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Abstract The production of B mesons at forward rapidi-
ties is strongly sensitive to the behavior of the gluon and bot-
tom distribution functions for small and large values of the
Bjorken-x variable. In this exploratory study, we estimate the
cross-section for the B* meson production in the kinematic
range probed by the LHCDb detector and that will be analyzed
by the future Forward Physics Facility (FPF) considering
the hybrid formalism, the solution of the running coupling
Balitsky—Kovchegov equation and distinct descriptions for
the bottom distribution function. We assume an ansatz for
the intrinsic bottom component in the proton wave function,
and estimate its impact on the transverse momentum, rapid-
ity and Feynman-x distributions. Our results indicate that the
presence of an intrinsic bottom strongly modifies the magni-
tude of the cross-section at ultra-forward rapidities (y > 6),
which implies an enhancement of the B* production at the
FPF. Possible implications on the prompt neutrino flux at
ultra-high energies are also briefly discussed.

The production of heavy mesons in pp collisions at the
Large Hadron Collider (LHC) is one of the main tests of
the perturbative Quantum Chromodynamics (pQCD) as well
an important probe of the partonic structure of the proton
at high energies [27]. In particular, the study of its produc-
tion at forward rapidities, probes projectile partons with large
light cone momentum fractions (x; — 1) and target partons
carrying a very small momentum fraction (x; < 1). Conse-
quently, it is expected to provide important constraints on the
small-x effects expected to be present in the target coming
from the non-linear aspects of QCD [1], and on the large-x
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effects in the projectile, as e.g. an intrinsic heavy quark com-
ponent on the proton wave function [2]. Such expectations
have motivated several phenomenological studies in recent
years, mainly focused on the D-meson production [3-15],
considering different approaches to treat the heavy quark pro-
duction and distinct models for the intrinsic charm (IC) com-
ponent of the proton based on the global analysis performed
in Refs. [16-19]. These analyses indicated that the current
experimental data can be described by distinct theoretical
approaches for the QCD dynamics and cross-section factor-
ization, and that an intrinsic charm component has impor-
tant implications on the associated Z + D production at the
LHCb [20] and in the predictions of the D-meson produc-
tion at ultra-forward rapidities, which will be probed by the
future Forward Physics Facility (FPF) [21,22] and that deter-
mines the contribution of the prompt atmospheric neutrino
flux measured at the IceCube [23].

Over the last years, in addition to the experimental analysis
of the D-meson production, the LHCb Collaboration has also
measured the B-meson cross-section at forward rapidities
and provided experimental data for the transverse momentum
and rapidity distributions.! Two basic questions that arise are:
(a) If an intrinsic bottom component is present in the proton
wave function, what is its impact on the predictions for the
B-meson production? And (b) Are the theoretical approaches
that provide a satisfactory description of the D-meson pro-
duction also able to describe the B meson data? Our goal in
this paper is to provide answers for these questions. In partic-
ular, the B-meson production cross-section will be estimated
using the hybrid formalism, which is based on the Color
Glass Condensate (CGC) framework [28], and that used to

! For recent theoretical studies of the B-meson production using the
collinear factorization formalism see, e.g., Refs. [24-26].
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describe the D-meson production in Refs. [7,8,29-36]. We
will take into account of gluon and bottom-initiated contri-
butions, which are represented schematically as follows (See
Fig. 1)

