using
εc = 0.031 and mc = 1.4 GeV. The experimental data are
from L3 [3]

values for the parameter εc in the NLO perturbative QCD
calculations are often used also, namely εc = 0.116 [42] in
the massless scheme and εc = 0.031 [43] in the massive
one. In the case of the massless calculation, this param-
eter was determined via a NLO fit to LEP1 data on D∗
production in e+e− annihilation measured by the OPAL
collaboration [44]. To investigate the sensitivity of our nu-
merical results to the εc parameter, we have repeated our
calculations using εc = 0.031.

The recent L3 data [3] refer to the kinematic region
defined by 1 < pT < 12 GeV and |η| < 1.4 with averaged
total e+e− energy

√
s = 193 GeV (183 <

√
s < 209 GeV).

The OPAL data [4] were obtained in the region 2 < pT <
12 GeV, |η| < 1.5 and averaged over 183 <

√
s < 189 GeV.

The more recent ALEPH data [5] refer to the same kine-
matic region but averaged over 183 <

√
s < 209 GeV.

We compare these three data sets with our calculation at√
s = 193 GeV. The different values of

√
s are not expected

to change the cross section more than the corresponding
experimental errors. We have checked directly that shift-
ing

√
s from 189 to 193 GeV increases the calculated cross

sections by about one percent only.
The transverse momenta distributions of theD∗ meson

for different pseudo-rapidity region in comparison to exper-
imental data are shown in Figs. 5 and 6. The solid and both
dashed curves here are the same as in Fig. 3 (calculated with
the default value εc = 0.06), dash-dotted curves represent
results obtained using εc = 0.031 and mc = 1.4 GeV. The
overall agreement between the our predictions and the data
is good although the ALEPH data points in the medium
and large pT range lie slightly above the theoretical curves.
Shifting the εc default value down to εc = 0.031 results in
a slight broadening of the pT spectra, which is insufficient
to describe the data. The effects come from changing of
the charm mass present only at low pT: the predicted cross
section dσ/dpT with mc = 1.3 GeV is 10–15% above the
one calculated withmc = 1.4 GeV at pT ∼ 1 GeV, whereas

Fig. 6. The differential cross section dσ/dpT for inclusive D∗

production at |η| < 1.5. All curves here are the same as in Fig. 5.
The experimental data are from OPAL [4] and ALEPH [5]

Fig. 7. The differentialD∗ cross section dσ/d|η| for the process
e+e− → e+e−D∗ + X in the 1 < pT < 12 GeV range. All
curves here are the same as in Fig. 5. The experimental data
are from L3 [3]

the solid and both dashed theoretical curves practically co-
incide at medium and large pT. A similar effect was found
in the NLO perturbative calculation [45], where the differ-
ence between the massive and massless approach arises at
low pT only.

The D∗ pseudo-rapidity distributions compared with
the experimental data in different pT ranges are shown in
Figs. 7 and 8. All curves here are the same as in Fig. 5. Our
calculations agree well with the measured differential cross
sections but slightly underestimate the OPAL data. How-
ever, setting εc = 0.031 increases the absolute normaliza-
tion of the pseudo-rapidity distribution by approximately
10%, and the agreement with the OPAL data becomes bet-
ter. Again, one can see a significant mass dependence at
low transverse momenta only: the difference between the
theoretical curves calculated at 2 < pT < 12 GeV and plot-
ted in Fig. 8 is much smaller than difference between the
results presented in Fig. 7 obtained at 1 < pT < 12 GeV.

We conclude from Figs. 3–8 that our calculations agree
well with the charm data at LEP2. In contrast to the charm
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Fig. 8. The differentialD∗ cross section dσ/d|η| for the process
e+e− → e+e−D∗ +X in the 2 < pT < 12 GeV range. All curves
here are the same as in Fig. 5. The experimental data are from
the OPAL [4] and ALEPH [5] collaborations

Fig. 9. The bottom total cross section σ(e+e− → e+e−bb̄+X)
as a function of the e+e− center-of-mass energy

√
s. The solid

line corresponds to the bottom mass mb = 4.75 GeV, the upper
and lower dashed lines correspond to the mb = 4.5 GeV and
mb = 5.0 GeV respectively. The experimental data are from
the L3 [1] and OPAL [4]

case, the open bottom production in γγ collisions is clearly
underestimated by kT-factorization. Figure 9 shows our
prediction for the open bottom cross section compared to
the L3 [1] and OPAL [4] experimental data. Using the low
but still reasonable b-quark mass mb = 4.5 GeV, we ob-
tain σ(e+e− → e+e−bb̄+X) = 2.94 pb at

√
s = 200 GeV.

