PHYSICAL REVIEW D 98, 014012 (2018)

Intrinsic charm contribution to the prompt atmospheric neutrino flux

A. V. Giannini,1 V.P. Gonc_;alves,2 and F.S. Navarra'

Unstituto de Fisica, Universidade de Sdo Paulo, C.P. 66318, 05315-970 Sdo Paulo, SP, Brazil
Instituto de Fisica e Matemdtica, Universidade Federal de Pelotas,
Caixa Postal 354, CEP 96010-900, Pelotas, RS, Brazil

® (Received 6 March 2018; published 9 July 2018)

In this work we investigate the impact of intrinsic charm on the prompt atmospheric neutrino flux.
The color dipole approach to heavy quark production is generalized to include the contribution of processes
initiated by charm quarks. The prompt neutrino flux is calculated assuming the presence of intrinsic charm
in the wave function of the projetile hadron. The predictions are compared with previous color dipole
results which were obtained taking into account only the process initiated by gluons. In addition, we
estimate the atmospheric (conventional + prompt) neutrino flux and compare our predictions with the
ICECUBE results for the astrophysical neutrino flux. Our results demonstrate that the contribution of the
charm quark initiated process is non—negligible and that the prompt neutrino flux can be enhanced by a
factor ~2 at large neutrino energies if an intrinsic charm component is present in the proton wave function.
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I. INTRODUCTION

Astrophysical neutrinos detected by the IceCube
Observatory mark the beginning of neutrino astronomy
[1-3], which allows us to study very high energy physical
processes in the Universe [4,5]. The atmospheric neutrino
flux is produced in the atmosphere of the Earth (through
cosmic-ray interactions with nuclei) and it is the main
background in studies of cosmic neutrinos. During the last
years, several neutrino observatories [6—9] have studied the
high-energy neutrino flux. The experimental data indicate
that, at low energies (E, < 10° GeV), the measured neu-
trino flux is dominated by atmospheric neutrinos which
come from the decay of light mesons (pions and kaons).
This flux is called conventional atmospheric neutrino flux
[10—12]. On the other hand, in the energy range 10° GeV <
E, < 107 GeV, the prompt atmospheric neutrino flux
(resulting from the decay of heavy quark hadrons) becomes
important [13-15]. The precise knowledge of this contri-
bution is crucial for the determination of the cosmic
neutrino flux.

The calculation of the prompt atmospheric neutrino flux
has been subject of intense activity [15-23]. Since heavy
quarks are an important source of neutrinos, it became
necessary to describe their production with better accuracy.
Different treatments (and approximations) of heavy quark
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production at high energies and of the QCD dynamics at
small values of the Bjorken—x variable were proposed.
Although the LHC data on the prompt heavy quark cross
sections (see e.g., Refs. [24,25]) helped us to improve the
description of heavy meson production at forward rap-
idities and significantly reduced some of the theoretical
uncertainties, the predictions obtained by different groups
can still differ by a factor >2. This large uncertainty is due
to the fact that the main contribution to the prompt
neutrino flux comes from heavy quark production in a
kinematical range which is not currently probed by the
LHC. In Ref. [26] the authors have presented a detailed
analysis of the kinematical domains in which charm and
prompt atmospheric neutrino production from cosmic rays
are relevant for the IceCube experiment. They explored
the sensitivity of the corresponding neutrino flux and of
the charm cross section to the cuts on the maximal pp c.m.
energy, to the longitudinal momentum fraction in the
target and projectile, to the Feynman x and to py values
included in the calculation. They have demonstrated that
in order to address the production of high-energy neu-
trinos (E, > 107 GeV) one needs to know the charm
production cross section at energies larger than those
available at the LHC as well as the parton/gluon distribu-
tions in the region 10™® < x < 10>, which are not pres-
ently available in collider measurements. Consequently,
the presence of new effects, which are expected to con-
tribute to small values of x and/or large values of the xp,
cannot be excluded by current data.

