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Abstract. We calculate the nuclear inclusive and diffractive cross sections for heavy quark photoproduction
within a phenomenological saturation approach. The nuclear cross section is obtained by the extension of
the saturation model through the Glauber—Gribov formalism. We predict large nuclear heavy quark cross

sections at LHC energies.

1 Introduction

During the last years the study of high gluon density ef-
fects at high energy (small ) has become an increasingly
active field of research, both from the experimental and
the theoretical points of view. In particular, it has been
observed that the ep deep inelastic scattering (DIS) data
at low x [1] can be successfully described with the help
of the saturation model [2], which incorporates the main
characteristics of the high density QCD approaches [3-5].
In the high energy regime, the growth of parton distribu-
tions should saturate, possibly forming a color glass con-
densate [5] (for a pedagogical presentation see [6,7]), which
is characterized by a bulk momentum scale Q. If the sat-
uration scale is larger than the QCD scale Aqcp, then this
regime can be studied using weak coupling methods. The
magnitude of Qs is associated to the behavior of the gluon
distribution at high energies, and some estimates have
been obtained. In general, the predictions are Qg ~ 1 GeV
at HERA/RHIC and Qs ~ 2-3GeV at LHC [8,9].

In the phenomenological analysis presented in [2,10],
the critical line which marks the transition to the sat-
uration regime is smaller than 1GeV?, with larger val-
ues predicted only for the next generation of ep colliders.
However, deep inelastic scattering on nuclei gives us a
new possibility to reach a high density QCD phase with-
out requiring extremely low values of x. The nucleus in
this process serves as an amplifier for the non-linear phe-
nomena expected in QCD at small z, obtaining at the
accessible energies at HERA and RHIC with an eA col-
lider the parton densities which would be probed only at
energies comparable to LHC energies with an ep collider.
In order to understand this expectation and estimate the
kinematic region where the high densities effects should
be present, we can analyze the behavior of the function
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ity of a gluon—gluon interaction inside the parton cascade,

, which represents the probabil-

and also is denoted the packing factor of partons in a par-
ton cascade [4,11]. Considering that the condition k = 1
specifies the critical line, which separates the linear (low
parton density) regime k < 1 and the high density regime
Kk > 1, we can define the saturation momentum scale Qg
given by!

3n%as xga(w, Q3 (x; A))
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Q2 (x5 A) = (1)
below which the gluon density reaches its maximum value
(saturates). At any value of x there is a value of Q? =
Q?(x) in which the gluonic density reaches a sufficiently
high value that the number of partons stops to rise. This
scale depends on the energy of the process [rg oc 27
(A =~ 0.3)] and on the atomic number of the colliding nu-

clei [Ra o< A5 — Q2 o A3], with the saturation scale for
nuclear targets larger than for the nucleon ones. Therefore,
we expect that the saturation effects should be manifest in
nuclear collisions. Recently, a phenomenological analysis
of the multiplicity distributions of particles produced in
heavy ion collisions at RHIC, considering the saturation
of the nuclear wavefunction, reproduced the experimen-
tal data very well [14]. However, the current situation is
not unambiguous, since other approaches which do not
assume saturation describe the same set of data. This re-
sult motivates more extensive studies of nuclear collisions
and, in particular, of electron—nucleus collisions at high
energies, where the number of other medium effects is re-
duced in comparison with AA collisions. Recently, some
authors [13,15,16] have addressed this subject with par-
ticular emphasis on the behavior of the nuclear structure

! No exact definition of the saturation scale is known so
far. In particular, (1) is valid in the double logarithmic ap-
proximation. A more detailed analysis would imply that the
enhancement between the nucleon and nuclear cases is smaller
than the one predicted in this approximation (see e.g. [12,13]).
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functions (for previous studies see e.g. [4,17-19]), obtain-
ing predictions which agree with the scarce experimental
data. Since these models rely on different assumptions,
more accurate experimental results for the nuclear struc-
ture function in a large kinematical region are necessary to
probe the high density dynamics. However, these results
compel us to suggest further measurements in electron—
nuclei interactions.

