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1Instituto de Fı́sica e Matemática, Universidade Federal de Pelotas, Caixa Postal 354, CEP 96010-090, Pelotas, RS, Brazil
2Centro de Ciências Exatas e Tecnológicas, Universidade Federal do Pampa Campus de Bagé,
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We calculate the inclusive and diffractive photoproduction of heavy quarks in proton-proton collisions

at Tevatron and CERN LHC energies, where the photon reaches energies larger than those ones accessible

at DESY-HERA. The integrated cross section and the rapidity distributions for charm and bottom

production are computed within the color dipole picture employing three phenomenological saturation

models based on the color glass condensate formalism. Our results demonstrate that the experimental

analyses of these reactions are feasible and that the cross sections are sensitive to the underlying parton

dynamics.
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I. INTRODUCTION

The cross sections for heavy quark production in
hadron-hadron and lepton-hadron collisions at high ener-
gies are strongly dependent on the behavior of the gluon
distribution, which is determined by the underlying QCD
dynamics (see, e.g., Refs. [1,2]). Theoretically, at high
energies the QCD evolution leads to a system with high
gluon density, characterized by the limitation on the maxi-
mum phase-space parton density that can be reached in the
hadron wave function (parton saturation). The transition is
specified by a typical scale, which is energy dependent and
is called saturation scale Qsat (For recent reviews, see
Ref. [3]). Signals of parton saturation have already been
observed both in ep deep inelastic scattering at HERA and
in deuteron-gold collisions at RHIC (see, e.g., Ref. [4]). In
particular, in Ref. [5] we demonstrated that the inclusive
charm total cross section exhibits the property of geometric
scaling, which is one of the main characteristics of the high
density approaches. However, the observation of this new
regime still needs confirmation and so there is an active
search for new experimental signatures. In this paper we
study the inclusive and diffractive photoproduction of
heavy quarks in proton-proton collisions considering three
phenomenological models based on the color glass con-
densate, which describe quite well the current experimental
HERA data for inclusive and exclusive observables. Our
goal is twofold: update our previous studies [6,7] consid-
ering these new parameterizations for the dipole scattering
amplitude and present a comparison between the inclusive
and diffractive production mechanisms using an identical
theoretical input.

Our main motivation comes from the fact that in coher-
ent interactions at Tevatron and the CERN LHC the photon
reaches energies higher than those currently accessible at
DESY-HERA. In hadron-hadron colliders, the relativistic
protons give rise to strong electromagnetic fields, which
can interact with each other. Namely, quasireal photons

scatters off protons at very high energies in the current
hadron colliders. (For recent reviews on coherent interac-
tions, see, e.g., Ref. [8].) In particular, the heavy quark
photoproduction cross section in a proton-proton collision
is given by

�ðpþp! pþQ �Qþ YÞ ¼ 2
Z Ep

0

dN�ð!Þ
d!

��p!Q �QY

� ðW2
�p ¼ 2!

ffiffiffiffiffiffiffiffiffi
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where ! is the photon energy in the center-of-mass frame
(c.m.s.), Ep is the proton energy,W�p is the c.m.s. photon-

proton energy, and
ffiffiffiffiffiffiffiffiffi
SNN

p
denotes the proton-proton c.m.s.

energy. The final state Y can be a hadronic state generated
by the fragmentation of one of the colliding protons (in-
clusive production) or a proton (diffractive production).
The photon spectrum is given by [9]
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with the notation � ¼ 1þ ½ð0:71 GeV2Þ=Q2
min� and

Q2
min ¼ !2=½�2

Lð1� 2!=
ffiffiffiffiffiffiffiffiffi
SNN

p Þ� � ð!=�LÞ2, where �L

is the Lorentz factor. The expression above is derived
considering the Weizsäcker-Williams method of virtual
photons and using an elastic proton form factor. (For
more detail, see Refs. [9,10].) It is important to emphasize
that the expression (2) is based on a heuristic approxima-
tion, which leads to an overestimation of the cross section
at high energies ( � 11% at