The production of heavy states at high energies is
expected to be sensitive to nonlinear effects of QCD
dynamics [27-32], which are predicted to be enhanced
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at forward rapidites [33]. The cross sections at forward
rapidities are dominated by collisions of projectile partons
with large light cone momentum fractions (x, — 1) with
target partons carrying a very small momentum fraction
(x; < 1). Consequently, small-x effects coming from the
non-linear aspects of QCD and from the physics of the
color glass condensate (CGC) [33] are expected to appear
and the usual factorization formalism is expected to break
down [28]. Recent results [34-36] indicate that the CGC
formalism provides a satisfactory description of the exper-
imental data on particle production at forward rapidities.
Additionally, large-x effects in the projectile are also
expected to contribute to heavy quark production at
forward rapidities. One of the possible new effects is the
presence of intrinsic heavy quarks in the hadron wave
function (For recent reviews see, e.g., Refs. [37,38]). Heavy
quarks in the sea of the proton can be perturbatively
generated by gluon splitting. Quarks generated in this
way are usually denoted extrinsic heavy quarks. In contrast,
the intrinsic heavy quarks have multiple connections to the
valence quarks of the proton and thus are sensitive to its
nonperturbative structure.

The existence of the intrinsic charm (IC) component was
first proposed long ago in Ref. [39] (see also Ref. [40]) and
since then other models of IC have been discussed [41,42].
Its existence implies a large enhancement of the charm
distribution at large x (>0.1) in comparison to the extrinsic
charm prediction. Moreover, due to the momentum sum
rule, the gluon distribution is also modified by the inclusion
of intrinsic charm. The intrinsic charm (IC) component of
the proton wave function was included in recent global
analyses, performed by different theoretical groups, in order
to constrain the parton distributions. Although the resulting
IC distributions are compatible with the world data, the
amount of IC in the proton wave function is still subject of
intense debate [43,44] and has motivated a large number of
phenomenological studies (See e.g., Refs. [45—47]).

One of the most direct consequences of the intrinsic
charm component is that it gives rise to heavy mesons
with large fractional momenta relative to the beam
particles, affecting the xr and rapidity distribution of
charmed particles. This aspect was explored e.g., in
Refs. [13,48-50]. In particular, in Ref. [50] we studied
D-meson production at forward rapidities taking into
account nonlinear effects in the QCD dynamics and the
intrinsic charm (IC) component of the proton wave
function. The results show that, at the LHC, the intrinsic
charm component changes the D rapidity distributions in
a region which is beyond the coverage of the LHCb
detector. At higher energies, as those probed in neutrino
observatories, our results indicated that the IC component
dominates the rapidity and x distributions, with the latter
being enhanced by a factor 6-8 in the 0.2 < x < 0.8 range.
In Ref. [50] we have pointed out that one of the basic
consequences of this enhancement is the modification of

the prompt neutrino flux at large energies. The main
purpose of this work is to estimate the impact of the
intrinsic charm component on the prompt neutrino flux
taking into account non—Ilinear effects in the QCD
dynamics. Itis important to emphasize that the contribution
associated to a heavy quark in the initial state was not taken
into account in previous studies using the color dipole
formalism performed, e.g., in Refs. [18,51]. The inclusion
of heavy quarks in the initial state in the color dipole
approach is done here for the first time. Additionally,
previous estimates of the intrinsic charm contribution to the
neutrino flux [20,21] have made use of phenomenological
models of the xg-distribution in A, and D production,
constrained only by the scarce low energy experimental
data and then extrapolated to higher energies. In contrast, in
our analysis the basic ingredients of the calculations, the
charm/gluons PDF’s and the dipole-hadron amplitude,
have been constrained by the most recent LHC data and
nonlinear effects in the QCD dynamics are taken into
account.

This paper is organized as follows. In the next section we
present a brief review of the formalism to calculate the
charm production at forward rapidities, as well as we
discuss the impact of an intrinsic charm component in the
Feynman xp-distribution. In Sec. III we present our results
for the prompt neutrino flux. The contribution of the
different components is analyzed and the impact of the
intrinsic component is estimated. In particular, the predic-
tions for the atmospheric (conventional 4+ prompt) neutrino
flux is compared with the recent ICECUBE results for
the flux of the astrophysical neutrinos. Finally, in Sec. IV
we summarize our main results and conclusions.