Our goal in this paper is to investigate the high en-
ergy heavy quark photoproduction on nuclei targets using
the saturation hypothesis. Nuclear photoproduction has
recently been studied in [20], obtaining a quite reason-
able description of the experimental data, but the specific
topic of heavy quark production was not addressed in that
analysis. It is important to emphasize that for heavy quark
production the predictions are not dependent on the hy-
pothesis for the soft region (e.g. the values of the light
quark masses). Here we study the nuclear photoproduc-
tion of heavy quarks considering the approach proposed
in [13], which is simpler, gives an equally reasonable agree-
ment with nuclear data as other approaches, and is asso-
ciated with a model which gives a good description of
inclusive and diffractive ep experimental data. A detailed
comparison between the distinct saturation approaches for
the nuclear case will be presented in a separate publica-
tion [21].

This paper is organized as follows. In the next section
we present a brief review of the saturation model for the
nucleon and nuclear case, and the dipole nuclear cross sec-
tion is analyzed. Section 3 presents our predictions for the
energy and atomic number dependence of the heavy quark
photoproduction cross section, as well as a detailed analy-
sis of the overlap functions, which allow us to verify what
the mean dipole size is that contributes for this process.
As a by-product, in Sect.4 the diffractive production of
heavy quarks in photonuclear collisions is also considered
in the saturation model. Finally, in Sect.5 we summarize
our conclusions.

2 Nuclear cross sections in a saturation model

In this section we shortly review the main concepts and
formulae of the saturation model which is based on the
color dipole approach. The latter gives a simple unified
picture of inclusive and diffractive processes which pro-
vides a large phenomenology in the DIS regime. In this
approach, the scattering process can be seen in the tar-
get rest frame as a succession in time of three factorizable
subprocesses:

(i) the photon fluctuates in a quark—antiquark pair,

(ii) this color dipole interacts with the target, and

(iii) the quark pair annihilates in a virtual photon.

Using as kinematic variables the v*N CMS energy
squared s = W2 = (p + ¢)?, where p and ¢ are the tar-
get and the photon momenta, respectively, the photon
virtuality squared Q2> = —¢? and the Bjorken variable
r = Q%/(W?2 + Q?), the corresponding total cross section
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reads [2,22]
orL (2, Q%)
_ /0 iz / e |Fry, (2 v, Q) 05 (3, 2) | (2)

where

_ baem

o (2, Q) = 5 (3)

X 26? {[22+(1—z)2] 52K12(5r)+m3: Kg(sr)} ,
f

v (=.m, @)

= Mo S22 (@721 - 2 Ki(en)} @
f

T2

are the squared photon wavefunction for transverse (T)
and longitudinal (L) photons, respectively. The variable
r defines the relative transverse separation of the pair
(dipole) and z (1 — z) is the longitudinal momentum frac-
tion of the quark (antiquark). The auxiliary variable e2 =
2(1—2)Q%* + m? depends on the quark mass, my. The
Ko,1 are the McDonald functions and the summation is
performed over the quark flavors.

For electron—proton interactions, the dipole cross sec-
tion O'gip, describing the dipole—proton interaction is sub-
stantially affected by non-perturbative content. There are
several phenomenological implementations for this quan-
tity [23]. The main feature of these approaches is to be able
to match the soft (low Q?) and hard (large Q?) regimes
in an unified way. In the present work we follow the quite
successful saturation model [2], which interpolates between
the small and large dipole configurations, providing color
transparency behavior, ogip ~ r2, as r — 0 and constant
behavior, og4ip, ~ 00, at large dipole separations. The pa-
rameters of the model have been obtained from an adjust-
ment to small z HERA data. Its parameter-free application
to diffractive DIS has been also quite successful [2] as well
as its extension to virtual Compton scattering [24], vec-
tor meson production [25] and two-photon collisions [26].
The parameterization for the dipole cross section takes the
eikonal-like form,

ohi (%, 7%) = 0o {1 — exp (—W) } . (5)

