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Abstract The predictions for the atmospheric neutrino flux
at high energies strongly depend on the contribution of
prompt neutrinos, which are determined by the production of
charmed mesons in the atmosphere at very forward rapidi-
ties. In this paper we estimate the related cross sections taking
into account the presence of an intrinsic charm (IC) compo-
nent in the proton wave function and the QCD dynamics
modified by the onset of saturation effects. The impact on
the predictions for the prompt neutrino flux is investigated
assuming different values for the probability to find the IC in
the nucleon (P;.). We demonstrate that for P;. ~ 1%, the IC
component dominates the high-energy prompt neutrino flux.
A first comparison with the IceCube data is performed and
upper limits on the amount of IC are obtained for the linear
and nonlinear descriptions of the QCD dynamics.

1 Introduction

The understanding of Particle Physics has been challenged
and improved by the recent experimental results obtained by
the LHC, the Pierre Auger and IceCube Neutrino Observa-
tories [1]. In particular, in recent years, IceCube measured
the astrophysical and atmospheric neutrinos fluxes at high
energies [2—4] and different collaborations from the LHC
performed several analyses of the heavy meson production
at high energies and forward rapidities [5-8]. Such distinct
sets of data are intrinsically related, since the description
of the heavy meson production at the LHC and higher cen-
ter of mass energies is fundamental to make predictions of
the prompt neutrino flux [9], which is expected to dominate
the atmospheric v flux for large neutrino energies [10, 10].
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An important question, which motivates the present study, is
whether the current and future IceCube data can shed light on
charm production at the LHC and vice-versa and in particular
on the intrinsic charm in the nucleon.

In order to derive realistic predictions of the prompt atmo-
spheric neutrino flux at the detector level we should have
theoretical control of the description of several ingredients
(see Fig. 1): the incident cosmic flux, the charm produc-
tion, its hadronization, the decay of the heavy hadrons, the
propagation of the associated particles through the atmo-
sphere and the neutrino interaction (see e.g. Refs. [12-23]).
As demonstrated in our previous study [9], to address the
production of high-energy neutrinos (E, > 10° GeV), it is
fundamental to precisely describe the charmed meson pro-
duction at very high energies and large forward rapidities.
This aspect motivated the development of new and/or more
precise approaches to describe the perturbative and nonper-
turbative regimes of the Quantum Chromodynamics (QCD)
needed to describe the charmed meson production in a kine-
matical range beyond that reached in hadronic collisions at
the LHC. For this new kinematical range, some topics are
theme of intense debate: (a) the presence (or not) of intrinsic
heavy quarks in the hadronic wave function [24-27], char-
acterized by a large value of the longitudinal momentum
fraction of beam nucleon momentum; (b) the validity of the
collinear factorization at high energies [28-31], since it dis-
regards the transverse momentum of the incident particles;
and (c) the presence (or not) of nonlinear (saturation) effects
on the description of the QCD dynamics at high energies
[32-36], which are expected to contribute at high energies
due to the high partonic density predicted by linear DGLAP
or BFKL evolution equations'; (d) the impact of subleading

! One has that for large momentum transfer, the DGLAP and BFKL
equations predict that the mechanism g — gg populates the transverse
space with a large number of small size gluons per unit of rapidity (the
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Fig. 1 Representation of the ingredients needed to estimate the prompt neutrino flux at the detector level

fragmentation of light partons on heavy meson production
at high energies and very forward rapidities and its conse-
quences for prompt neutrino flux [23,37]. Such questions
naturally arise due to the fact that in the calculation of the
prompt neutrino flux at high energies, the main contribution
for the charm production cross section comes from partons
with very small (large) values of x in the hadrons that consti-
tute the atmosphere (incident cosmic ray flux). Recently, two
of us have presented in Ref. [38] a comparative study of the
charm production at large rapidities considering the collinear,
hybrid and kr-factorization approaches taking into account
the presence of intrinsic charm in the proton wave function
with parton distributions that are solutions of linear and non-
linear evolution equations. One of the goals of this paper is to
extend the analysis performed in Ref. [38] and derive asso-
ciated prompt neutrino fluxes at high energies. In particular,
we shall estimate the impact of the intrinsic charm-initiated
subprocess and/or saturation effects on the predictions for
the prompt neutrino flux. Another more ambitious goal is

Footnote 1 continued

transverse size of a gluon with momentum k7 is proportional to 1/ k7).
However, for small k7, the produced gluons overlap and fusion pro-
cesses, gg — g, are equally important. Such process, taken into account
by nonlinear models, implies that the increasing of the gluon distribution
below a typical scale (denoted saturation scale Q) is reduced, restoring
the unitarity.

