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Diffractive photoproduction of heavy quarks in hadronic collisions
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In this article we study the diffractive photoproduction of heavy quarks in hadronic (pp/pA/AA)
interactions for Tevatron and LHC energies. The integrated cross section and rapidity distribution for the
process hyhy — hh,QO (h; = p, A and Q = c, b) are estimated using the color glass condensate (CGC)
formalism. Our results indicate that this production channel has larger cross sections than the competing
reactions of double diffractive production and coherent AA reactions initiated by two-photon collisions.
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I. INTRODUCTION

The QCD dynamics at high energies is of utmost im-
portance for building a realistic description of pp/pA/AA
collisions at LHC. Theoretically, at high energies the QCD
evolution leads to a system with high gluon density, char-
acterized by the limitation on the maximum 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 Qg (For recent reviews see Ref. [1]).
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. Refs. [2,3]).
However, the observation of this new regime still needs
confirmation and so there is an active search for new
experimental signatures. Among them, the observables
measured in diffractive processes deserve special attention.
As shown in Ref. [4], the total diffractive cross section is
much more sensitive to large-size dipoles than the inclu-
sive one. As saturation effects screen large-size dipole
(soft) contributions, it appears that a fairly large fraction
of the cross section is hard and hence eligible for a pertur-
bative treatment. Therefore, the study of diffractive pro-
cesses becomes fundamental in order to constrain the QCD
dynamics at high energies.

In this paper we propose to study diffractive interactions
in ultraperipheral collisions of hadrons, which can be
defined as collisions where no hadronic interactions occur
because the large spatial separation between projectile and
target and the interaction is mediated by the electromag-
netic field (For recent reviews see Ref. [5]). In particular,
we analyze the diffractive heavy quark photoproduction in
pp/pA/AA collisions, which at the Large Hadron Collider
(LHC) will allow photon-hadron interactions to be studied
at energies higher than at any existing accelerator. In
relativistic heavy ion colliders, the heavy nuclei give rise
to strong electromagnetic fields, which can interact with
each other. In a similar way, these processes also occur
when considering energetic protons in pp(p) colliders.
Over the past years a comprehensive analysis of the in-
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clusive heavy quark [6—12] production in ultraperipheral
heavy ion collisions was made considering different theo-
retical approaches. As a photon stemming from the elec-
tromagnetic field of one of the two colliding nuclei can
interact with one photon of the other nucleus (two-photon
process) or can penetrate into the other nucleus and interact
with its hadrons (photon-nucleus process), both possibil-
ities 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 inter-
actions we expect the presence of two rapidities 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. One of the
main motivations to analyze the diffractive heavy quark
photoproduction is that we expect the presence of two
rapidity gaps in the final state, similarly to two-photon
interactions. Consequently, it is important to determine
the magnitude of this cross section in order to estimate
the background for two-photon interactions. As discussed
in Refs. [8—10], the heavy quark production in yy inter-
actions is approximately two or 3 orders of magnitude
smaller than the inclusive photoproduction cross sections.
However, the magnitude of the diffractive photoproduction
cross section is still an open question. Another motivation
for our study is that the contribution of this process can be
important in proton-proton collisions, where there is a
dedicated program to search evidence of the Higgs and/
or new physics in central double diffractive production
processes [13], which also are characterized by two rapid-
ity gaps and has as a main background the exclusive bb
production.

II. ULTRAPERIPHERAL COLLISIONS

The basic idea in ultraperipheral hadron collisions is that
the total cross section for a given process can be factorized
in terms of the equivalent flux of photons of the hadron
projectile and the photon-photon or photon-target produc-
tion cross section [5]. In particular, the photon-hadron
interactions can be divided into exclusive and inclusive
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reactions. In the first case, a certain particle is produced
while the target remains in the ground state (or is only
internally excited). On the other hand, in inclusive inter-
actions the particle produced is accompanied by one or
more particles from the breakup of the target. The typical
examples of these processes are the exclusive vector meson
production, described by the process yh — Vh (V =
p,J/¥,Y), and the inclusive heavy quark production
[yh — XY (X = c¢, bb)], respectively. In the last years
we have discussed in detail both processes considering
pp [11,14], pA [15] and AA [10,14] collisions as an alter-
native to constrain the QCD dynamics at high energies.
Here we propose to analyze another exclusive process,
characterized by the diffractive photoproduction of heavy
quarks and described by the yh — Xh reaction. In this
case, the cross section for the diffractive photoproduction
of a final state X in a ultraperipheral hadron-hadron colli-
sion is given by

dN, ()
dw

o(hyhy — hyhyX) = fw do

@min

Tynxn(W3,), (1)

where w is the photon energy and dl\;ya()w) is the equivalent

flux of photons from a charged hadron. Moreover, ;, =
M§/47Lm,,, v is the Lorentz boost of a single beam,