A
Qxa) = ()" Gev?, (6)
where the saturation scale Q? defines the onset of the
saturation phenomenon, which depends on energy. The
parameters were obtained from a fit to the HERA data
producing oo = 23.03(29.12) mb, A = 0.288(0.277) and
2o = 3.04-107%(0.41-10~*%) for a three-flavor (four-flavor)
analysis [2] (see [10,16] for improvements of this model).
An additional parameter is the effective light quark mass,
mys = 0.14 GeV, consistent with the pion mass. It should
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Fig. 1. The nuclear dipole cross section as a function of dipole size r for different = values and distinct A, including the proton

case. The results are normalized to A

be noticed that the quark mass plays the role of a regulator
for the photoproduction (Q? = 0) cross section. The light
quark mass is one of the non-perturbative inputs in the
model. The charm quark mass is considered to be m, =
1.5 GeV. A smooth transition to the photoproduction limit
is obtained with a modification of the Bjorken variable:

_ 4mfc
r=x | 1+ 0?

The saturation model is suitable in the region below x =
0.01 and the large x limit still needs a consistent treat-
ment. Making use of the dimensional-cutting rules, here
we supplement the dipole cross section, (5), with a thresh-
old factor (1 — x)™bres | taking ninges = 5 for a three-flavor
analysis and ngnes = 7 for a four-flavor one. This pro-
cedure ensures a consistent description of heavy quark
production at the fixed target data [27].

Before going further, some comments on the impact
parameter dependence of the saturation model are of con-
cern to us. The implicit assumption in the approach is that
the proton is treated as being homogeneous in the trans-
verse plane. In such a case, the impact parameter profile
is given by the Heaviside function, S(b) = © (by — b). The
profile is considered to be peaked at central impact param-
eter, namely at b = 0. Actually, this procedure is oversim-
plified and more realistic profiles can be considered. For
phenomenological purposes a gaussian or a hard sphere
assumption are commonly taken into account. Recently,
the impact parameter dipole saturation model [16] was
developed, recovering the known Glauber—Mueller dipole
cross section. There, distinct shapes for S(b) were consid-
ered and their parameters constrained from data on the
t-dependence of the J/¥ photoproduction.

Let us discuss the extension of the saturation model
for the photon—nucleus interactions. Here, we follow the
simple procedure proposed in [13], which consists of an ex-
tension to nuclei, using the Glauber—Gribov picture [28], of
the saturation model discussed above, without any new pa-

2 2
_ Q" +4m3 ™
w2 '

rameter. (For similar approaches see e.g. [4,29].) There, the
nuclear version is obtained replacing the dipole—nucleon
cross section in (2) by the nuclear one,

a(ﬁp(i, r? A) (8)

= /d% 2 { 1—exp {—;ATA(Z)) ohip (T, 7"2)} } ;

where b is the impact parameter of the center of the dipole
relative to the center of the nucleus, and the integrand
gives the total dipole—nucleus cross section for a fixed im-
pact parameter. The nuclear profile function is labelled
by T'4(b), which will be obtained from a three-parameter
Fermi distribution for the nuclear density [30]. The above
equation sums up all the multiple elastic rescattering dia-
grams of the ¢q pair and is justified for a large coherence
length, where the transverse separation r of the partons in
the multiparton Fock state of the photon becomes a quan-
tity as well conserved as the angular momentum, i.e. the
size of the pair’s r becomes the eigenvalue of the scattering
matrix. It is important to emphasize that for very small
values of z, other diagrams beyond the multiple pomeron
exchange considered here should contribute (e.g. pomeron
loops) and a more general approach for the high density
(saturation) regime must be considered. However, we be-
lieve that this approach allows us to obtain lower limits of
the high density effects in the RHIC and LHC kinematic
range. Therefore, at first glance, the region of applicability
of this model should be at small values of z, i.e. large co-
herence lengths, and for not too high values of virtualities,
where the implementation of the DGLAP evolution should
be required. Therefore, the approach is quite suitable for
the analysis of heavy quark photoproduction in the RHIC
and LHC kinematical ranges.