ffiffiffi
s

p ¼ 1:3 TeV) in comparison
with the more rigorous derivation of the photon spectrum
for elastic scattering on protons derived in Ref. [11]. For a
more detailed comparison among the different photon
spectra, see Ref. [12]. As a photon stemming from the
electromagnetic field of one of the two colliding protons
can interact with one photon of the other proton (two-
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photon process) or can interact directly with the other
proton (photon-hadron process), both possibilities has
been studied in the literature. In principle, the experimental
signature of these two processes is distinct and it can easily
be separated. While in two-photon interactions we expect
the presence of two rapidity gaps and no hadron breakup,
in the inclusive heavy quark photon-hadron production the
hadron target we expect only one rapidity gap and the
dissociation of the hadron. However, as shown in
Ref. [7], the diffractive heavy quark photoproduction,
where we also expect the presence of two rapidity gaps
in the final state, similarly to two-photon interactions, is an
important background for two-photon interactions as well
as for the dedicated program to search evidence of the
Higgs and/or new physics in central double diffractive
production processes [13].

In what follows, we briefly review the description of the
inclusive and diffractive photoproduction of heavy quarks
within the dipole picture and the distinct phenomenologi-
cal saturation models which will be used in our calcula-
tions (Sec. II). Our results are compared with the DESY-
HERA data [14], and the predictions from the bCGC and
IP-SAT models for this process are presented for the first
time. In Sec. III, the numerical results for the rapidity y of
the produced states and their total cross sections are shown.
A comparison on the order of magnitude of the cross
sections for the distinct models is performed. Finally, in
Sec. IV, we present our main conclusions.

II. QCD DIPOLE PICTURE AND SATURATION
MODELS

The photon-hadron interaction at high energy (small x)
is usually described in the infinite momentum frame of the
hadron in terms of the scattering of the photon off a sea
quark, which is typically emitted by the small-x gluons in
the proton. However, in order to describe inclusive and
diffractive interactions and disentangle the small-x dynam-
ics of the hadron wave function, it is more adequate to
consider the photon-hadron scattering in the dipole frame,
in which most of the energy is carried by the hadron, while
the photon has just enough energy to dissociate into a
quark-antiquark pair before the scattering. In this repre-
sentation, the probing projectile fluctuates into a quark-
antiquark pair (a dipole) with transverse separation r long
after the interaction, which then scatters off the target [15].
The main motivation to use this color dipole approach is
that it gives a simple unified picture of inclusive and
diffractive processes. In particular, in this approach the
inclusive heavy quark photoproduction cross section
[�p ! Q �QX] reads as

�totð�p ! Q �QXÞ ¼ 2
Z

d2b
Z

d2r
Z

dz��
�ðr; zÞ

�N ðx; r; bÞ��ðr; zÞ: (3)

Furthermore, the diffractive cross section for the process

�p ! Q �Qp is given by

�D
totð�p ! Q �QpÞ ¼

Z
d2b

Z
d2r

Z
dz��

�ðr; zÞ
�N 2ðx; r; bÞ��ðr; zÞ: (4)

In Eqs. (3) and (4), the variable r defines the relative
transverse separation of the pair (dipole), z (1� z) is the
longitudinal momentum fractions of the quark (antiquark),
and the function ��ðr; zÞ is the light-cone wave function

for transversely polarized photons, which depends in our
case of the charge (eQ) and mass (mQ) of the heavy quark

and is given by

j��ðr; zÞj2 ¼ 6�em

4�2
e2Qf½z2 þ ð1� zÞ2�m2

QK
2
1ðmQrÞ

þm2
QK

2
0ðmQrÞ:g: (5)

The function N ðx; r;bÞ is the forward dipole-target
scattering amplitude for a dipole with size r and impact
parameter b which encodes all the information about the
hadronic scattering, and thus about the nonlinear and
quantum effects in the hadron wave function (see, e.g.,
[3]). It can be obtained by solving the Balitsky-Kovchegov
(BK) Jalilian-Marian–Iancu–McLerran–Weigert–
Leonidov–Kovner evolution equation in the rapidity Y �
lnð1=xÞ. Many groups have studied the numerical solution
of the BK equation, but several improvements are still
necessary before using the solution in the calculation of
observables. In particular, one needs to include the next-to-
leading order corrections into the evolution equation and
perform a global analysis of all small x data. It is a program
in progress (for recent results, see [16,17]). In the mean-
time it is necessary to use phenomenological models for
N which capture the most essential properties of the
solution.
During the last years an intense activity in the area