W%h = 2w+/Syy and +/Syn 1s the c.m.s energy of the
hadron-hadron system. It is important to emphasize that

the equivalent photon energies at the LHC will be higher
than at any existing accelerator. For instance, considering
pPb collisions at LHC, the Lorentz factor is y; = 4690,
giving the maximum c.m.s. yh energy W, , = 1500 GeV.
Therefore, while studies of photoproduction at HERA are
limited to photon-proton center of mass energies of about
200 GeV, photon-hadron interactions at LHC can reach 1
order of magnitude higher on energy. Consequently, stud-
ies of yh interactions at LHC could provide valuable
information on the QCD dynamics at high energies. In
this work we consider that the produced state X represents
a QQ pair. Since photon emission is coherent over the
entire proton/nucleus and the photon is colorless we expect
that the diffractive events to be characterized by two ra-
pidity gaps, in contrast with the inclusive heavy quark
production. In these two-rapidity gaps events the heavy
quark pair is produced in the central rapidity region,
whereas the beam particles often leave the interaction
region intact, and can be measured using very forward
detectors.

In the calculations what follows we consider that the
photon spectrum for a nuclei is given by [5]

dNy(w) _ 2Z2a'em
do (&
where 7 = wR/y, and U(H) = K{(7) — K§(7), with
Rer = R, + Ry (Regr = 2Ry) for pA (AA) collisions. On
the other hand, for a proton, we assume that the photon
spectrum is given by [16],

=2
kK@ + U@ | @
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AN (@) _ aen [1 + (1 _ 2o ﬂ(lnﬂ LIS

do 27w N 6 Q
3 1
-
202 3Q3>’ ®)

with the notation Q =1+ [(0.71GeV?)/Q2. ] and
2in = 0 /[vi(1 = 20//Syy)] = (0/y.)*

III. QCD DYNAMICS AT HIGH ENERGIES

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 diffractive inter-
actions and disentangle the small-x dynamics 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 representation 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 [17]. 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 diffractive heavy quark
photoproduction cross section [yh — QQh, h = p, A]
reads as,

e~ [ PodzdrIVY, (oo r, QRN & 1, b), (4)

where W7 is the light-cone wave function of the photon
[17]. The variable r defines the relative transverse separa-
tion of the pair (dipole) and z (1 — z) is the longitudinal
momentum fractions of the quark (antiquark). The basic
blocks are the photon wave function, ¥? and the dipole-
target forward amplitude N, For photoproduction we have
that longitudinal piece does not contribute, since |V, |* =
0?, and the total cross section is computed introducing the
appropriated mass and charge of the charm or bottom
quark.

In the color glass condensate (CGC) formalism [18-20],
N encodes all the information about the hadronic scatter-
ing, and thus about the nonlinear and quantum effects in
the hadron wave function. The function N can be ob-
tained by solving an appropriate evolution equation in the
rapidity y = In(1/x). The main properties of N are:
(a) for the interaction of a small dipole (r << 1/Qg),
N < 1, which characterizes that this system is weakly
interacting; (b) for a large dipole (r > 1/Q,), the system
is strongly absorbed which implies N* = 1. This property
is associate to the large density of saturated gluons in the
hadron wave function.

In our analysis of diffractive heavy quark production in
photon-nucleus interactions we will consider the phenome-
nological saturation model proposed in Ref. [21] which
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describes the experimental data for the nuclear structure
function, with the forward dipole-nucleus amplitude pa-
rameterized as follows

N A(x r,b) =1—exp[—3AT,(0)oy N (%, r))], (5

where T, (b) is the nuclear profile function, which will be
obtained from a 3-parameter Fermi distribution for the

2 m2
Q‘;j L. (For details see, e.g.,

Yp

Ref. [22]). Moreover, N, describes the dipole-proton
interaction. In the literature there are several phenomeno-
logical models for this quantity. Here we will consider the
Golec Biernat-Wusthoff model [4], which encodes the
basic properties of the saturation physics and assumes that

N (% r?) = [1 - exp(— Q?(j)ﬂ)} (6)

nuclear density, and X =

with Q%(x) = (%)*GeV? being the saturation scale, which
depends on energy and defines the onset of the saturation
phenomenon. The parameters were obtained from a fit to
the HERA data producing o = 23.03(29.12) mb, A =
0.288(0.277) and x, = 3.04 X 107%(0.41 X 107%) for a
3-flavor (4-flavor) analysis [4]. It is important to emphasize
that Eq. (5) sums up all the multiple elastic rescattering
diagrams of the ¢Q pair and is justified for large coherence
length, where the transverse separation r of partons in the
multiparton Fock state of the photon becomes as good a
conserved quantity as the angular momentum, i. e. the size
of the pair r becomes eigenvalue of the scattering matrix.
In our calculations of the diffractive heavy quark produc-
tion in hadronic collisions we will assume that the forward
dipole-target amplitude is given by Eq. (5) in the case of a
nuclear target and by Eq. (6) for a proton target.