In order to investigate the dependence of the nuclear
dipole cross section on the dipole size, in Fig. 1 are shown
our results for inp as a function of the dipole size at two
fixed values of x. We have selected the different nuclei A =
D, Ca and Pb as well the proton case at = 1072 and
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Fig. 2. The r-dependence of the photon—nucleus overlap function for charm and bottom production, different x and A = Pb

x = 107°, with the dipole cross section normalized to A.
The dependence of the behavior on r is the same as in
the proton case, saturating at large values of r. At small
dipole sizes the result is almost independent of A, whereas
at large dipole sizes the nuclear suppression is quite sub-
stantial and dependent on A. For instance, the reduction
in the overall normalization reaches a factor of about 3 for
lead in comparison with the nucleon case at small x. This
result has sizable consequences for processes where the
large dipole contribution is important, for example in the
transversal component of F3' and diffractive production
of light quarks. For heavy quarks, the situation is different
since the corresponding wavefunctions select mostly small
dipoles configurations, as we will show later on. Having
addressed the main concepts and definitions, in the next
section we present our results for the heavy quark produc-
tion within the color dipole picture supplemented by the
saturation model discussed above. Here, we will focus on
photoproduction of charm and bottom in the kinematical
range relevant to RHIC and LHC.

3 Nuclear heavy quark photoproduction

In this section we compute the nuclear cross section for the
photoproduction of charm and bottom quarks. In this case
the non-perturbative input associated with the light quark
mass is avoided and we are left with the hard scale given
by the heavy quark masses. Here, the following values are
taken into account: m. = 1.5 GeV and my = 4.5 GeV, in
order to be consistent with the previous analysis using the
saturation model in the nucleon case. Notice that the use
of a different choice implies a distinct overall normalization
in the final result.

The cross section for heavy quark photoproduction on
nuclei targets is given by

ot (W, A) 9)

1
= / dz /dzr O (2,7, Q* = O)f2 ogp (3,77, A)
0

where the longitudinal contribution is suppressed [see (4)
at Q% = 0] and eib =4/9 and 1/9, respectively. Accord-
ingly, my = m¢  in (3) and the parameters for the dipole
cross section are taken from the four-flavor analysis. The
formula (9) sums up in a compact form all the elastic + in-
elastic rescattering diagrams of the heavy quark pair with
the nucleus.

Before presenting our results for the energy dependence
of the cross section, we can investigate the mean dipole size
dominating the nuclear heavy quark photoproduction. We
define the photon—nucleus overlap function which reads

W (z,r,A) = 2nr/dz W (z,7)]? cffip (z, 7%, A) . (10)

In Fig.2 are shown the overlap function for the charm
and bottom production as a function of the dipole size.
They are computed for the lead nucleus and for different
x. In the charm case, the distribution is peaked at approx-
imately r = 0.1 fm, whereas for the bottom case this value
is shifted to r = 0.05 fm, which agrees with the theoretical
expectation that the ¢q pairs have a typical transverse size
~ 1/my [29]. Therefore, the main contribution to the cross
section comes from the small dipole sizes, i.e. from the per-
turbative regime. In contrast, for light quarks a broader r
distribution is obtained, peaked for large values of the pair
separation, implying that non-perturbative contributions
cannot be disregarded in that case. For the sake of illus-
tration, the transition region between perturbative and
non-perturbative regimes ranges at Q2 ~ 1/r? ~ 1 GeV?,
which means a perturbative domain for r < 0.2-0.4fm.
Concerning the high density effects, its value is more siz-
able at large dipole configurations (see Fig.1), meaning
that for heavy quark photoproduction we should expect
that the associated modifications will be small.