@ Springer

to verify whether the recent IceCube data for the prompt
v, flux allow to derive an upper bound for the probability
of finding a charm quark—antiquark pair in the proton wave
function, which is one of the main uncertainties in the mod-
elling of the intrinsic charm. A similar goal was also present
in the analyses performed in Refs. [16,18]. However, our
study differs from these previous analyses in several aspects.
Our predictions for the x r distributions will be derived using
a framework that successfully describes the LHC data, with
the main input being the parton distribution functions which
were derived using the world data. In these previous studies,
the xp distribution was fitted using the old data for the D
and A, production, with the normalization being a param-
eter free. Moreover, the energy dependence of the intrinsic
charm contribution was assumed to follow the inelastic cross
section, which is dictated by soft processes. In contrast,
in our approach, such contribution is calculated perturba-
tively, which implies a steeper energy dependence. Finally,
our predictions are calculated using a unified approach for
the gg — cc and gc — gc mechanisms, which we believe
to be more realistic to treat the charm production at central
and forward rapidities.

The paper is organized as follows. In the next section
a brief review of the formalism needed to estimate the
prompt v, flux is presented. In particular, we discuss the
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Fig. 2 A schematic illustration of the IceCube experiment

Z-moment method [39], the hybrid approach for production
of ¢/c quarks/antiquarks and the main inputs and underlying
assumptions of our calculations. In Sect. 3, we shall present
our predictions for the Feynman xr distribution and for the
prompt flux considering different charm production mecha-
nisms and different models for the unintegrated gluon dis-
tribution. Moreover, the prompt flux is estimated assuming
different amounts for the probability of finding an intrin-
sic charm component in the nucleon and the predictions are
compared with the recent IceCube data. Finally, in Sect. 4 we
shall summarize our main results and formulate conclusions.

2 Formalism

A schematic illustration of the IceCube experiment is shown
in Fig. 2. Neutrinos are detected through the Cherenkov light
emitted by secondary particles produced in neutrino-nucleon
interactions in or around the detector. Although primarily
designed for the detection of high-energy neutrinos from
astrophysical sources, denoted cosmic neutrino in Fig. 2,
IceCube can also be used for investigating the atmospheric
neutrino spectrum.? The atmospheric neutrinos are produced
in cosmic-ray interactions with nuclei in Earth’s atmosphere
[10,11]. The low-energy neutrinos (E, < 10° GeV) arise

2 At the IceCube, two principal methods are used to separate neutrinos
of cosmic origin from the background of atmospheric neutrinos. The
first method reconstructs muon tracks reaching the detector from direc-
tions below the horizon, the second identifies neutrinos of all flavors
that interact inside the instrumented volume of the detector. See e.g.
Ref. [4].

from the decay of light mesons (pions and kaons) and the
associated flux is denoted as the conventional atmospheric
neutrino flux [41]. On the other hand, for larger energies, it
is expected that the prompt atmospheric neutrino flux asso-
ciated with the decay of hadrons containing heavy flavour
quarks/antiquarks become important [39]. One has that the
flux of conventional atmospheric neutrinos is a function of
the zenith angle, since horizontally travelling mesons have a
much higher probability to decay before losing energy in col-
lisions, which implies a harder conventional neutrino spec-
trum of horizontal events compared to vertical events. In con-
trast, heavy mesons decay before interacting and follow the
initial spectrum of cosmic rays more closely, being almost
independent of the zenith angle in the neutrino energy range
probed by the IceCube (see e.g. Ref. [42]). As discussed in
the Introduction, the calculation of the prompt atmospheric
neutrino flux at the detector level depends on the description
of the production and decay of the heavy hadrons as well as
the propagation of the associated particles through the atmo-
sphere (see Fig. 1). Following our previous studies [9,23],
we will estimate the expected prompt neutrino flux in the
detector ¢, using the Z-moment method [39], which implies
that ¢, can be estimated using the geometric interpolation
formula

