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In this paper we present a detailed comparison of the bottom production in gluon — gluon, photon —
gluon, photon — photon, pomeron — gluon, pomeron — pomeron and pomeron — photon interactions at
the LHC. The transverse momentum, pseudo — rapidity and £ dependencies of the cross sections are
calculated at LHC energy using the Forward Physics Monte Carlo (FPMC), which allows to obtain
realistic predictions for the bottom production with one or two leading intact protons. Moreover,
predictions for the the kinematical range probed by the LHCb Collaboration are also presented. Our
results indicate that the analysis of the single diffractive events is feasible using the Run I LHCb
data.
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I. INTRODUCTION

Heavy quark production in hard collisions is considered as a clean test of perturbative Quantum Chromodynamics
(QCD) (For a review see, e.g., Ref [1]). This process provides not only many tests of perturbative QCD, but also some
of the most important backgrounds to new physics processes, which have motivated the development of an extensive
phenomenology at DESY-HERA, Tevatron and LHC. Furthermore, heavy quark production also is considered a good
testing ground for diffractive physics and for the nature of the Pomeron (/P), which is a long-standing puzzle in the
particle physics |2]. In particular, if the Pomeron is assumed to have a partonic structure, as proposed by Ingelman
and Schlein [3] many years ago, the production of heavy quarks in diffractive processes, is a direct probe of the quark
and gluon content in the Pomeron |4-{7].

At high energies, the heavy quark production in hadronic collisions is dominated by gluon — gluon interactions,
represented in Fig. [ (a), with the dissociation of the incident hadrons. However, a heavy quark pair also can be
generated in photon — gluon [Fig. [ (b)], photon — photon [Fig. [ (¢)], pomeron — gluon [Fig. [ (d)], pomeron
— pomeron [Fig. [ (e)] and pomeron — photon [Fig. [ (f)] interactions. These processes can be classified by the
topology of the final state, with the presence of one or two empty regions in pseudo-rapidity, called rapidity gaps,
separating the intact very forward hadron from the central massive object. Taking into account that the photon
and the pomeron are color singlet objects, we have that the processes (b) and (d) are characterized by one rapidity
gap in the final state, while the processes (c), (e) and (f) are characterized by two. Moreover, the process (c) is a
typical example of a exclusive process, where nothing else is produced except the leading hadrons and the central
object. In contrast, if we assume that the Pomeron has a partonic structure, we have that in the processes (e) and
(), soft particles, associated to the remnants of the Pomeron, are created accompanying the production of a hard
diffractive object. The photon and pomeron — induced processes are expected to generate emerging protons with
different transverse momentum distributions, with those associated to pomeron — induced having larger transverse
momentum. Consequently, in principle it is possible to introduce a selection criteria to separate these two processes.
In the last years, these different processes have been studied separately by several authors [4-1], considering different
approximations and assumptions, which difficult the direct comparison between its predictions. In particular, the
feasibility of the experimental separation between the different contributions for the heavy quark production in
photon and pomeron induced interactions at the LHC still is an open question, mainly during the Run II due to the
large pile up expected at large luminosities.

In order to obtain realistic predictions for the heavy quark production in photon and pomeron induced interactions
and to be able to include in the calculations the experimental cuts, the treatment of these processes in a Monte Carlo
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FIG. 1: Heavy quark production in (a) gluon — gluon, (b) photon — gluon, (c) photon — photon, (d) pomeron — gluon, (e)
pomeron — pomeron and (f) pomeron — photon interactions in hadronic collisions.

simulation is fundamental. Some years ago, the Forward Physics Monte Carlo (FPMC) was proposed [§] in order to
simulate the central particle production with one or two leading protons and some hard scale in the event. In its
original version, the pomeron — gluon, pomeron — pomeron and photon — photon interactions in hadronic collisions
were implemented considering the elementary partonic processes as given in HERWIG. Recently, we have generalized
this Monte Carlo in order to include photon — gluon and photon — pomeron interactions, which allows to estimate
the contribution of the different processes presented in Fig. [[lin a common framework. In this paper we will present
our results for the bottom production at the LHC. In particular, we will perform a comprehensive analysis of the
transverse momentum and pseudo — rapidity distributions for the different processes. It is important to emphasize
that similar studies can be performed using the FPMC for other hard processes at the LHC and/or future colliders.