In Fig. 3 are shown the results for the charm and bot-
tom photoproduction cross section as a function of energy
for different nuclei, including the proton case. The results
present a mild growth on W at high energies stemming
from the saturation model, whereas the low energy region
is consistently described through the threshold factor. For
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Fig. 3. The total nuclear cross section for charm and
bottom photoproduction as a function of CMS energy
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the proton, the experimental data from HERA [31] and
fixed target collisions [32] are also included for the sake
of comparison. The result for charm underestimates the
data by a factor 2 at W,, ~ 200 GeV, whereas it is consis-
tent with the measurements of the bottom cross section.
Concerning charm production, the measured cross sections
present a well-known steeper behavior in dependence on
energy even at electroproduction, suggesting that further
resummations in the original saturation model are needed
in order to produce the larger growth with energy appear-
ing in the charm measurements. We believe that the bet-
ter result for bottom happens to be a mismatch between
a large uncertainty in the experimental measurement and
the lower bottom mass m;, = 4.5 GeV considered here. For
the nuclear case, we predict that their absolute values are
rather large, reaching ~ 2 - 103 and ~ 40ub for charm
and bottom for lead at W = 103 GeV. It is important to
emphasize that our results agree with the predictions ob-
tained for charm photoproduction in [33], where the heavy
flavor leptoproduction off the nucleus has been addressed
considering an approach which resums the fan diagrams of
BFKL pomerons, with initial condition for the evolution
at © = 0.01 given by (5). For bottom photoproduction,
our results are smaller than in [33]. We believe that our
results are reliable, since they are consistent with the sim-
ple expectation O Asbhx A x O psbbX for the color
transparency regime. A check of the saturation model for
the proton case can be found in [27] and a comparison with
other approaches in [21]. As expected from the discussion
in the previous paragraph, the nuclear cross sections can
be reasonably approximated by A times the nucleon cross
section (color transparency) [34], since this process is dom-
inated by the scattering of small size dipoles. This result
is consistent with the behavior of the dipole cross section
presented in Fig. 1, where we have seen that sizable nuclear
effects are only important at large dipole sizes.

Here, an additional issue should be addressed. The
dipole—nucleon cross section resums higher twist contri-
butions and also ensures the unitarity requirements, pro-
ducing a constant value at large r. In order to investigate
the effects of this resummation in the dipole—nucleus cross
section, we show in Fig. 4a our results for the nuclear pho-

10° W and distinct nuclei

toproduction cross section considering as input the full
dipole—nucleon cross section (solid lines), see (5), and only
the leading term in the expansion of of ~(dot-dashed
lines). They were computed for charm quark and con-
sidering the calcium and lead nuclei. The effect is almost
negligible for a light nucleus, whereas it is more sizable
for heavy ones at high energies. This result demonstrates
that nuclear heavy quark production is not sensitive to
the assumption of a saturated nucleon. In contrast, the
behavior of the nuclear structure function depends on the
saturation effects at the nucleon level, as shown in [19].

4 Diffractive photoproduction of heavy quarks

Let us now compute the diffrative production of heavy
quarks. This process was analyzed for ep collisions in [35-
37]. In terms of the S-matrix at a given impact parameter
of the collision, S(b), the total and elastic cross sections for
the deep inelastic scattering on a nucleus are given by [38]

o = 2/d2b - S, (11)

Ool = /d%[l - S)?, (12)
which demonstrate how easily the elastic and total cross
sections could be obtained from one another. Identifying
1—S(b) with the expression within the brackets in (8) and
considering that diffraction of the photon on the target can
be thought as an elastic scattering of each dipole off the
nucleus, we obtain for the nuclear diffractive cross section

ot (2,Q°)
1

= /d2b/ dz /d27" ‘!I/T,L (2’7 T, Q2)‘2
0

X {1 — exp {—;ATA(b) Thip (T rﬂ }2 . (13)

For heavy quark photoproduction we see that only the
transverse polarization contributes and the wavefunction
is dependent on the heavy quark masses.
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Fig. 5. The r-dependence of the diffractive photon—nucleus overlap function for charm and bottom production, different x

and A =Pb

A similar analysis of the mean size dipole dominance
can be made for the diffractive case. Introducing the dif-
fractive overlap function defined by

WP (z 1, A)

= 2mr /de /dz W (2, 7)|?