resulted in sophisticated models for the dipole-proton scat-
tering amplitude, which have strong theoretical constraints
and which are able to describe the HERA and/or RHIC
data [18–28]. In what follows, we will use three distinct
phenomenological saturation models based on the color
glass condensate which describe quite well the more recent
HERA data: the IIM [21], the bCGC [22,24], and the IP-
SATmodel [20,22,24]. In the IIMmodel [21] the scattering
amplitudeN ðx; r; bÞwas constructed to smoothly interpol
between the limiting behaviors analytically under control:
the solution of the Balitsky-Fadin-Kuraev-Lipatov (BFKL)
equation for small dipole sizes, r � 1=QsatðxÞ, and the
Levin-Tuchin law [29] for larger ones, r � 1=QsatðxÞ.
Moreover, the authors have assumed that the impact pa-
rameter dependence can be factorized: N ðx; r; bÞ ¼
N ðx; rÞSðbÞ. A fit to the structure function F2ðx;Q2Þ was
performed in the kinematical range of interest, showing
that it is not very sensitive to the details of the interpola-
tion. (For details, see, e.g., [6]). The predictions of this
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model for several observables were studied in Refs. [6,30–
32]. Recently the IIM model was improved by the inclu-
sion of the impact parameter dependence in the scattering
amplitude, with the resulting model being usually denoted
bCGC. The parameters of this model were fitted to de-
scribe the current HERA data in Ref. [24]. Following [22],
we have that the dipole-proton scattering amplitude is
given by

N bCGCðx; r; bÞ ¼
�
N 0ðrQs

2 Þ2ð�sþðlnð2=rQsÞÞ=��YÞ rQs 	 2

1� exp½�Aln2ðBrQsÞ� rQs > 2

(6)

with Y ¼ lnð1=xÞ and � ¼ �0ð�sÞ=�0ð�sÞ, where � is the
LO BFKL characteristic function. The coefficients A and B
are determined uniquely from the condition that N ðx; rÞ
and its derivative with respect to rQs are continuous at
rQs ¼ 2. In this model, the proton saturation scale Qs now
depends on the impact parameter:

Qs � Qsðx; bÞ ¼
�
x0
x

�
�=2

�
exp

�
� b2

2BCGC

��
1=ð2�sÞ

: (7)

The parameter BCGC was adjusted to give a good descrip-
tion of the t dependence of exclusive J=c photoproduc-
tion. Moreover the factors N 0 and �s were taken to be
free. In this way, a very good description of F2 data was
obtained. The parameter set which is going to be used here
is the one presented in the second line of Table II of [24]:
�s ¼ 0:46, BCGC ¼ 7:5 GeV�2, N 0 ¼ 0:558, x0 ¼
1:84� 10�6, and � ¼ 0:119. Furthermore, we will use in
our calculations the scattering amplitude scattering pro-
posed in Ref. [22], denoted IP-SAT, which is given by

N IP�SATðx; r; bÞ

¼
�
1� exp

�
� �2

2Nc

r2�sð�2Þxgðx;�2ÞTðbÞ
��

; (8)

where the scale �2 is related to the dipole size r by �2 ¼
4=r2 þ�2

0 and the gluon density is evolved from a scale

�2
0 up to �2 using LO Dokshitzer-Gribov-Lipatov-

Altarelli-Parisi (DGLAP) evolution without quarks assum-
ing that the initial gluon density is given by xgðx;�2

0Þ ¼
Agx

��gð1� xÞ5:6. The values of the parameters�2
0, Ag, and

�g are determined from a fit to F2 data. Moreover, it is

assumed that the proton shape function TðbÞ has a
Gaussian form, TðbÞ ¼ 1=ð2�BGÞ exp½�ðb2=2BGÞ�, with
BG being a free parameter which is fixed by the fit to the
differential cross sections for exclusive vector meson pro-
duction. The parameter set used in our calculations is the
one presented in the first line of Table III of [22]: �2

0 ¼
1:17 GeV�2, Ag ¼ 2:55, �g ¼ 0:020, and BG ¼ 4 GeV�2.