o(pp — BX) o« g(x1, 0%) ® Na(x2) ® Dy
+b(x1, 0% @ N£(x2) ® Dy, (1

where g(x1, QZ) and b(x, Q2) are the gluon and bottom
densities of the projectile proton, Dy, p is the bottom frag-
mentation function into a B meson and the functions N 4 (x3)
and N (xy) are the adjoint and fundamental forward scat-
tering amplitudes, which encodes all the information about
the hadronic scattering, and thus about the non-linear and
quantum effects in the proton wave function (see below). The
gluon initiated contribution can be associated to the gg — bb
subprocess, and is expected to dominate at high center-of-
mass energies and central rapidities. On the other hand, the
contribution of the bottom-initiated subprocess is strongly
dependent on the amount of bottom quarks in the proton
wave function. In general, the global analysis performed to
determine the parton distribution functions (PDFs), assume
that the bottom quark is not present at the initial scale of the
DGLAP evolution, and that they are generated perturbatively
by gluon splitting during the evolution for larger hard scales.
Such a bottom content is usually denoted as extrinsic. In con-
trast, an intrinsic component can also be present [37], asso-
ciated with e.g. an |uudbb) Fock component of the proton’s
wave function, which has multiple connections to the pro-
ton’s valence quarks and is sensitive to the non-perturbative
structure of the proton. Although such an intrinsic component
is expected to be suppressed by a factor mg / m% in compari-
son with the intrinsic charm one, the recent evidences of an
intrinsic charm (IC) component [13, 18,20] imply that its con-
tribution for the B-meson production could not be fully negli-
gible. Such is one of the main motivations for the analysis that
we will perform in this paper. A current shortcoming is that,
different from the IC case, an intrinsic bottom component has
still not be considered in the global analysis. In order to sur-
pass this limitation, we will consider in our exploratory study
the phenomenological ansatz recently proposed in Ref. [38],
which allow us to estimate the intrinsic bottom component in
terms of the IC one, which has been constrained by the current
data. Such an ansatz allow us to provide an estimate of the
IB contribution for the B-meson production in pp collisions.
In what follows, we will calculate the B-meson production
cross-section considering a solution of the running coupling
Balitsky—Kovchegov (BK) equation [39,40] for N 4 (x2) and
Nz (x2) in Eq. (1), and different parameterizations, with and
without an intrinsic bottom component, for the gluon and
bottom PDFs. We will estimate the transverse momentum,
rapidity and Feynman-x distributions and a comparison with
the current LHCDb data [41] will be performed. Itis important

@ Springer

to emphasize that previous discussions about the impact of
the intrinsic bottom production on the B-meson production
have been performed, e.g. in Refs. [42,43] using distinct theo-
retical approaches, mainly focused on lower center-of-mass
energies and/or central rapidities and derived disregarding
non-linear effects in the QCD dynamics. As a consequence,
the current study is the first analysis that takes into account
of these effects and can be considered as complementary to
these previous.

Initially, let’s present a brief review of the formalism
used to estimate the gluon and quark-initiated contributions
present in Eq. (1), which have been discussed in detail in
Refs. [7,35]. At forward rapidities and in the dipole frame,
the gluon-initiated (G.1.) contribution, represented in the left
panel of Fig. 1, can be factorized in terms of the projectile
gluon distribution x1g(x1, 0?), the fragmentation function
Dy, and the bottom quark production via the gluon—proton
scattering, which is described by the cross-section for the
g+ p — bbX process. As demonstrated in Ref. [35], the
differential distribution for the production of a B meson with
transverse momentum pr at rapidity y can be expressed as
follows:

dopp—)BX /] dz 2
— = — x18(x1, O%)
dydsz G.I. Zmin Z2

! dSG —bbX
/ Ao Dy e 1), )
o

min

where z is the fractional light-cone momentum of the bottom
b carried by the meson, g7 = p7/z, a is the momentum
fraction of the gluon carried by the bottom and Dy, p is the
fragmentation function. Moreover, one has that

2, 2
mp+rr Zmin |M3Z2+ pF
Zmin = ~———=—¢€" and opmin = — | —5———.
NG 2\ my+p7

3)

The differential cross-section for the g + p — bbX process
is given by [35]

d’o —bbh 1 d2KT
gp—bbX 2 2
lod? =5 / P s(U) dlp(x T)

9 _ . 9 .
X { [gHo(m &, qr) — ZH1(01, &, qr, KT)
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Fig. 1 Gluon (left) and bottom-initiated (right) contributions for the production of a B meson with transverse momentum pr and rapidity y in pp

collisions

with @ = 1 — «, and the auxiliary functions H; defined by

m% + (0!2 + &2)q%
(q7 +mj)?
m? + (o +a*)qr - (g7 — k)
(g — akr)? + mpl(q7 +mp)
m3 + (o + &%) (gr — akr)?
[(gT — akr)? + m}]?