The very similar value σ = 2.7 pb was obtained [23] within
the GBW saturation model adopted for the photon. The
Monte Carlo generator CASCADE predicts σ = 4.9 pb [25]
where a normalization factor n = 1.7 has been applied for
the resolved contributions. The calculation [23] based on
the KMR prescription for the unintegrated gluon density
gives a lower cross section, σ = 1.9 pb. At the same time
the prediction of the massive NLO perturbative QCD cal-
culation [43] is 3.88 pb for mb = 4.5 GeV and 2.34 pb for
mb = 5.2 GeV respectively. All these results are signifi-

cantly (about a factor 2 or 3) lower than the experimen-
tal data.

Such a disagreement between theory and data for bot-
tom production at LEP2 is surprising and needs an expla-
nation. It is known that a similar difference between theory
and data was claimed for inclusive bottom hadroproduc-
tion at Tevatron. Recent analysis indicates that the overall
description of these data can be improved [46] by adopt-
ing the non-perturbative fragmentation function of the b-
quark into the B meson: an appropriate treatment of the
b-quark fragmentation properties considerably reduces the
disagreement between measured bottom cross section and
the corresponding NLO calculations. It would be interest-
ing to find out whether the similar explanation is also true
for the L3 and OPAL experimental data.

After we have studied open heavy quark production at
LEP2, we will investigate the production of heavy quarko-
nium in γγ interactions. As was already mentioned above,
non-relativistic QCD gives a good description [36] of the
recent DELPHI data [35] on inclusive J/ψ production at
LEP2. We will examine whether the DELPHI data can be
explained within the CS model using the kT-factorization
approach and CCFM-based unintegrated gluon density in
the photon. Again, only direct and single-resolved contri-
butions are taken into account.

Now we change the default set of parameters which
were used in the case of open charm calculations. Since
we neglect the relative momentum of the c-quarks (which
form a J/ψ meson) the charm mass should be taken mc =
mψ/2. Therefore as the default choice in the following we
will use mc = 1.55 GeV. On the other hand there are
many examples when a smaller value mc = 1.4 GeV is
used [30, 32, 36] in the calculation of J/ψ production. In
our analysis we will apply this value as an extreme choice to
investigate the theoretical uncertainties of the calculations.

The DELPHI data [35] refer to the kinematic region
defined by −2 < yψ < 2 with the total e+e− energy√
s = 197 GeV, where yψ is the J/ψ rapidity. However

these data were obtained starting from very low trans-
verse momenta, p2

ψT ∼ 0.2 GeV2. We note that the kT-
factorization as well as the usual collinear factorization
theorem does not work well for such pψT values, and our
calculations should be compared with the experimental
data at approximately pψT > 1 GeV only. In Fig. 10 we
confront our theoretical predictions with the measured dif-
ferential cross section dσ/dp2

ψT. The solid line corresponds
to the default set of parameters and lies below the data by a
factor of about 2 or 3. This discrepancy is not dramatic, be-
cause some reasonable variations in mc and ΛQCD, namely
200 < ΛQCD < 340 MeV and 1.4 < mc < 1.55 GeV, change
the estimated cross section by a factor of 3 (dashed line in
Fig. 9). Thus the visible disagreement is removed. However,
we do not interpret this as a strong indication of consistency
between data and theory, but rather as a consequence of a
wide uncertainty band. Better future experimental studies
are crucial to determine whether the results of our calcu-
lations contradict the DELPHI data points.

The main difference between kT-factorization and other
approaches is connected with the polarization properties
of the final particles because the initial off-shell gluons do
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Fig. 10. The cross section dσ/dp2
ψT of e+e− → e+e−J/ψ+X

measured by the DELPHI collaboration [35] at 2 < yψ < 2
as a function of p2

ψT is compared with the kT-factorization
calculations in the CS model. The solid line corresponds to
the mc = 1.55 GeV and ΛQCD = 200 MeV, the dashed line
corresponds to the mc = 1.4 GeV and ΛQCD = 340 MeV

directly influence the J/ψ spin alignment [32–34]. Only
a very small fraction of J/ψ mesons can be produced in
the helicity zero state (longitudinal polarization) by mass-
less bosons. This property is totally determined by the
subprocess matrix element structure. The degree of spin
alignment can be measured experimentally since the dif-
ferent polarization states of the J/ψ meson result in signif-
icantly different angular distributions of the J/ψ → µ+µ−
decay leptons:

dΓ (J/ψ → µ+µ−)
d cos θ

∼ 1 + α cos2 θ, (6)

where α = 1 for transverse and α = −1 for longitudinal
polarizations, respectively. Here θ is the angle between the
lepton and J/ψ directions, measured in the J/ψ meson
rest frame. We calculate the p2