As discussed in Refs. [33,34] the expression (8) for the
forward scattering amplitude can be obtained to leading
logarithmic accuracy in the classical effective theory of the
color glass condensate formalism. Moreover, it is appli-
cable when the leading logarithms in Q2 dominate the

leading logarithms in 1=x, with the small r limit being
described by the linear DGLAP evolution at small x. In
contrast, the bCGC model for N , Eq. (6), captures the
basic properties of the quantum evolution in the CGC
formalism, describing both the bremsstrahlung limit of
linear small-x evolution (BFKL equation) as well nonlinear
renormalization group at high parton densities (very small
x). Consequently, the IP-SAT model can be considered a
phenomenological model for the classical limit of the
CGC, while the bCGC for the quantum limit. It is impor-
tant to emphasize that both models provide excellent fits to
a wide range of HERA data for x 	 0:01. Therefore, the
study of observables which are strongly dependent on N
is very important to constrain the underlying QCD dynam-
ics at high energies. In what follows, we consider these two
models as input in our calculations of the inclusive and
diffractive heavy quark photoproduction in �p collisions at
HERA and coherent pp interactions at Tevatron and LHC
energies. For comparison we also consider the IIM model
[21]. Finally, a comment is in order here. Differently from
the IIM and bCGC models, the short distance limit of the
IP-SAT model is in accordance with the DGLAP evolution,
which makes this model one more sound for the case of
heavy quark production.
Having presented the phenomenological models which

will be used in our calculations, in Fig. 1 we compare the
numerical results for the inclusive heavy quark photopro-
duction with the experimental DESY-HERA data [14]. In
all calculations we have used the same quark masses mc ¼
1:4 GeV and mb ¼ 4:5 GeV. We quote Ref. [6] for a
comparison of the experimental data with other theoretical
approaches. In order to describe the threshold region,W !
2mQ, we have multiplied the cross sections by a factor ð1�
xÞ7, following studies presented in Ref. [35]. In the charm
case (left panel), the IIM and bCGC predictions are almost
identical in all kinematical range. In contrast, the predic-
tions for these two models for bottom production differ at
small energy. The IP-SAT predictions are approximately a
factor 2 larger than the IIM and bCGC predictions.
Moreover, the IIM and bCGC models underestimate the
experimental data for charm production at high energies,
producing a reasonable description of the region near
threshold (low energies: W 	 20 GeV). On the other
hand, the IP-SAT model describes the high energy region
but overestimates the low energy regime. For the bottom
case, the value of x which determines the magnitude of the
saturation scale is not sufficiently small, which implies that
the cross section is dominated by the linear regime of the
scattering amplitude. The three models give a reasonable
description of the scarce experimental data. Unfortunately,
the current precision and statistics of the experimental
measurements of the photoproduction cross section are
either low to formulate definitive conclusions about the
robustness of the different saturation models presented
here. More precise measurements could be pose stringent
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constraints on the energy dependence and overall normal-
ization. Finally, it should be noticed that the present cal-
culations concern only the direct photon contribution to the
cross section, whereas the resolved component has been
neglected. In some extent the results from the saturation
models presented here let some room for this contribution.
Details on its calculation and size of its contribution can be
found, for instance, in Ref. [36].

In Fig. 2, we present our predictions for the diffractive
photoproduction of heavy quarks. In comparison with the
inclusive case, the diffractive cross sections are approxi-
mately a factor 30 smaller. The main aspect is that the
difference between the saturations models is enlarged,
which is directly associated to the quadratic dependence
of the cross section on the scattering amplitude. It implies

that the experimental study of these observables can be
useful to determine the QCD dynamics at high energies.