Hole, @, g7) =

Hi(a, &, gr, K1) =

Ho(a, &, g7, K1) =

Hs (o, &, Gr, KT)
_m} + (@ +&)(qr + akr) - (g7 — GRT)
[(q7 + akr)? + mill(qr — akr)? + m}]

(&)

We will assume that u? and the hard scale_ 0? are equal
to the square of the invariant mass of the bb pair (M,; =

2,/m3 + g7).Inaddition, one has that x| » = (M,;/+/s) e*.
The dipole transverse momentum distribution (TMD) Kgip
can be expressed in terms of the Fourier transform of the
adjoint forward scattering amplitude N 4, as follows

Cr
(2m)3

Kaip(x, k) = / A7 R TT 2N (x, 1), (6)
and, consequently, is determined by the QCD dynamics at
high energies. In the large-N, limit the adjoint scattering
amplitude can be obtained from the fundamental dipole scat-
tering amplitude Az, which is the solution of the rcBK equa-
tion, using the following relation: N 4(x, 7) = 2N r(x,r) —
N % (x, r). In our analysis, we will estimate Kgjp in terms of
a solution of the running coupling BK equation (see below).
For the bottom-initiated (B.1.) contribution, represented in
the right panel of Fig. 1, we will consider the approach pro-
posed in Ref. [3] and rederived in the hybrid formalism in
Ref. [34]. The basic idea is that a bottom quark, present in
the initial state, scatters off with the color background field
of the target proton and then fragments into a B-meson. The
differential cross-section for the production of B-meson with
transverse momentum pr at rapidity y is given by [3]

d 1
LoppoBX | %0 / dny L
dyd“pr |g;  2Q2m) Jxp  XF

X [b(xl, 0% N C:—;PT,xz) Dy <Z = );—T Mz) ]
@)

where x  represent the momentum fraction of the projectile
and target parton that interact in the scattering process and x g
is the Feynman-x of the produced meson, which are defined
by

T
Xi2 = p—eiy and xp = x| — x2. )
z/s

Moreover, N, r is the Fourier transform of the fundamental
forward scattering amplitude, determined by solving the BK
equation, and oy is a constant obtained by fitting the HERA
data using the corresponding solution.

In what follows, we will present our predictions for the
differential cross-sections associated with the B* produc-
tion in pp collisions at /s = 13 TeV. For the adjoint and
fundamental forward dipole scattering amplitudes, needed to
calculate Kgjp and N, r, we will consider the solution of the
running coupling BK equation, obtained in Refs. [44,45] for
an initial condition inspired by the MV [46] model. The free
parameters present in the initial condition are the initial satu-
ration scale (Qy o) and the anomalous dimension (y ), which
are determined by fitting the HERA data. In particular, we
will consider the solution obtained for Q(z) = 0.1597 GeV?
and y = 1.118, which will denoted by “g1.118 (MV)” here-
after. For the fragmentation function D, g+, we consider the
BKKSS parametrization obtained in Ref. [47]. However, it
is important to emphasize that we have verified that similar
results are obtained using other choices for the initial condi-
tion of BK equation and/or the FF parametrization obtained
in Ref. [48]. Finally, the gluon and bottom PDFs for the case
without an IB component will be described by the CT14
parametrization [17]. In order to estimate the impact of an
intrinsic bottom component, we will consider the ansatz pro-
posed in Ref. [38] and assume that the bottom PDF, including
the extrinsic and intrinsic components, can be expressed as
follows:

2

b(x, Q%) = b(x, 0})[no IC] + <
’ ’ 2
mj

X |c(x, 0)[IC] = ¢(x, 0%)[no IC]} O

This ansatz takes into account the theoretical expectation that
the amount of the IB component is suppressed by a factor
mf /mi in comparison to the intrinsic charm one, which is
estimated by the difference between the charm PDFs, with
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and without the inclusion of the IC component. Moreover,
it assumes that the IB and IC components have a similar x-
dependence. Surely these assumptions can be improved in the
future, but we believe that they provide a reasonable approx-
imation for the possible amount of an intrinsic bottom in the
proton wave function. In our calculations, b(x, 0%)[no IC]
will be parametrized by the CT14 parametrization [17].
For the charm PDF, with and without IC, we will use the
CTEQ6.5 parametrization, since it allow us to estimate the
amount of IC for two distinct models: the Brodsky—Hoyer—
Peterson—Sakai (BHPS) [37] and Meson Cloud (MC) [49—
51] models. In the BHPS model, this component is associated
to higher Fock states, as e.g. the |[uudcc) state. In contrast, in
the MC model, it comes e.g. from the nucleon fluctuation into
an intermediate state composed by a charmed baryon plus a
charmed meson. In Fig. 2 we present a comparison between
the associated bottom PDFs for a fixed scale Q = 2m. One
has that the inclusion of an intrinsic component implies a
model dependent enhancement of the bottom distribution at
large x (> 0.1) by almost one order of magnitude in compar-
ison to the no IB prediction. As a consequence, the presence
of an IB component is expected to have a large impact on the
bottom initiated contribution for the B* production.