IV. RESULTS

The distribution on rapidity Y of the produced final state
can be directly computed from Eq. (1), by using its relation
with the photon energy w, i.e. Y « In(2w/my). Explicitly,
the rapidity distribution is written down as,

da'[hlh2 - hlth] —w dNy(w)

dy Jo Typ—xn(@).  (7)

Consequently, given the photon flux, the rapidity distribu-
tion is thus a direct measure of the diffractive photopro-
duction cross section for a given energy. In Figs. 1 and 2 we
present our results for the diffractive heavy quark photo-
production at LHC energies.

In Table I one presents the correspondent integrated
cross sections. We have that the larger cross sections are
obtained in the AA mode, followed by pA and pp modes.
However, the event rates should be higher in the pp mode
as its luminosity is several orders of magnitude larger,
Namely, the corresponding luminosities are L, =
1034 Cn’172 Sil, £pr =74X 1029 sz S71 and ﬁpbpb =
4.2 X 10% cm? s
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FIG. 1 (color online). Rapidity distribution for diffractive
charm photoproduction on pp/pA/AA reactions for LHC en-
ergies (see text).

Let us now compare the results to processes having
similar final state configuration. This analysis is important
since they are competing reactions. In Ref. [23], the double
diffractive (DD) production of heavy quarks has been
computed (without considering rapidity gap survival cor-
rection, which diminishes the cross section). Summarizing
those estimations, one has for charm o2P = 45-208 pb

cc

(Tevatron) and o2 = 4 — 6.56 X 104 pb (LHC). For bot-

cC

tom, one has oPP =17 — 78 pb (Tevatron) and o =

0.5 — 1.5 X 10* pb (LHC). Our result for the pp mode are
at least 1 order of magnitude larger. Other process with
similar configuration is the double photon process in the
AA mode. In Ref. [9], we obtain the following values for
coherent PbPb collision at LHC energies: for charm,
ol? = 1.8 mb and for bottom ¢! =2 ub. Our results
are higher by a factor 30 for charm and a factor 5 for
bottom.
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FIG. 2 (color online).

Rapidity distribution for diffractive bot-
tom photoproduction on pp/pA/AA reactions for LHC energies
(see text).
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TABLE I. The integrated cross section for the diffractive pho-

toproduction of heavy quarks in pp/pA/AA collisions.

hyhy Collider cc bb

pr(p) RHIC 3.4 nb 3% 1073 nb
TEVATRON 12.6 nb 0.021 nb

LHC 92.0 nb 0.2 nb
pA LHC 54.0 ub 0.09 ub
AA LHC 59.0 mb 0.01 mb
V. SUMMARY

The QCD dynamics at high energies is of utmost im-
portance for building a realistic description of pp/pA/AA
collisions at LHC. In this limit QCD evolution leads to a
system with high gluon density. In this article we have
studied the diffractive photoproduction of heavy quarks,
which provide a feasible and clear measurement of the
underlying QCD dynamics at high energies. The advan-
tages of this process are the clear final state (rapidity gaps
and low momenta particles) and no competing effect of
dense nuclear environment if compared with hadroproduc-
tion. However, as the present analysis is predominantly
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phenomenological several points deserve more detailed
studies. For instance, the model dependence as well as
estimative of background processes and the analysis of
the experimental separation have to be further addressed.

It is important to emphasize that the same reaction,
hihy, — h hX, also occurs via fusion of two Pomerons,
the so-called central diffraction processes. However, the
transverse momenta of the scattered hadrons are predicted
to be much larger than in two-photon interactions, which
implies that the separation between these two processes is
feasible. In the case of diffractive photoproduction we
expect an asymmetric distribution of the scattered hadrons,
since photon and Pomeron exchange are present in the
process. Moreover, as almost all of the photoproduced
heavy quarks, similar to the vector mesons, should have
small transverse momenta, it is possible to introduce a
selection criterion to separate the diffractive photoproduc-
tion processes.
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