The content of this paper is organized as follows. In the next section we present a brief review of the formalism for
the heavy quark production in photon and pomeron — induced interactions in hadronic collisions. In Section [II] we
present our predictions for the pseudo — rapidity and transverse momentum distributions as well as for the total cross
sections for the bottom production in inclusive pp collisions and pIP, IPIP, vp, vIP and <7y interactions. Finally, in
Section [Vl we summarize our main conclusions.

II. HEAVY QUARK PRODUCTION IN PHOTON AND POMERON — INDUCED INTERACTIONS

The heavy quark production at high energies in inclusive hadronic collisions, represented in Fig. [ (a), can be
described at leading order in the collinear factorization formalism by the following expression

o(hihy = XQQY) = /dﬂﬁl /dﬂﬁz gi(z1, 1?) - g2(x2, %) - 6(99 — QQ) | (1)

where x; are the momentum fractions carried by the particles emitted by the incident hadrons, g; are the gluon density
in the incoming hadrons, y is the factorization scale and & is the partonic cross section for the subprocess gg — QQ,
calculable using perturbative QCD, which is dominant at high energies. However, a ultra relativistic charged hadron
(proton or nuclei) give rise to strong electromagnetic fields, such that the photon stemming from the electromagnetic
field of one of the two colliding hadrons can interact with one photon of the other hadron (photon - photon process)
or can interact directly with the other hadron (photon - hadron process) |9, [10]. In these processes the total cross
section can be factorized in terms of the equivalent flux of photons into the hadron projectiles and the photon-photon



or photon-target production cross section. In particular, the heavy quark production in photon — gluon and photon
— photon interactions, represented in Figs. [l (b) and (c), are described by

o(hihy = h; @ QQY) = /dx1 /dﬂ?z (1 (@1, 12) - g2(@a, 1°) + g1(w1, 1?) - Y2 (@2, 1*)] - 6(v9 = QQ) (2)
and
o(hiha = h1 @ QQ ® hy) = /dwl /diﬂz Y1 (21, 1%) - yo (22, 1%) - 6(vy = QQ) | (3)

respectively. Here ® represents the presence of a rapidity gap in the final state and h; in Eq. (2]) represents the
hadron that have emitted the photon. The basic ingredient in the analysis of these photon - induced processes is
the description of the equivalent photon distribution of the hadron, given by ~(z, u?), where z is the fraction of the
hadron energy carried by the photon and p has to be identified with a momentum scale of the process. The equivalent
photon approximation of a charged pointlike fermion was formulated many years ago by Fermi [11] and developed
by Williams [12] and Weizsacker [13]. In contrast, the calculation of the photon distribution of the hadrons still is
a subject of debate, due to the fact that they are not pointlike particles. In this case it is necessary to distinguish
between the elastic and inelastic components. The elastic component, 7.;, can be estimated analysing the transition
h — ~h taking into account the effects of the hadronic form factors, with the hadron remaining intact in the final
state |10, [16]. In contrast, the inelastic contribution, vine, is associated to the transition h — vX, with X # h,
and can be estimated taking into account the partonic structure of the hadrons, which can be a source of photons.
In what follows we will consider the contribution associated to elastic processes, where the incident hadron remains
intact after the photon emission (For a recent discussion about this subject see Refs. [14, [15]). A detailed derivation
of the elastic photon distribution of a nucleon was presented in Ref. [16] which can be written as
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where t = ¢? is the momentum transfer squared of the photon,