H,low H,high

pp=Y 8

where H = D° D*, Df, A, for charmed hadrons and
¢>5’ dow and d)f high are solutions of a set of coupled cas-
cade equations for the nucleons, heavy mesons and lep-
tons (and their antiparticles) fluxes in the low- and high-
energy ranges, respectively. They can be expressed in terms
of the nucleon-to-hadron (Z y g ), nucleon-to-nucleon (Z y v ),
hadron-to-hadron (Z g g) and hadron-to-neutrino (Zg,) Z-
moments, as follows [39]

Hiow _ ZNH(E) Zpy(E)
Hoigh _ ZNH(E) Zry(E) In(An/AN)
! 1 —ZyNn(E) 1—ANn/Ag
h
XL 1 (9) g (E. 0). 3
TH

where ¢y (E, 0) is the primary flux of nucleons in the atmo-
sphere, m g is the decaying particle’s mass, Ty is the proper
lifetime of the hadron, kg = 6.4 km, f(0) =~ 1/cos6 for
0 < 607, and the effective interaction lengths A; are given
by A; = X;/(1 — Z;;), with A; being the associated inter-
action length (i = N, H). For Zp,, our treatment of the
semileptonic decay of D-hadrons follows closely Ref. [17].
In particular, we assume the analytical decay distributions
H — v, X obtained in Ref. [40] and use the decay branch-
ing ratios reported in the most recent PDG [1]. For a detailed

@ Springer
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discussion of the cascade equations, see e.g. Refs. [12,39].
Assuming that the incident flux can be represented by pro-
tons (N = p), the charmed hadron Z-moments are given
by

Zpn(E)
- fldﬁ ¢p(E/xp) 1 dopasu(E/xF)
0o XF @Qp(E) opa(E) dxp

where E is the energy of the produced particle (charmed
meson), xr is the Feynman variable, 6,4 is the inelastic
proton-Air cross section and do /dxF is the differential cross
section for the charmed meson production. Following previ-
ous studies [12-23], we will assume that A = 14, i.e. we will
take the '* N nucleus as the most representative element in the
composition of the atmosphere. For this value of the atomic
mass number, it is a reasonable approximation to assume that
OpA—scharm = A X Opp—scharm- Surely a more refined anal-
ysis of these two aspects is possible but would shadow our
discussion of the selected issues. For 0,4 we will assume
the prediction presented in Ref. [43] (for a more detailed
discussion see Ref. [44]).

The transition from quarks to hadrons in our calculations
is done within the independent parton fragmentation pic-
ture (see e.g. Ref. [57]). It is done assuming that the hadron
pseudorapidity is equal to parton pseudorapidity and only
momenta of hadrons are reduced compared to the parent
partons. In such an approximation the charmed meson x -
distributions at large xr can be obtained from the charm
quark/antiquark x-distributions as:

. @)

d tdzd :
MZ/ dzdoppcharmCF) o (s
X

c
dxp r 2 dx§

where xfp = xr/z and D, g (z) is the relevant fragmen-
tation function (FF). Here, in the numerical calculations
we take the traditional Peterson FF [58] with ¢ = 0.05.
The resulting meson distributions are further normalized by
the proper fragmentation probabilities. As in Ref. [9], we
assume that fpo = 0.565, fp+ = 0.246, ij = 0.080
and fj, = 0.094. We have checked numerically that in
the case of forward meson production, our predictions of the
fragmentation model with the xr being the scaling variable
are fully compatible with other possible prescriptions within
this approach, including the three-momentum p, energy E
or light-cone momentum p™ = (E + p) (see a discussion in
Ref. [57]).