II. FORMALISM

In the analysis performed in this paper, we will closely
follow the procedure described in detail in Refs. [26,50].
In what follows we will only present the main aspects
of the formalism and refer the reader to Refs. [26,50] for
more details. As in Ref. [26], we will calculate the prompt
neutrino flux using the semianalytical Z-moment approach,
proposed many years ago in Ref. [13] and discussed in
detail, e.g., in Refs. [17,51]. In this approach, a set of
coupled cascade equations for the nucleons, heavy mesons,
and leptons (and their antiparticles) fluxes is solved, with
the equations being expressed in terms of the nucleon-to-
hadron (Zyy), nucleon-to-nucleon (Zyy), hadron-to-hadron
(Zyn), and hadron-to-neutrino (Zg,) Z-moments. These
moments are inputs in the calculation of the prompt
neutrino flux associated with the production of a heavy
hadron H and its decay into a neutrino v in the low- and
high-energy regimes. We will focus on vertical fluxes and
will assume that the cosmic ray flux ¢y can be described by
a broken power-law spectrum [52] or by the H3a spectrum
proposed in Ref. [53], with the incident flux being repre-
sented by protons. Moreover, we will assume that the
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charmed hadron Z-moments can be expressed in terms of
the charm Z-moment as follows: Z,; = fy X Z,., where
fu 1is the fraction of charmed particle which emerges as a
hadron H. As in Ref. [51], we will assume that f 0 = 0.565,
fp+ =0.246, fp- = 0.080 and f, = 0.094.

The charm Z-moment at high energies can be
expressed by

_ 1 @ ¢p(E/xF) 1 do-pA—»charm(E/xF)
ch (E) = A XF ¢p (E) oo (E) dxy ,
(1)

where E is the energy of the produced particle (charm), x
is the Feynman variable, o, is the inelastic proton-Air
cross section, which we assume to be given as in Ref. [15],
and do/dxy is the differential cross section for the charm
production, which we assume to be given by do ,4_charm/
dxp = 2dops_.cz/dxp. One of the main inputs in the
Z-moment approach is the Feynman x; distribution of
the heavy quarks produced in hadronic collisions. As
discussed in Ref. [26], the main contribution to the prompt
neutrino flux comes from large values of xp, that are
associated with heavy quark production at forward rap-
idities. Moreover, as the production of neutrinos at a given
neutrino energy, E,, is determined by collisions of cosmic
rays with nuclei in the atmosphere at energies that are a
factor of order 100-1000 larger, the prompt neutrino flux
measured in the kinematical range that is probed by the
IceCube Observatory and future neutrino telescopes is
directly associated with the treatment of the heavy quark
production cross section at high energies. Following
Ref. [50], we will use the approaches developed in
Refs. [48,54,55] for the treatment of heavy quark pro-
duction induced by gluon-gluon and charm-gluon inter-
actions, respectively, and we will take into account
nonlinear effects in the QCD dynamics. The contribution
of the gg — cc subprocess will be disregarded, since it is
negligible at the energies and rapidities relevant for the
prompt neutrino flux [26].

The basic idea in Ref. [50] is that at forward rapidities,
the projectile (dilute system) evolves according to the linear
DGLAP dynamics and the target (dense system) is treated
using the CGC formalism. In this approach, the charm xp-
distribution will be determined by the contribution of the
two diagrams presented in Fig. 1, which are associated to
the gluon and charm-initiated processes. The first contri-
bution, represented in Fig. 1(a), can be estimated using the
color dipole picture [54,55], which implies that the rapidity
distribution for the charm production in a /1 /5 collision can
be expressed as follows

do

T —ng oo = (). @)

char

c(cbar) c(cbar)

(a) (b)

FIG. 1. Contributions to charm production at high energies
and forward rapidities. (a) Contribution from gluon-initiated
processes. (b) Contribution from charm in the initial state.

where x;g,(x;, ur) is the projectile gluon distribution, the
cross section ¢(gh, — {cc¢}X) describes charm production
in a gluon-nucleon interaction, y is the rapidity of the pair
and pp is the factorization scale. Moreover, the cross
section of the process g + h, — c¢X is given by:

alghy = {c2}X) = [ da [ @ri¥, clar)al,(an
(3)

where a (@ = 1 — ) is the longitudinal momentum fraction
carried by the quark (antiquark), r is the transverse
separation of the pair, ¥,_, . is the light-cone (LC) wave
function of the transition g — c¢¢ (which is calculable
perturbatively and is proportional to «a,) and o{%g is the
scattering cross section of a color neutral quark-antiquark-
gluon system on the hadron target i, [54,55]. The three-
body cross section is given in terms of the dipole-nucleon
cross section o,z as follows:

9 1
O'i%g(oh r)= 3 [6cz(ar) + oqz(ar)] — g%a(")- (4)
Finally, the dipole-nucleon cross section can be expressed
in terms of the forward scattering amplitude AV (x, r), which

is determined by the QCD dynamics, as follows:
c.:(x, 1) = 6N (x, r) (5)

where o is a free parameter usually determined by a fit
of the HERA data. On the other hand, the contribution of
the charm initiated process, represented in Fig. 1(b), is
given by [48]

d 1 -
d_(; = W/ szch/h,(xh/”%‘)GON(XZ’pT)' (6)

where x, ; is defined by x; , = pre / /s, Jfe/n, TEpTESENts

the projectile charm distribution and N(x, pr) is the
Fourier transform of the scattering amplitude N (x, r).
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(a) Comparison between the BHPS and No IC predictions for the charm (lower red curves) and gluon (upper black curves)

distributions. (b) Comparison between the BHPS and No IC predictions for the Feynman x distributions considering pp collisions at

Vs =13 TeV.

In order to estimate the contributions of the gluon and
charm-initiated processes, described by Egs. (2) and (6), we
should to assume a model to describe the dipole-nucleon
scattering amplitude N (x,, r), as well as a parametrization
for gluon and charm distributions in the projectile. The the
dipole-nucleon scattering amplitude N (x,, r) describes the
interaction of a color dipole of size r with the nucleon and
involves the QCD dynamics at high energies. Such quantity
contains all the information about the initial state of the
hadronic wave function and therefore about the nonlinear-
ities and quantum effects which are characteristic of
a system such as the CGC (For reviews, see e.g., [33]).
Formally its evolution is usually described in the mean field
approximation of the CGC formalism by the Balitsky-
Kovchegov (BK) equation [56]. Its analytical solution is
known only in some special cases. Advances have been
made in solving the BK equation numerically [57]. Since
the BK equation still lacks a formal solution in all
kinematical space, several groups have constructed phe-
nomenological models for the dipole scattering amplitude.
These models have been used to fit the RHIC, LHC and
HERA data [34,35,58-60]. As in Ref. [50], in our analysis
we will use the Boer-Utermann-Wessels (BUW) model for
N, originally proposed in Ref. [35], which assumes that A/
can be modelled through a simple Glauber-like formula,

N(x,r)=1-exp —%(rZQ?(x))?’(“Q) , (7)

where Q,(x) is the saturation scale and y is the anomalous
dimension of the target gluon distribution. The speed with
which we move from the nonlinear regime to the extended
geometric scaling regime and then from the latter to the
linear regime is what differs the BUW from other phe-
nomenological models. This transition speed is dictated by
the behavior of the anomalous dimension y(x, r?), which is
assumed in the BUW [35] dipole model to be given by

1o = pr/Qsww =1+ (1-17); @ =1) g

o*—1)+b

where a, b and y, are free parameters to be fixed by fitting
experimental data. In Ref. [36], the original parameters of
the BUW model were updated in order to make this model
compatible with all existing data. In particular, the recent
LHC data on light hadron production at forward rapidity
are satisfactorily reproduced by the updated model.