T-dependence of the spin
alignment parameter as

α(p2
ψT) =

1 − 3ξ(p2
ψT)

1 + ξ(p2
ψT)

, (7)

with ξ(p2
ψT) being the fraction of longitudinally polarized

J/ψ mesons. The results of our calculations are shown in
Fig. 11. The solid line represents the kT-factorization pre-
dictions and the dashed line corresponds to the collinear
leading-order pQCD ones with the GRV (LO) gluon den-
sity [47] of the photon. One can see that the fraction of
longitudinally polarized mesons increases with p2

ψT within
the kT-factorization approach. This fact is in clear contra-
diction with the usual collinear parton model result. The
kT-factorization calculations made for the inelastic J/ψ
production at HERA [32, 34] and Tevatron [33] show the
same behavior of the α parameter, whereas the collinear
parton model and NRQCD predict a strong transverse po-
larization at moderate and large p2

ψT range. We point out
that our predictions for the J/ψ polarization are stable

Fig. 11. The p2
ψT-dependence of the spin alignment parameter

α for the inclusive J/ψ production. The solid line corresponds
to the kT-factorization predictions, the dashed line corresponds
to the collinear leading order pQCD calculations with the GRV
(LO) gluon density in a photon

with respect to variation of the model parameters, such as
charm quark mass and factorization scale. In fact, there
is no dependence on the strong coupling constant which
cancels out. At the same time the DELPHI fit [35] gives
α = 0.7 ± 1.3 for p2

ψT > 1 GeV2, which has, however, huge
experimental uncertainties. Since the account of the octet
contributions does not change the predictions of the kT-
factorization approach for the spin alignment parameter
α [33], the future extensive experimental study of such
processes will be a direct probe of the gluon virtuality.

4 Conclusions

We have investigated heavy flavor production in photon–
photon interactions at high energies within the framework
of kT-factorization, using the unintegrated gluon distribu-
tion obtained from the full CCFM evolution equation for
the photon. We have calculated total and differential cross
sections of open charm and bottom production including
D∗ meson transverse momenta and pseudo-rapidity dis-
tributions. Also we have studied inclusive J/ψ production
at LEP2 using a color-singlet model supplemented with
kT-factorization.

We take into account both the direct and single-resolved
contribution and investigate the sensitivity of the our re-
sults to different parameters, such as heavy quark mass,
charm fragmentation and the ΛQCD parameter. There are,
of course, also some uncertainties due to the renormaliza-
tion and factorization scales. However, these effects would
not be large enough to change the conclusions presented
here and were not taken into account in our analysis.

The results of calculations with the default parame-
ter set agree well with open charm production data taken
by the L3, OPAL and ALEPH collaborations at LEP2.
In contrast, the bottom production cross section is clearly
underestimated by a factor about 3. A potential explana-
tion of this fact may be, perhaps, connected with the more
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accurate treatment of the b-quark fragmentation function.
Our prediction for the inclusive J/ψ production slightly un-
derestimate the DELPHI data. However, a strong inconsis-
tency cannot be claimed, because of the large experimental
errors and theoretical uncertainties. Therefore more precise
future experiments, especially polarized quarkonium pro-
duction, are necessary to decide whether our predictions
contradict the experimental data.

In conclusion, we point out that at the CERN LEP2
collider (as well as at HERA and Tevatron) the difference
between predictions of the collinear and kT-factorization
approaches is clearly visible in polarized heavy quarko-
nium production. It comes directly from initial gluon off-
shellness. The experimental study of such processes should
be an additional test of non-collinear parton evolution.
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Appendix

Here we present the compact analytic expressions for the
off-shell matrix elements which appear in (2). In the fol-
lowing, ŝ, t̂, û are the usual Mandelstam variables for the
2 → 2 process and eQ is the fractional electric charge of
the heavy quark Q.