III. RESULTS

In what follows, we will compute the rapidity distribu-
tion and total cross sections for the inclusive and diffractive
photoproduction of heavy quarks from proton-proton col-
lisions at high energies. The phenomenological models
shortly reviewed in the previous section serve as input
for the numerical calculations using Eq. (1) for the energies
of the current and future pp and p �p accelerators. Namely,
one considers the Tevatron value

ffiffiffiffiffiffiffiffiffi
SNN

p ¼ 1:96 TeV for its
p �p running and for the planned LHC pp running one takes
the design energy

ffiffiffiffiffiffiffiffiffi
SNN

p ¼ 14 TeV.
The distribution on rapidity y of the produced open

heavy quark state can be directly computed from Eq. (1),
by using its relation with the photon energy !, i.e. y /
lnð!=mQÞ. A reflection around y ¼ 0 takes into account

the interchanging between the proton’s photon emitter and
the proton target. Explicitly, the rapidity distribution is
written down as

d�½pþ p ! pþQ �Qþ YÞ�
dy

¼ !
N�ð!Þ
d!

��p!Q �QYð!Þ;
(9)

where Y is a hadronic final state X resulting of the proton
fragmentation in the inclusive case and Y ¼ p for diffrac-
tive production.
The resulting rapidity distributions for inclusive and

diffractive heavy quark photoproduction coming out of
the distinct phenomenological models considered in pre-
vious section are depicted in Figs. 3–6 at Tevatron and
LHC energies. For the inclusive case (Figs. 3 and 6) the
IIM and bCGC predictions are very similar, as expected
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FIG. 2 (color online). The energy dependence of the diffractive
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production predicted by the distinct phenomenological models.
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measurements are from DESY-HERA.
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from the analyzes at photon level in the previous section. In
contrast, these predictions are distinct in the diffractive
case, with the bCGC prediction being larger than IIM
one at midrapidity. On the other hand, the IP-SAT predic-
tion is larger than these predictions by a factor 2 (3) in the
charm (bottom) case. We can consider the IIM and bCGC
predictions as a lower bound for the coherent production of
heavy quarks at Tevatron and LHC. Our results indicate
that the experimental study of the inclusive heavy quark
photoproduction can be very useful to discriminate be-
tween the classical and quantum versions of the CGC
formalism. It also is true in the diffractive case, where
the different models can be discriminated more easily.

Let us now compute the integrated cross section consid-
ering the distinct phenomenological models. The results
are presented in Table I, for the inclusive and diffractive
charm and bottom pair production at Tevatron and LHC.
The IP-SAT model gives the largest rates among the ap-
proaches studied, followed by the bCGC and IIM models
with almost identical predictions, as a clear trend from the
distribution on rapidity. In the inclusive case, the values are
either large at Tevatron and LHC, going from some units of

nanobarns at Tevatron to microbarns at LHC. Therefore,
these reactions can have high rates at the LHC kinematical
regime. On the other hand, the cross sections for diffractive
production are approximately 2 orders of magnitude
smaller than the inclusive case, but due to the clear experi-
mental signature of this process (two rapidity gaps), its
experimental analysis still is feasible. In comparison with
our previous results for the inclusive production of heavy
quarks [6], we have that our predictions using the modern
phenomenological IIM and bCGC models are similar.
However, the IP-SAT prediction is factor of � 2 larger.
In the diffractive case, our predictions are larger by a factor
* 2 than those presented in [7], where we have used the
GBW model [18] as input in our calculations. This behav-
ior is directly associated to the different energy dependence
predicted by the models for the linear regime.
Lets now calculate the production rates for charm and

bottom production in coherent interactions. At Tevatron,
assuming the design luminosity LTevatron ¼ 2�
1032 cm�2 s�1, we have for inclusive production of charm
2–4� 102 and for bottom 2–6 events/second. In the dif-
fractive case, we predict 7–22 (8–60� 10�3) events/sec-
ond for charm (bottom) production. At LHC, where
LLHC ¼ 1034 cm�2 s�1, we predict for inclusive (diffrac-
tive) charm production 38–75� 103 (16–52� 102) and
for bottom 5–15� 102 (3–30) events/second. Notice the
large rate for bottom at LHC.
Finally, lets discuss the experimental separation of the

inclusive and diffractive photoproduction of heavy quarks.
Initially, lets compare our predictions with those for the
inclusive heavy quark hadroproduction (see, e.g., [37]),
which is characterized by the process pþ p !
XþQ �Qþ Y, with both proton producing hadronic final
states. In comparison, the photoproduction cross sections
are a factor 100 smaller. However, as photoproduction is an
exclusive reaction, pþ p ! pþQ �Qþ Y, with Y ¼ p in
the diffractive case, the separation of the signal from
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FIG. 6 (color online). The rapidity distribution for the diffractive charm (left panel) and bottom (right panel) photoproduction on p �p
reactions at LHC energy
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p ¼ 14 TeV. Different curves correspond to distinct phenomenological models.