Before presenting our predictions for the differential
cross-sections, itis illustrative to estimate the typical momen-
tum fractions of projectile (x1) and target (x2) partons con-
tributing to the B-meson production. In Fig. 3 we present the
associated results for the integrand of the differential cross-
section, derived considering pp collisions at /s = 13 TeV
and assuming the “CT14 no IB” parameterization for the
PDFs and the “UGD g1.118MV” for the BK solution. We
assume different values for the rapidity and two values for
the transverse momentum: py = 2.0 GeV (left panel) and
pr = 11.0 GeV (right panel). The results demonstrate that
for the LHC energy, the main contribution for the differen-
tial cross-section comes from values of x, smaller than 1072
and, therefore, is sensitive to non-linear effects in the QCD
dynamics. On the other hand, one has that the contribution
associated with values of x; larger than 0.1 become impor-
tant for very forward rapidities, beyond the region covered
by the current LHC detectors. As a consequence, considering
the results presented in Fig.2, we expect a small impact of
the intrinsic bottom on our predictions for the B production
at the LHCb rapidities (2 < y < 4.5). In contrast, for the
future Forward Physics Facility [21,22], which will cover
rapidities in the range 6.0 < y < 9.0, we can expect that
the predictions will also be sensitive to the description of the
bottom content of the projectile proton.

In Fig.4 (left panel) we present the pr-spectra of B*-
mesons produced in proton-proton collisions at 13 TeV.
Our results, calculated using the middle value of the appro-
priate rapidity bin, are compared to the LHCb data [41].
For better visualization, we multiply the results by 107"
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(m = 0,3,6,9, 12). The uncertainty band was generated
by multiplying/dividing the momentum scale present in the
PDFs and FFs by a factor of two. A good, overall agree-
ment with experimental data is achieved, especially for larger
rapidities, with the predictions derived using distinct PDFs
being similar. In particular, our results indicate that the cur-
rent B* data for the pr spectra measured in the kinematical
range probed by the LHCD detector is not sensitive to the
intrinsic bottom. One has that the error band increases at
low pr, which is associated with the limitations related to
the description of the incoming projectile using a perturba-
tive QCD framework. Results derived in [35] indicate that
the agreement may be improved by taking the transverse
momentum of the projectile parton into account through a
phenomenological model. Another possibility is the inclu-
sion of a Sudakov factor [52]. However, it is important to
emphasize that the treatment of the BT production at small-
pr is still an open question.