GH(t) +7G, (1)

Hl(t)E 1+T

()
with 7 = —t/m?, m being the nucleon mass, and where Gr and Gj; are the Sachs elastic form factors. Although
an analytical expression for the elastic component is presented in Ref. [16], it is common to found in the literature
the study of photon - induced processes considering an approximated expression proposed in Ref. |17], which can
be obtained from Eq. ) by disregarding the contribution of the magnetic dipole moment and the corresponding
magnetic form factor. As demonstrated in Ref. [18] the difference between the full and the approximated expression
is smaller than 5% at low-z. Consequently, in what follows we will use the expression proposed in Ref. [17], where
the elastic photon distribution is given by

o (1-2+0.522 1 3 3 1
a(z) = S (0T (@) - 2 - | 6
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where Q = 1+ (0.71GeV?)/Q2,,,, and Q2. =~ (xm)?/(1 — z).

Assuming that the diffractive processes, represented in Figs. [ (d) — (f), can be described the resolved Pomeron
model, we have that cross sections can be written similarly to the inclusive heavy quark production, with a diffractive
gluon distribution g (z, u?) replacing the standard inclusive gluon distribution (See e.g. Refs. [19, 20]). Moreover,
it is assumed that the diffractive cross sections can be expressed in terms of parton distributions in the Pomeron and
a Regge parametrization of the flux factor describing the Pomeron emission. The parton distributions has evolution
given by the DGLAP evolution equations and are determined from events with a rapidity gap or a intact proton,
mainly at HERA. Explicitly one have that the heavy quark production in pomeron — gluon (single diffractive) and
pomeron — pomeron (double diffractive) interactions will be described by

o(hihs — hi ® XQQY) = / dz / dzs [gP (@1, 12) - ga(@a 1) + g1 (21, 12) - gP (20, 2] - 699 = QQ)  (7)
and

o(hihy = by @ XQQY ® hy) = / dr, / dzs g7 (x1, 1?) - g3 (w2, 14%) - 6(99 — QQ) , (8)



respectively, with h; in Eq. () representing the hadron that have emitted the Pomeron. Similarly, the cross section
for the heavy quark production in pomeron — photon interactions is given by

o(hihs = by © QQX @ hy) = / dry / des [P (21, 122) - o, 1) + (w1, 12) - g2 (0, 1)) - 619 — QQ) . (9)

In the resolved Pomeron model, the diffractive gluon distribution in the proton, g”(z, u?), is defined as a convolution
of the Pomeron flux emitted by the proton, fp(xp), and the gluon distribution in the Pomeron, gp (3, u?), where
B is the momentum fraction carried by the partons inside the Pomeron. The Pomeron flux is given by fp(xp) =

tmaz Bpt . . .
fm dtfp/p(rp,t), where fp,,(rp,t) = Ap - IZSP% and tmin, tmaee are kinematic boundaries. The Pomeron

nin P
flux factor is motivated by Regge theory, where the Pomeron trajectory assumed to be linear, ap(t) = ap(0) + o/pt,
and the parameters Bp, o/p and their uncertainties are obtained from fits to H1 data [22]. The diffractive gluon
distribution is then given by

1
9P (wi) = [ dopdsste — en P iper)orit) = [ 2L fperior (%u) (10)

x

Similar definition can be established for the diffractive quark distributions. However, in what follows we will disregard
the quark contributions for the heavy quark production, since they are negligible at high energies. In our analysis we
use the diffractive gluon distribution obtained by the H1 Collaboration at DESY-HERA, denoted fit A in Ref. [22].
Moreover, we use the inclusive gluon distribution as given by the CT10 parametrization [21].