As discussed in Ref. [38], the cross section for the charm
production at large forward rapidities, which is the region
of interest for estimating the prompt v, flux [9], can be
expressed as follows

dUpp—)Charm = dopp—)charm (gg — co)

+d0pp—>charm(Cg —cg), (6)

@ Springer

where the first and second terms represent the contributions
associated with the gg — cc and cg — cg mechanisms,
with the corresponding expressions depending on the factor-
ization scheme assumed in the calculations. In Ref. [38], a
detailed comparison between the collinear, hybrid and k7-
factorization approaches was performed and it was demon-
strated that the contribution associated with the gg — cc
channel is negligible. In what follows, we will focus on the
hybrid factorization model, which is based on the studies per-
formed also in Refs. [28—31]. Such a choice is motivated by:
(a) the theoretical expectation that the collinear approach,
largely used in previous calculations of ¢,, breaks down
at very small-x3 [29,31]; and that (b) the kr-factorization
approach reduces to the hybrid model in the dilute-dense
regime, which is the case in the charm production at very for-
ward rapidities, where we are probing large (small) values of
x in the projectile (target). In this approach, the differential
cross sections for gg* — cc and cg* — cg mechanisms,
sketched in Fig. 3, are given by

dopp—scharm(8g —> ¢C)
dxp [ » 2 2 2y s i
= [ dx; ; d7ke g(x1, )fg*(x2vktﬁl‘(’ )dUgg*—>cc
(7

and

do’pp%charm (cg — cg)
dxp [ 2 2 2y a
= [dx; ; d7k c(xy, p )fg*(XZskzvﬂ )do'cg*%cg s
(3)

where g(x1, ©?) and ¢(x1, u?) are the collinear PDFs in the
projectile, Fgx(x2, kl2 ©?) is the unintegrated gluon distri-
bution (gluon uPDF) of the proton (nucleon) target, u? is
the factorization scale of the hard process and the subpro-
cesses cross sections are calculated assuming that the small-
x gluon is off mass shell and are obtained from a gauge
invariant tree-level off-shell amplitude. In our calculations
c(xy, uz), similarly c(x, /,Lz), contain the intrinsic charm
component. In the numerical calculations below the intrin-
sic charm PDFs are taken at the initial scale u = uq for a
given PDF, so the perturbative charm contribution is inten-
tionally not taken into account when discussing IC contribu-
tions. In our analysis using the hybrid model we also have
estimated the contribution associated to subprocesses initi-
ated by light quarks, which could become important at very
forward rapidities. In particular, we have calculated the Feyn-
man xf distribution associated to the gg* — gcc mecha-
nism, where ¢ = u, d, s. In Fig. 4a we present predictions

3 As demonstrated in Ref. [9], the prompt flux is strongly dependent
on the behavior of the PDFs for small x and low Q2, with the IceCube
being sensitive to 10~7 < x < 1073,
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Fig. 3 A sketch of the a
gg* — ccand b cg* — cg
production mechanisms in
pp-interactions within the
hybrid model

(a)

of the hybrid model for the Feynman-x distribution con-
sidering the different mechanisms for the charm production
obtained assuming the KMR uPDF. The intrinsic charm con-
tribution cg* — cg is obtained for the p;o = 1.5 GeV (dot-
ted line), 2.0 GeV (solid line) and 2.5 GeV (dot-dot-dashed
line) and for the probability of finding an intrinsic charm
in the proton wave function equal to 1.0% (for more details
see below). Our results indicate that the contribution of the
qg* — qcc mechanism is negligible in comparison to the
other contributions discussed in the present paper.

As emphasized in Ref. [38], the hybrid model, already
at leading-order, takes into account radiative higher-order
corrections associated with extra hard emissions that are
resummed by the gluon uPDF. Such result is demonstrated
in Fig. 4b, where we present a comparison between the pre-
dictions of the hybrid model and those derived using the
FONLL [59,60] collinear approach. The LO collinear pre-
dictions are presented for comparison. Here the hybrid model
results are obtained for the CT14nnloIC PDF set [61] while
the collinear LO and FONLL predictions for the CT14(n)lo
PDF [62]. One has that the hybrid model predictions, derived
taking into account the gg — c¢ mechanism, are similar to
the FONLL one, which were obtained assuming the collinear
factorization approach and summing the contributions initi-
ated by gluons and light quarks.

Considering the cg* — c¢g mechanism one has to deal
with the massless partons (minijets) in the final state. The
relevant formalism with massive partons is not yet available.
Working with minijets (jets with transverse momentum of
the order of a few GeV) requires a phenomenologically moti-
vated regularization of the cross sections. We follow here the
known minijet model [63] as adopted in PYTHIA 8, where
a special suppression factor is introduced at the cross section
level [64]. The form factor

p?