X {1 — exp {—;ATA(b) Taip (T, r2)} }2 . (14)

in Fig.5 we present our results for the r-dependence of
this function for different values of z and A = Pb. We
can see that the distribution is broader and its maximum
is shifted to large values of r in comparison with the in-
clusive case. This result is expected since the diffractive
production has a large amount of non-perturbative con-
tributions. However, similarly to the inclusive case, the

mean size dipole occurs in the perturbative regime, with
the large distance still strongly suppressed.

In Fig. 6 the results are shown for the charm and bot-
tom diffractive cross section as a function of energy for
different nuclei. The values at high energies are sizable,
reaching 250 ub and 0.8ub for charm and bottom pro-
duction, considering lead at W = 103 GeV. These values
are in agreement with a 10% contribution from diffractive
scattering to the total cross section observed in photon—
nucleon reactions. Concerning the dependence on A, the
results present an approximate behavior oPiff ~ A4/3 ag
expected for the interaction of small dipoles with the nu-
cleus [39,40]. We also have checked the diffractive produc-
tion of heavy quarks for the proton case, with a cross sec-
tion of order 100nb at W = 200 GeV for diffractive open
charm production, being consistent with previous theo-
retical estimates [37]. There, a value of 60nb was found
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at the same energy in the photoproduction case. A more
detailed analysis for the proton case should be addressed
elsewhere.

Finally, in Fig.4b we analyze the dependence of the
diffractive nuclear cross section on considering or not a
saturated proton, namely saturation effects in the nucleon
level. We can see that while for light nuclei the cross section
is not sensitive to the assumption of a saturated nucleon;
for heavy nuclei the result differs by about 20%. Therefore,
the analysis of the diffractive cross section can be useful
to constrain the nucleon dynamics.

5 Summary and conclusions

In this paper we have calculated the nuclear inclusive and
diffractive cross sections for heavy quark photoproduction
within a phenomenological saturation model. In such a
model the nuclear cross section is obtained through the
Glauber—Gribov formalism. Since it describes reasonably
the experimental data for the nuclear structure function,
we are confident in extending this model for the nuclear
heavy quark photoproduction case. Moreover, it is simple
and relies on a model which gives a good description of
inclusive and diffractive ep experimental data. This model
should be valid until the full non-linear evolution effects
become important, which implies the consideration of the
pomeron loops beyond the multiple scattering on single
nucleons estimated in the present framework. We have
verified that the main contribution of the high density ef-
fects occur for large pair separation, while for dipoles of
small size they are almost negligible. We have investigated
the mean dipole size dominance and have verified that the
heavy quark cross section is dominated by a small dipole
configuration, in contrast to the light quark case. Conse-
quently, we have the result that the nuclear heavy quark
production is not strongly modified by the high density ef-
fects. We predict the absolute values for the cross section
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to be rather large, being about 2 mb and 0.04 mb for charm
and bottom, respectively, for lead and W = 1TeV. These
values are similar to those resulting from the resummation
of the fan diagrams of BFKL pomerons. Furthermore, we
have computed the diffractive nuclear photoproduction of
heavy quarks. This quantity is more sensitive to the non-
perturbative sector, corresponding to larger dipole sizes.
This means that the cross section is dominated by larger
dipole configurations than in the inclusive case. The results
take values about 250 ub and 0.8 ub for charm and bottom
for lead at W = 1 TeV. Concerning the A-dependence, we
have found a behavior proportional to A and A*/3 for
the inclusive and diffractive cross sections, respectively, in
agreement with theoretical expectations associated with
the color transparency regime.
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