In order to obtain reliable predictions for the single and double diffractive cross sections, associated to pomeron —
gluon and pomeron — pomeron interactions, one should take into account that the QCD hard scattering factorization
theorem for diffraction is violated in pp collisions by soft interactions which lead to an extra production of particles
that destroy the rapidity gaps related to pomeron exchange. The inclusion of these additional absorption effects can be
parametrized in terms of a rapidity gap survival probability, S2, which corresponds to the probability of the scattered
proton not to dissociate due to the secondary interactions. These effects have been calculated considering different
approaches giving distinct predictions (See, e.g. Ref. [23]). An usual approach in the literature is the calculation of
an average probability (|S|?) and after to multiply the cross section by this value. As previous studies for single and
double diffractive production [5, 6, 24, 25] we also follow this simplified approach assuming (|S|?) = 0.05 for single
diffractive processes and (|S|?) = 0.02 for double diffractive processes. These values are taken from Ref. [26]. In
contrast, for photon — induced interactions we will assume (|S|?) = 1.

III. RESULTS

In what follows we present our results for the bottom production at LHC energy. We assume /s = 8 TeV and
mp = 4.5 GeV. The cross sections for the partonic subprocesses are calculated at leading order in FPMC using
HERWIG 6.5. In Fig. 2] we show our results for the pseudo — rapidity n(b) (upper panel) and transverse momentum
pr(b) (middle panel) distributions, presenting separately the predictions for the bottom production in inclusive pp
interactions as well as in photon and pomeron — induced interactions. For pIP, IPIP, vp, vIP and ~~y interactions we
also present the & distributions in the lower panel. Assuming that the different events can be separated by requiring
the presence of one or two rapidity gaps in the final state, we have that the events with one rapidity gap are dominated
by single diffractive pIP interactions, with the contribution of the yp being smaller by factor 102. For the events with
two rapidity gaps in the final state, the bottom production is dominated by double diffractive IPIP interactions, with
the contributions of the vIP and v processes being smaller by a factor ~ 10 and ~ 109, respectively. Consequently,
if the rapidity gaps could be detected, the analysis of the bottom quark production is useful for the study of the
single and double diffractive processes. However, due to the non - negligible pileup present at the LHC, it is not an
easy task. Another possibility to separate photon and pomeron — induced processes is the detection of the outgoing
intact protons. Recently, the CMS and TOTEM Collaborations have proposed the setup of forward detectors |27, 28],
which will enhance the kinematic coverage for such investigations. However, in a first moment only one of the very
forward detectors of CT-PPS will be installed, which would not eliminate the one rapidity events associated to yp
and pIP interactions, where one of the protons dissociates. In this case the bottom production in single diffractive
events is dominant, with the production in ~p interactions being similar to that in IP/P one. In particular, our
results demonstrate that the bottom production at large rapidities and large transverse momentum is larger in ~p
than in IPIP interactions. Moreover, the vIP and IPIP processes predict similar number of events at large rapidities.
Regarding the ¢ distributions, we obtain that the events are dominated by single diffractive processes, with the IPIP
one being the second more important process at large £&. On the other hand, at small £ the yp process contributes
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FIG. 2: Predictions for the pseudo - rapidity (upper panel), transverse momentum (middle panel) and ¢ (lower panel) distri-
butions for the bottom production in inclusive pp collisions and Pp, IPIP, vp, vIP and =~ interactions.

more than the IPIP one. Finally, we obtain that the bottom production by ~+ interactions is negligible in comparison
to the other photon and pomeron induced processes.

The previous results indicate that the contribution of the pomeron - induced interactions for bottom production
are very high. In what follows we analyse the possibility to study these processes with the Run I data by the LHCb
Collaboration. Our main motivation for this analysis is associated to the fact that the LHCb detector [29] is fully
instrumented in the forward acceptance designed for the study of particles containing the bottom or charm quarks.
The experiment is also able to reject activity in the backward region using tracks reconstructed in the Vertex Locator
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FIG. 3: Predictions for the pseudo - rapidity (upper panel), transverse momentum (middle panel) and ¢ (lower panel) distri-
butions for the bottom production in inclusive pp collisions and Pp, IPIP, «vp, vIP and ~+ interactions considering the detector
acceptance of the LHCb experiment with a rapidity gap requirement. Curves as in Fig.