We start from the photon–gluon fusion γ(q)g∗(k) →
Q(p1)Q̄(p2) subprocess, where the initial off-shell gluon
has non-zero virtuality k2

T. The corresponding squared ma-
trix element summed over the final polarization states and
averaged over the initial ones reads

|M̄|2(γg∗ → QQ̄) = − (4π)2e2Qααs

(t̂−m2)2(û−m2)2
FQQ̄(k2

T),

(A.1)

where m is the heavy quark mass, and

FQQ̄(k2
T)

= 6m8 − (2k4
T + 2(t̂+ û)k2

T + 3t̂2 + 3û2 + 14t̂û)m4

+(2(t̂+ û)k4
T + 8t̂ûk2

T + t̂3 + û3 + 7t̂û2 + 7t̂2û)m2

−t̂û(2k4
T + 2(t̂+ û)k2

T + t̂2 + û2). (A.2)

We note that the matrix element of the direct contribution
γγ → QQ̄ may be easily obtained from (A.1) and (A.2) in
the limit k2

T → 0, if we replace the normalization factor
(4π)2e2Qααs by (4π)2α2e4QNc (where Nc is the number of
colors) and average (A.2) over the transverse momentum
vector kT.

Now we are in a position to present our formulas for the
γ(q)g∗(k) → J/ψ(pψ)g(pg) subprocess. In the color-singlet
model the production of the J/ψ meson is considered as a
production of a quark–antiquark system in the color-singlet
state with orbital momentum L = 0 and spin momentum
S = 1. The squared off-mass shell matrix element summed
over the final polarization states and averaged over the
initial ones can be written as

|M̄|2(γg∗ → J/ψg)

= − 64e2Q(4π)3αα2
s |ψ(0)|2

3mψ(t̂−m2
ψ)2(û−m2

ψ − k2
T)2(t̂+ û+ k2

T)2k2
T

×Fψ(k2
T), (A.3)

where |ψ(0)|2 = 0.0876 GeV3 is the J/ψ wave function at
the origin, mψ is the J/ψ meson mass, k2

T is the virtuality
of the initial gluon, and the function Fψ(k2

T) is given by

Fψ(k2
T) = k2

T
(
k6

T(m2
ψ − t̂)(m2

ψ − t̂− û)

−m2
ψ

(
t̂2 + t̂û+ û2 −m2

ψ(t̂+ û)
)2

+k4
T

(
3m6

ψ + t̂û(t̂+ û) − 3m4
ψ(2t̂+ û)

+m2
ψ(3t̂2 + 2t̂û− û2)

)
+k2

T
(
2m8

ψ +m4
ψ t̂(t̂− û) − t̂2(t̂+ û)2

−2m6
ψ(2t̂+ û) +m2

ψ t̂(2t̂
2 + 5t̂û+ 5û2)

))
+2k2

T
(
k4

T(m2
ψ − t̂)(m2

ψ − t̂− u)

+k2
T

(
3m6

ψ + t̂(t̂+ û)2 −m4
ψ(5t̂+ 3û)

+m2
ψ(t̂2 + t̂û− 2û2)

)
+m2

ψ

(
2m6

ψ −m4
ψ(3t̂+ 2û) + t̂(t̂2 + 2t̂û+ 3û2)

))
×(−|pψT||kT| cosφ2)

+2m2
ψ

(
m2
ψ(−m2

ψ + t̂+ û)2

+k2
T

(
m4
ψ + t̂2 + 2t̂û− û2 − 2m2

ψ(t̂+ û)
))

×p2
ψTk2

T cos2 φ2. (A.4)

Here pψT is the J/ψ transverse momentum, and φ2 is the
azimuthal angle of the incoming virtual gluon having virtu-
ality k2

T. To study polarized J/ψ production we introduce
the four-vector of the longitudinal polarization εµψ,L. In the
frame where the z axis is oriented along the quarkonium
momentum vector, pµψ = (Eψ, 0, 0, |pψ|), this polarization
vector is εµψ,L = (|pψ|, 0, 0, Eψ)/mψ. The squared off-shell
matrix element reads

|M̄|2L(γg∗ → J/ψg)