In order to quantify the impact of the intrinsic charm
component on the projectile wave function, we will use in
our calculations the next-to-leading order CTEQ 6.5
parametrization for the parton distributions [61]. In
Ref. [61], the CTEQ group determined the shape and
normalization of the IC distribution in the same way as
they do for other parton species. In fact, they find several
IC distributions which were compatible with the world
data. In what follows we will only consider the para-
metrization based on the Brodsky-Hoyer-Peterson-Sakai
(BHPS) model [39], obtained assuming that the average
longitudinal momentum fraction carried by the charm and
anticharm is (x.) = 2% at the initial scale of the QCD
evolution. The BHPS model assumes that the nucleon
light cone wave function has higher Fock states, one of
them being |ggqcc). The probability of finding the
nucleon in this configuration is given by the inverse of
the squared invariant mass of the system. Because of the
heavy charm mass, this probability as a function of the
quark fractional momentum, P(x), is very hard, as
compared to the one obtained through the Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution. Such
assumptions are used to describe the shape of the para-
metrization at the initial scale of the DGLAP evolution,
which is evolved for larger scales in order to contrain, by a
global data fit procedure, the parton distributions of the
proton. In Fig. 2(a) we compare the predictions of the
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BHPS model with those obtained disregarding the pres-
ence of an intrinsic component (denoted No-IC hereafter).
In the case of the charm distribution (lower red curves), the
BHPS model predict a large enhancement of the distribution
at large x (>0.1). In Fig. 2(a) we also present the corre-
sponding gluon distributions (upper black curves). Due to
the momentum sum rule, the gluon distribution is also
modified by the inclusion of intrinsic charm. In particular,
the BHPS model imply a suppression in the gluon distri-
bution at large x. The impact of these different models on the
Feynman xj distribution for the charm production in pp
collisions at /s = 13 TeV is presented in Fig. 2(b). We
present the sum of the gluon and charm contributions,
denoted “total” in the figure, as well present separately the
gluon contribution. We have that in the No IC case, the
distribution is dominated by the gluon initiated process.
In contrast, when intrinsic charm is included, the behavior
of the distribution in the intermediate xr range (0.2 <
xr < 0.8) is strongly modified. It is important to emphasize
that the contribution of the gluonic component decreases in
this kinematical range, as expected from the analysis of the
parton distributions presented in Fig. 2(a). As we will show
in the next section, these modifications in the distribution,
associated the presence of an intrinsic component, has
important implications in the prompt neutrino flux.

Before to present our predictions for the prompt neutrino
flux in the next section, two comments are in order. In our
analysis we will consider the next-to-leading order CTEQ
6.5C parametrization for the parton distributions [61], which
is provided by the CTEQ group. It is important to emphasize
that the CTEQ-TEA group has also performed a global
analysis of the recent experimental data including an intrinsic
charm component, which is available in the CT14 para-
metrization [62]. However, this analysis has been performed
at next-to-next-to-leading order. As demonstrated in Ref. [63],
the predictions of the dipole approach for the charm produc-
tion agree with those obtained using the collinear formalism at
NLO, in the kinematical range where the equivalence between
the approaches is expected. Therefore, we believe that it is
more consistent to use in our calculations PDFs obtained at
NLO. Second, the CTEQ 6.5C parametrization is used in this
paper for consistence with our previous study [50], where we
have performed a detailed analysis of the D—meson pro-
duction at the LHC energies considering different models for
the intrinsic charm component. In particular, in Ref. [S0] we
have compared the BHPS predictions with those obtained
using the Meson Cloud model [41,42]. Such model is not
considered in the CTEQ 6.6C parametrization, which is an
improved version of CTEQ 6.5C one. We have verified that
the modifications in our predictions for the neutrino flux are
negligible if the CTEQ 6.6C parametrization is used as input in
our calculations.

III. RESULTS

In what follows we will present our estimates for the
prompt atmospheric neutrino flux using the ingredients

discussed above. In our analysis, we will assume m, =
1.5 GeV and > = 4m? and compare the No IC predictions
with the BHPS one. Moreover, in order to estimate the
contribution associated to heavy quarks in the initial state,
we also will compare our full predictions, estimated taking
into account gluons and quarks in the initial state, with
those derived disregarding the charm contribution, as was
done in previous studies using the color dipole approach.