TABLE I. The integrated cross section for the inclusive and
diffractive photoproduction of heavy quarks in ppð �pÞ collisions
at Tevatron and LHC energies.

Q �Q IIM bCGC IP-SAT

Tevatron c �c (inclusive) 1230 nb 1245 nb 2310 nb

c �c (diffractive) 37 nb 49 nb 114 nb

b �b (inclusive) 11 nb 10 nb 32 nb

b �b (diffractive) 0.04 nb 0.08 nb 0.30 nb

LHC c �c (inclusive) 3821 nb 3662 nb 7542 nb

c �c (diffractive) 165 nb 161 nb 532 nb

b �b (inclusive) 51 nb 51 nb 158 nb

b �b (diffractive) 0.32 nb 0.52 nb 3 nb
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hadronic background would be relatively clear. Namely,
the characteristic features in photoproduction at coherent
collisions are low pT heavy quark spectra and a single/
double rapidity gap pattern. Moreover, the detection
(Roman pots) of the scattered protons can be an additional
useful feature. In hadroproduction, the spectra on trans-
verse momentum of heavy quarks are often peaked around
heavy quark pair mass, pT � mQ �Q. Therefore, we expect

that a cut in the transverse momentum of the pair, for
instance pT < 1 GeV, could eliminate most part of the
contribution associated to the hadroproduction of heavy
quarks (see, e.g., Refs. [6,7,10]). Furthermore, the rapidity
cut would enter as an auxiliary separation mechanism. This
procedure is specially powerful, since there will be a
rapidity gap on one side or both sides of the produced
heavy quarks in the inclusive and diffractive case, respec-
tively. Moreover, in comparison with the hadroproduction
of heavy quarks, the event multiplicity for photoproduction
interactions is lower, which implies that it may be used as a
separation factor between these processes.

In the case of diffractive photoproduction of heavy
quarks we expect the presence of two rapidity gaps in the
final state, similarly to two-photon or Pomeron-Pomeron
interactions. Consequently, it is important to determine the
magnitude of this cross section in order to estimate the
background for these other channels. In particular, the
central exclusive diffraction (CED) process characterized
by the production of a final state via fusion of two
Pomerons has being intensely studied as an alternative
process to search evidence of the Higgs and/or new physics
[13], with the main background being the exclusive b �b
production. In Ref. [38], the double diffractive (DD) heavy
quark production is studied using the diffractive factoriza-
tion theorem, including absorption corrections. The mag-
nitude of the cross section is the following: for Tevatron

one has �DD
c �c ’ 4:6 �b and �DD

b �b
’ 0:1 �b, whereas for the

LHC one obtains �DD
c �c ’ 18 �b and �DD

b �b
’ 0:5 �b.

Although these predictions are larger than those presented
in the Table I, it is expected that in this process the protons
do not remain intact, which implies that the detection of the
scattered protons using forward detectors can be used to
separate both processes. Moreover, it is expected that
emerging protons from CED and DD processes have a
much larger transverse momentum than those resulting
from diffractive photoproduction processes. Conse-
quently, in principle, it is possible to introduce a selection
criteria to separate these two processes. However, this
subject deserves more detailed studies.

IV. CONCLUSIONS

In summary, we have computed the cross sections for
inclusive and diffractive photoproduction of heavy quarks
in p �p and pp collisions at Tevatron and LHC energies,
respectively. This has been performed using modern phe-
nomenological models based on the color glass condensate
formalism, which describe quite well the inclusive and
exclusive observables measured in ep collisions at
HERA. The obtained values are shown to be sizeable at
Tevatron and are increasingly larger at LHC. The feasibil-
ity of detection of these reactions is encouraging, since
their experimental signature should be suitably clear.
Furthermore, they enable to constrain the underlying
QCD dynamics at high energies, which is fundamental to
predict the observables which will be measured in central
hadron-hadron collisions at LHC.
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