=
32e2Q(4π)3αα2

s |ψ(0)|2mψ

3(t̂−m2
ψ)2(û−m2

ψ − k2
T)2(t̂+ û+ k2

T)2k2
T
Fψ,L(k2

T),

where the function Fψ,L(k2
T) is defined as

Fψ,L(k2
T) = −4∆2∆3k4

Tm
4
ψ + 2∆2

3k
4
Tm

4
ψ − 4∆2∆3k2

Tm
6
ψ
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+8∆2∆3k4
Tm

2
ψ t̂− 4∆2

3k
4
Tm

2
ψ t̂+ 8∆2∆3k2

Tm
4
ψ t̂

+4∆2
3k

2
Tm

4
ψ t̂− 4∆2∆3k4

Tt̂
2 + 2∆2

3k
4
Tt̂

2 − 4∆2∆3k2
Tm

2
ψ t̂

2

−8∆2
3k

2
Tm

2
ψ t̂

2 + 2∆2
3m

4
ψ t̂

2 + 4∆2
3k

2
Tt̂

3 − 4∆2
3m

2
ψ t̂

3

+2∆2
3t̂

4 + 4∆2
2k

4
Tm

2
ψû− 4∆2∆3k4

Tm
2
ψû+ 2∆2

3k
4
Tm

2
ψû

+4∆2
2k

2
Tm

4
ψû+ 2∆2

3k
2
Tm

4
ψû− 4∆2

2k
4
Tt̂û+ 4∆2∆3k4

Tt̂û

−2∆2
3k

4
Tt̂û− 4∆2

2k
2
Tm

2
ψ t̂û− 4∆2∆3k2

Tm
2
ψ t̂û

−4∆2
3k

2
Tm

2
ψ t̂û+ 2∆2

3m
4
ψ t̂û+ 4∆2∆3k2

Tt̂
2û+ 2∆2

3k
2
Tt̂

2û

−6∆2
3m

2
ψ t̂

2û+ 4∆2
3t̂

3û+ k6
Tû

2 − 4∆2
2k

2
Tm

2
ψû

2

+4∆2∆3k2
Tm

2
ψû

2 − 2∆2
3k

2
Tm

2
ψû

2 + k2
Tm

4
ψû

2

+4∆2∆3k2
Tt̂û

2 − 2∆2
3k

2
Tt̂û

2 − 2k4
Tt̂û

2 − 2∆2
3m

2
ψ t̂û

2

−2k2
Tm

2
ψ t̂û

2 + 2∆2
3t̂

2û2 + 2k2
Tt̂

2û2

−2k2
Tm

2
ψû

3 + 2k2
Tt̂û

3 + k2
Tû

4 + 8∆2
1k

4
T(−m2

ψ + t̂+ û)2

+4∆1k2
T

(
∆2

(
k4

T(2m2
ψ − 2t̂− û) +m2

ψ(m2
ψ − 2t̂− û)û

+k2
T

(
2m4

ψ + û2 − 2m2
ψ(t̂+ û)

))
+∆3

(−m6
ψ + k4

T(−m2
ψ + t̂)

+2t̂(t̂+ û)2 +m4
ψ(3t̂+ û) −m2

ψ t̂(4t̂+ 3û)

+k2
T

(− (
m2
ψ(2t̂+ û)

)
+ t̂(2t̂+ 3û)

)))
+4

(− (
∆2∆3(k2

T +m2
ψ)(m2

ψ − t̂)(m2
ψ − t̂− û)

)
+k2

T(k2
T − t̂)û2 + 4∆2

1k
2
T(−m2

ψ + t̂+ û)2

+∆1
(
2∆2k2

T
(
2m4

ψ + k2
T(2m2

ψ − 2t̂− û)

− 2m2
ψ(t̂+ û) + û(t̂+ û)

)
−∆3

(
m6
ψ + k4

T(m2
ψ − t̂+ û)

−2t̂(t̂+ û)2 −m4
ψ(3t̂+ 2û) +m2

ψ(4t̂2 + 5t̂û+ û2)

+k2
T

(−2t̂2 − tû+ û2 +m2
ψ(2t̂+ û)

))))
×(−|pψT||kT| cosφ2)

+4(2∆1∆2(k2
T +m2

ψ)(m2
ψ − t̂− û)

+k2
Tû

2 + 2∆2
1(−m2

ψ + t̂+ û)2)p2
ψTk2

T cos2 φ2, (A.5)

and the following notation has been used:

∆1 = (α1 + α2)
√
s

2mψ

×
(√

p2
ψT + s(α1 − β1)2/4

− s(α2
1 − β2

1)

4
√

p2
ψT + s(α1 − β1)2/4


 ,

∆2 = (β1 + β2)
√
s

2mψ

×
(√

p2
ψT + s(α1 − β1)2/4

+
s(α2

1 − β2
1)

4
√

p2
ψT + s(α1 − β1)2/4


 +∆3,

∆3 = −
√
s(α1 + β1)

2mψ

√
p2
ψT + s(α1 − β1)2/4

|pψT||kT| cosφ2,

α1 =

√
m2
ψ + p2

ψT

s
exp(yψ),

β1 =

√
m2
ψ + p2

ψT

s
exp(−yψ),

α2 =
|pgT|√
s

exp(yg), β2 =
|pgT|√
s

exp(−yg). (A.6)
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