Initially, let us consider that the primary proton flux is
described by a broken power-law spectrum. Our motiva-
tion to assume this model is associated to the fact that
previous estimates for the prompt neutrino flux [18,51],
which we would like compare our results, has been
obtained using this model. In Fig. 3 we present our
predictions for the energy dependence of the prompt
atmospheric neutrino flux, normalized by a factor E.
In the left panel, we compare our predictions with those
obtained in Refs. [18,51] using the color dipole approach
and different phenomenological models based on satu-
ration physics. The predictions obtained in Ref. [51] are
denoted by ERS and those derived in Ref. [18] by the
cyan band. As in Refs. [18,51] only the processes initiated
by gluon were taken into account, here, for the sake of
comparison, we present our predictions derived considering
only this channel as well. At low energies (E, < 10% GeV),
the ERS and No IC predictions are very similar. On the other
hand, at large energies (E, > 107 GeV), the No IC pre-
dictions imply a larger prompt neutrino flux than that
derived in Refs. [18,51]. Such behavior can be attributed
to the model of the dipole-proton scattering amplitude
used in our calculations, which differs from those used in
Refs. [18,51]. As demonstrated, e.g., in Ref. [64], the BUW
model predicts a slower transition between the linear and
non—Ilinear regimes of the QCD dynamics than, e.g., the
IIM-S one [59,60] used in Refs. [18,51]. Consequently, the
BUW model implies a faster growth of the heavy quark
cross section with the energy, which has direct impact on
the prompt neutrino flux at high energies. On the other hand,
if the gluon distribution associated to the BHPS para-
metrization is used as input in the calculations, we find that
the resulting predictions are suppressed in comparison to
the No IC one. As discussed before, in the BHPS para-
metrization the IC component is taken into account and this
implies that a larger amount of the proton momentum is
carried by the charm quarks. Due to the momentum sum
rule, the amount carried by the other partons, in particular
the gluons, will be reduced. Therefore, the gluon distribu-
tions associated to the parton parametrizations which
include an intrinsic component are, in general, smaller
than those derived disregarding this component [See
Fig. 2(a)]. Such reduction explains the result observed in
the left panel of Fig. 3.

In Fig. 3(b) we estimate the impact of the charm initiated
processes on the energy dependence of the prompt neutrino
flux. As expected, the inclusion of this new channel of
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obtained in Refs. [18,51] using the color dipole approach. The results derived in [18] considering different phenomenological saturation
models for the dipole-proton scattering amplitude are represented by the cyan band. (b) Comparison of the No IC and BHPS predictions
considering the gluon and charm contributions and only the gluon one in the calculation of the x distribution.

charm production leads to an enhancement of the flux.
The magnitude of this enhancement depends on the details
of the model of the charm distribution. When the intrinsic
charm component is disregarded [the No IC (gluons +
charm) curve in Fig. 3] the impact of the charm initiated
processes is small. Such result is expected, since the
magnitude of the extrinsic charm distribution for small
values of y? is small. On the other hand, if the intrinsic
component is taken into account, we have a large enhance-
ment of the prompt flux.

One important question is the dependence of our results
on the model assumed for the primary nucleon spectrum.
Although the broken power-law (BPL) approximation of
the cosmic ray nucleon flux has been used to evaluate the

3
10°

E(GeV)

FIG. 4.

prompt neutrino flux in almost all early references, more
recent publications also present the predictions obtained
considering a modern description of the primary spectrum
proposed by Gaisser in Ref. [53]. In what follows we also
will estimate the prompt flux using the H3a spectrum,
which assumes that the spectrum is given by a compo-
sition of 3 populations and 5 representative nuclei, with
the set of parameters determined by a global fit of the
cosmic ray data [53]. A comparison between the BPL and
H3a spectra is performed in Fig. 4(a). We have that for
primary energies in the range 10* <E <10° GeV, the
H3a spectrum is larger than the BPL one. On the other
hand, for E > 10° GeV, the H3a spectrum is smaller than
the BPL one, and a structure associated to its composition
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(a) Comparison between the BPL and H3a models for the all-nucleon primary cosmic ray spectra. (b) Energy dependence of

the prompt neutrino flux, normalized by a factor EJ, obtained using the BPL and H3a models as input in the calculations.
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and charm channels (@, ) and that derived assuming only the gluon channel (®,). (b) Ratio between the flux derived assuming the
presence of this component (®pyps) with that calculated disregarding this component (®Pypic)-

is present. In Fig. 4(b) we present our predictions for the
energy dependence of the prompt neutrino flux obtained
using the BPL and H3a models for the primary nucleon
flux. As expected from Fig. 4(a), the H3a predictions
are smaller than the BPL one at large neutrino energies.
However, our results indicate a large impact of the
intrinsic charm also is present if the H3a spectrum is
considered.