(VELO) sub-detector. The experiment runs at lower instantaneous luminosity benefiting from low pile-up conditions.
Indeed, LHCb has already published central exclusive analyses exploring the ability of requiring a backward gap
M] Since the cross-sections for diffractive bottom productions are very high, we propose an analysis with Run I
data to study in detail the single diffraction (SD) component. To prove one can obtain a pure sample of bottom SD
production, we will select bottom quarks within the LHCb acceptance 2.0 < 1 < 5.0 and require no charged particles
in the backward region of —5.0 < n < —2.0. The predictions for the pseudo - rapidity, transverse momentum and &



| | pp | pP | PP | v | AP | v |
LHC [3.59 x10%[2.63 x107[1.51 x10°]11474.80[1744.91 0.11
LHCb| 3725.05 | 59392.50 | 518.22 | 932.01 | 189.37 [7.97 x10~"

TABLE I: Total cross sections in pb for the bottom production in inclusive pp collisions and and pIP, IPIP, vyp, vIP and ~vy
interactions. The LHCDb line represents the results obtained considering the detector acceptance with a rapidity gap requirement
in the LHCb experiment.

distributions are presented in Fig. Bl As the contribution associated to «~ interactions is very small, it is not included
in the figures. Our results indicate that the single diffractive contribution becomes dominant, with the background
associated to inclusive bottom production being smaller by a factor 20. Comparing the photon and pomeron - induced
processes, we have that the main subleading contribution is associated to vp interactions, which dominates over the
IPIP and vIP contributions at large pseudo - rapidities and transverse momentum as well as at small £&. Moreover,
our results indicate that the IPIP and vIP contributions are similar.

Finally, in Table [l we present our predictions for the total cross sections considering the inclusive pp collisions
and the photon and pomeron - induced interactions. If we consider the full LHC kinematical range, one observes a
reduction of one order of magnitude when going from the inclusive to single diffractive, and from single to double
diffractive. However, as verified in Table[l, the photon and pomeron induced cross sections are still sizeable and could
be measured at the LHC. After selection of diffractive events in the LHCb detector, we find strong suppression of the
inclusive processes and the single diffractive events become dominant. Assuming the trigger efficiency for B-hadrons
at LHCD is 40% and the fraction of data with only one primary vertex is of about 20% [33], the number of pIP events
in Run I (2fb™ ") is predicted to be 9.5 x 10° with almost no background. For higher py bottom quarks, b-jets may
also be used with similar efficiencies |34]. This result suggests that studies of this process using the Run I data is
feasible for several B-hadron decay channels and high-pr b-jets.

IV. SUMMARY

As a summary, in this paper we have presented a detailed analysis for the bottom production in pp collisions at the
LHC. In particular, the comparison between the predictions for the photon and pomeron - induced interactions was
presented by the first time considering a common framework implemented in the Forward Physics Monte Carlo. We
have generalized this Monte Carlo for photon - induced processes and performed a detailed comparison between the
plP, IPIP, vp, vIP and v predictions for the bottom production in pp collisions at /s = 8 TeV. For the pomeron
- induced processes, we have considered the framework of the Resolved Pomeron model corrected for absorption
effects, as used in the estimation of several other diffractive processes. Our results indicate that the single and double
diffractive processes are dominant if the outgoing protons can be tagged in the final state. On the other hand, if only
one proton is tagged, the contribution of the photon - induced processes cannot be disregarded. Finally, we have
analysed the possibility of study of the diffractive processes considering the experimental data obtained in the Run I
and demonstrated that this study is feasible using the detector acceptance of the LHCb detector. Such experimental
analysis would help to constrain the underlying model for the Pomeron and the absorption corrections, which are
important open questions in Particle Physics.
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