The results for the rapidity distribution are presented in
Fig.4 (right panel). The rather large uncertainty band can be
traced back to the fact that pr integrated observable receive
major contributions from soft, low momentum particles and
this is exactly the regime where our calculations for the trans-
verse momentum spectra present the largest uncertainties
when varying the momentum scale in the PDFs and FFs.
The reduction of the uncertainty band at forward rapidities
when compared to the mid-rapidity is purely kinematical,
and happens due to the decrease of the available phase space.
One has that our calculations overestimate the experimental
data for smaller values of rapidity and are closer to them for
y > 3.0. A similar behavior is also observed in the case of
the D-meson production, where the data for /s = 7 TeV
are quite well described, while for /s = 13 TeV the predic-
tions overestimate the data for smaller rapidities (see, e.g.,
Refs. [15,33,35,36]). An explanation for this behaviour is
still an open question, which requires a more detailed the-
oretical analysis as well new experimental data. As already
observed in the results for the pr-spectra, the predictions
with and without an IB component in the kinematical range
2 <y < 4.5 are very similar, which indicates that the inclu-
sive B¥ production at the LHCb range is not sensitive to an
intrinsic bottom, in agreement with the expectation derived
from Fig. 3. A similar conclusion is also derived when we
consider the inclusive D-meson production. Such result indi-
cates that, similarly to the D-meson case, a better alternative
for the searching of an IB component at the LHCb could be
the associated production with a Z-boson, which is deter-
mined at leading order by a bottom-initiated channel. In con-
trast, for ultra-forward rapidities (y > 5), shown in more
detail in the inset of Fig.4, one has that the “CT14 no IB”
prediction decreases faster than the calculations including an
intrinsic bottom. These results point out that the presence of
an IB component implies an enhancement of B* production
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Fig. 3 The momentum fractions of projectile (x;) and target (x;) partons contributing to the differential cross-section for the B-meson production,
derived considering different values of the rapidity and transverse momentum of the meson. Results derived for pp collisions at /s = 13 TeV
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Fig. 5 Left panel. Predictions of the gluon and bottom-initiated chan-
nels for the Feynman-x distribution associated with the B¥ meson pro-
duction in pp collisions at /s = 13TeV. Right panel. Feynman-x ¢

in the kinematical range that will be probed in the Forward
Physics Facility. In particular, we have verified that the ratio
between the central “IB” and “no IB” predictions increases
with the rapidity and is larger than 6 in the FPF rapidity range.

In order to determine the relative contribution of the gluon
and bottom-initiated contributions for the B¥ production, it
is useful to analyze the corresponding Feynman-x distri-
butions. In Fig. 5 (left panel), we present the predictions for
the x distributions derived considering the three PDFs sets.
One has that for the “CT14 no IB” case, the bottom-initiated
channel is ever smaller than the gluon-initiated one. In con-
trast, the inclusion of an IB component implies that bottom-
initiated channel dominates for xz > 0.6, with the BHPS
and MC predictions being similar. Such behavior has direct
impact on the predictions for the B* production at large-x r,
as demonstrated in the right panel of Fig.5. One has that the
IB component implies that the xp-distribution is enhanced
by approximately one order of magnitude for xr ~ 0.8. This
result motivates a future analysis of the impact on the B-
meson production at FPF, as well a revision of the predictions
for the prompt neutrino flux at the IceCube. As demonstrated
in Ref. [23], the behavior of the Feynman-x distribution at
large-xr determines the magnitude of the prompt neutrino
fluxes at ultra-high energies. In addition, the results derived in
Ref. [29] without an IB component indicate that the B-meson
contribution for the flux is ~ 5—10% at E,, ~ 10°— 108 GeV,
where E, is the neutrino energy. The presence of an IB com-
ponent is expected to enhance this contribution, having direct
impact on the predictions for the IceCube and future Neutrino
Observatories. In particular, a forthcoming study of the ratio
between the tau and electron neutrino fluxes can be useful to
probe the impact of the intrinsic bottom, since the electron
neutrino flux at high energies is almost insensitive to the con-
tribution associated with the B-meson production, while the
tau neutrino flux receives a non-negligible contribution from
this channel.
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Results derived considering three distinct PDF sets

As a summary, in this paper we have performed an
exploratory study of the B-meson production at forward
rapidities in pp collisions at 4/s = 13 TeV considering the
hybrid formalism and taking into account a possible intrinsic
bottom component in the proton wave function. Assuming
a naive ansatz for the description of the IB component, we
have demonstrated that it implies an enhancement of the bot-
tom PDF at large values of the Bjorken-x variable. We have
investigated its impact on the kinematical range probed by
the LHCb detector and verified that the inclusive B¥-meson
production is not sensitive to the IB component. One has indi-
cated that an alternative is the searching of intrinsic bottom
at the LHCb in the Z + B production. In contrast, our results
demonstrated that the existence of an intrinsic bottom com-
ponent implies the dominance of the bottom-initiated chan-
nel at ultra-forward rapidities, which can be probed in the
forthcoming Forward Physics Facility. Moreover, we have
pointed out that the IB component will imply the enhance-
ment of the prompt neutrino flux at high energies. Such these
aspects indicate that the study of an intrinsic bottom deserves
a more detailed phenomenology, which we plan to perform
in forthcoming studies.
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