A more detailed estimate of the contribution of the charm
initiated process and the intrinsic charm component is
obtained by the analysis of Fig. 5. In Fig. 5(a) we present
our results for the ratio between the flux calculated
considering the gluon and charm channels (®,, ) and that
derived assuming only the gluon channel (®,). The results
associated to the BPL and H3a models are presented for
comparison. When the IC component is absent, the impact
of the charm channel is #10% and almost energy inde-
pendent. In contrast, if an IC component is present, the
impact increases with the neutrino energy and becomes
larger than 200% at large energies, with the H3a predictions
being slightly larger than BPL one for E, <107 GeV.
Another way to estimate the impact of the IC component is
to calculate the ratio between the flux derived assuming the
presence of this component (®pyps) and the flux calculated
disregarding this component (®yoc).- The results are
presented in Fig. 5(b). They indicate that if only the gluon
channel is considered, the presence of the IC component
implies a reduction of the prompt neutrino flux of ~10%.
On the other hand, when the charm channel is included,
we predict an enhancement of ~160% in the flux. These
results strongly suggest that a generalized treatment of
heavy quark production, taking into account charm initiated
processes, is crucial to obtain realistic predictions of the
prompt flux using the color dipole approach, especially if

an intrinsic charm component is present in the proton
wave function.

Using its six-year experimental data, the ICECUBE
Collaboration has recently [3] estimated the astrophysical
neutrino spectrum with the help of an unbroken power-law
model. In order to compare our predictions with the neutrino
flux derived in Ref. [3], in Fig. 6 we present our results for the
neutrino flux, normalized by a factor E2, obtained consid-
ering the BPL model for the primary nucleon spectrum.
The results from Ref. [3] are represented by the gray band.
For the sake of comparison, we also present the predictions
for the conventional atmospheric neutrino flux derived in
Ref. [10]. In Fig. 6(a) we compare our predictions for the
prompt neutrino flux, considering different models and
channels, with the conventional and astrophysical predic-
tions. When the IC component and/or the charm channel
is disregarded, the prompt contribution dominates for
E, > 6 x 10° GeV. On the other hand, if the IC component
and the charm channel are taken into account, this transition
occurs at E, > 4.5 x 10° GeV. The most important aspect is
that, although the astrophysical neutrino flux is dominant at
large energies, the magnitude of the background associated
to the prompt flux is strongly dependent on the presence
or absence of the intrinsic component in the proton wave
function, in agreement with the result obtained in Ref. [21].
This dependence is more visible in the right panel of Fig. 6,
where we present our predictions for the sum of the conven-
tional and prompt fluxes and compare them with the
ICECUBE results for the astrophysical neutrino flux. We
observe that the inclusion of the IC component leads to an
enhancement of the atmospheric (conventional 4+ prompt)
neutrino flux of ~45% at E, = 10° GeV and of ~200% at
E, = 3.5 x 10% GeV. Such large values are in agreement
with the expectation discussed in Ref. [50].
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FIG. 6. Energy dependence of the prompt neutrino flux, normalized by a factor E2, obtained considering the BPL model for the
primary nucleon spectrum. (a) Comparison of our results with the predictions for the conventional neutrino flux derived in Ref. [10] and
the astrophysical neutrino flux obtained in Ref. [3], which is represented by the cyan band. (b) Comparison between the predictions for
the atmospheric (conventional + prompt) neutrino fluxes and the astrophysical one.

In Fig. 7(a) we compare the BPL predictions with those
obtained using the H3a model for the primary nucleon
spectrum. As expected from our previous analysis, the
atmospheric (conventional + prompt) neutrino flux derived
using the H3a model is smaller the BPL one at large
neutrino energies and they are similar to E, ~ 10° GeV.
Finally, in Fig. 7(b) we compare the BHPS predictions,
derived using the H3a spectrum, with the corresponding
results obtained in Refs. [20,21], considering different
assumptions for the intrinsic charm component. In particu-
lar, in Ref. [20] the authors have derived an upper limit for
the neutrino spectrum assuming a maximum value for the
contribution associated to the hadronization of the spectator
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FIG. 7.

charm with the valence quarks of projectile. This upper
limit is denoted by HW in the figure. On the other, in
Ref. [21] (denoted LB hereafter) the normalization of the
intrinsic charm contribution for the xp—distribution is
constrained by the data at low energies presented by the
ISR experiments and LEBC-MPS Collaboration, with the
energy dependence being that of the inelastic pp cross
section (See Ref. [21] for details). We have that our
predictions are below from the BW one at large energies,
with the difference between the results increasing with the
neutrino energy. On the other hand, we predict a larger
atmospheric neutrino flux than the LB model in the range
probed by the IceCube. We believe that this difference is

107 — ]
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(a) Comparison between the BPL and H3a predictions for the energy dependence of the atmospheric (conventional 4 prompt)

neutrino fluxes, normalized by a factor E2. (b) Comparison between the BHPS predictions for the atmospheric (conventional + prompt)
neutrino flux with the results derived by Halzen and Willie (HW) [20] and by Laha and Brodsky (LB) [21]. Results derived using the

H3a spectrum.
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mainly associated to the energy dependence of the intrinsic
contribution, which in our calculations is steeper than the
energy dependence of the inelastic pp cross section. As a
consequence, our contribution of the charm initiated
process increases faster with the center-of-mass energy
than the LB one. The discrimination between these differ-
ent predictions can, in principle, be feasible by future
IceCube measurements dedicated to constrain the magni-
tude of the prompt contribution.

At this point, some comments are in order. In our
calculations we have considered only the BHPS model
of intrinsic charm, in which the amount of IC is maximal.
From the results presented in Ref. [50], we can expect that
if the meson cloud model is considered, we will get similar
results for the enhancement associated to the IC compo-
nent. However, if the amount of momentum carried by the
IC component is reduced, this will change our predictions
for the prompt neutrino flux. Therefore, our predictions
should be considered as an upper limit for the impact of the
IC component. Another important aspect that should be
emphasized is that we have used the color dipole approach
to estimate the prompt neutrino flux. As discussed in detail
in Refs. [18,26], this model implies a x -distribution that is
larger at intermediate values of x than those obtained with
the collinear and with the kp-factorization formalisms. As
explained in Refs. [18,26], such behavior is somewhat
unexpected as this approach includes saturation effects
that should lead rather to a reduction of the cross section
compared to the collinear and the k; factorization
approaches. The explanation of this difference is still an
open question and theme of debate (For a more detailed
discussion see Ref. [26]). Consequently, the color dipole
predictions should be considered as upper bounds for
the prompt neutrino flux. The mentioned aspects imply
that our predictions should be considered as upper bounds.
However, we believe that our results strongly indicate that
the inclusion of the charm channel in the color dipole
approach for the heavy quark production is important to
obtain realistic predictions and that the prompt neutrino
flux is sensitive to the presence or absence of an IC
component in the hadron wave function.

IV. SUMMARY

A complete knowledge of the partonic structure of
hadrons is fundamental to make predictions for the
standard model and beyond standard model processes
observed at hadron colliders. In particular, the heavy
quark component of the proton has a direct impact on the
calculation of the prompt atmospheric neutrino flux,

which is a background to the astrophysical neutrino flux
measured by the ICECUBE Collaboration. One important
(and not yet known) quantity for heavy quark production
is the amount of the intrinsic component in the hadron
wave function. It carries a large fraction of the hadron
momentum and, consequently, is expected to modify the
cross sections and associated distributions of the produced
heavy quarks and heavy mesons at forward rapidities. In
this paper we have estimated the impact of the intrinsic
charm component on the prompt neutrino flux using the
color dipole approach to compute the charm xp—
distribution. Following Ref. [50], we have generalized
previous color dipole calculations by taking into account
the contribution of processes initiated by charm quarks.
Moreover, differently from previous studies of IC effects,
we have used in our calculations the parton distributions
derived from the global analysis of a large set of
experimental data, with evolution described by the
DGLAP equations. Additionally, we have used as input
in our calculations a model for the dipole-proton scatter-
ing amplitude that describes very well particle production
at forward rapidities and LHC energies. Our results
indicate that the inclusion of the channel initiated by
charm quarks has a strong effect on the prompt neutrino
flux. In particular, if an IC component is present in the
hadron wave function, our results indicate that the flux
is enhanced by a factor 2 at large neutrino energies.
Furthermore, we find that the astrophysical neutrino flux
becomes dominant at E, ~ 10° GeV. However, the mag-
nitude of the background is strongly sensitive to the
description of the prompt neutrino flux. Consequently,
in order to disentangle the magnitude of the astrophysical
contribution to the neutrino flux, it is mandatory to have a
better theoretical and experimental control of the prompt
neutrino flux.
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