F(pr) = 55—
Ptz() + ptz

©))
is applied for each of the outgoing massless partons with
transverse momentum p,. It depends on a free parameter
p:0, which will be fixed here using experimental data for the
D meson production in p + p and p +* He collisions at
/s = 38.7 GeV and 86 GeV, respectively. This parameter

X1

D1

P2

X9 X9

(b)

also enters as an argument of the strong coupling constant
as( pt20 + M%e) This suppression factor was originally pro-
posed to remove singularity of minijet cross sections in the
collinear approach at leading-order. In the hybrid model (or
in the kr-factorization) the leading-order cross sections are
finite as long as k; > 0, where k; is the transverse momentum
of the incident off-shell parton. However, as it was shown in
Ref. [65], the internal k; cannot give a minijet suppression
consistent with the minijet model and related regularization
seems to be necessary even in this framework.

The predictions for the charm production strongly depend
on the modelling of the partonic content of the proton [38].
In particular, the contribution of the charm-initiated process
is directly associated with the description of the extrinsic
and intrinsic components of the charm content in the proton
(for a recent review see, e.g. Ref. [45]). Differently from the
extrinsic charm quarks/antiquarks that are generated pertur-
batively by gluon splitting, the intrinsic one have multiple
connections to the valence quarks of the proton and thus is
sensitive to its nonperturbative structure [24-27]. The pres-
ence of an intrinsic component implies a large enhancement
of the charm distribution at large x (> 0.1) in comparison to
the extrinsic charm prediction. Moreover, due to the momen-
tum sum rule, the gluon distribution is also modified by the
inclusion of intrinsic charm. In recent years, the presence of
an intrinsic charm (IC) component have been included in the
initial conditions of the global parton analysis [46,61], the
resulting IC distributions that are compatible with the world
experimental data. However, its existence and degree of rel-
evance for various phenomenological applications are still a
subject of intense debate [47,48], mainly associated with the
amount of intrinsic charm in the proton wave function, which
is directly related to the magnitude of the probability to find
an intrinsic charm or anticharm (P;.) in the nucleon.

In our analysis we will consider the collinear PDFs given
by the CT14nnlolC parametrization [61] from a global anal-
ysis assuming that the x-dependence of the intrinsic charm
component is described by the BHPS model [24]. In this
model the proton light cone wave function has higher Fock
states, one of them being |gggcc >. The cross sections will
be initially estimated in the next section using the set obtained
for P;c = 1% and, for comparison, the results for the case

@ Springer
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Fig. 4 a Predictions of the hybrid model for the Feynman xr distribution considering the different mechanisms for the charm production; b
Comparison between the predictions of the hybrid model for the gg — c¢ mechanism and those derived using the FONLL collinear approach

without IC will also be presented. Another important ingredi-
entis the modelling of Fg+ (x2, kf, Mz), which depends on the
treatment of the QCD dynamics for the unintegrated gluon
distribution at small-x. Currently, there are several models
in the literature, some of them have been reviewed in Ref.
[38]. In our analysis we shall consider three different mod-
els: two based on the solutions of linear evolution equations,
which disregard nonlinear (saturation effects) and one being
the solution of the Balitsky—Kovchegov equation [49,50],
which takes into account these effects in the small-x region.
In particular, we will use the uPDF derived using the Kimber—
Martin—Ryskin (KMR) prescription [51], which assumes that
the transverse momentum of the partons along the evolution
ladder is strongly ordered up to the final evolution step. In
the last step this assumption breaks down and the incoming
parton that enters into the hard interaction possesses a large
transverse momentum (k; & ). Such prescription allow us
to express Fg+(x2, k,z, uz) in terms of Sudakov form factor,
which resums all the virtual contributions from the scale k;
to the scale , and a collinear gluon PDF, which satisfies the
DGLAP evolution equations. For this model, we will esti-
mate the uPDF using as input the CT 14nnlo parametrization
(with and without IC) [61] and the associated predictions will
be denoted as KMR hereafter. Some time ago we showed that
in the case of charm production at the LHC, the KMR uPDF
leads to a reasonable description of the experimental data for
D-meson and D D-pair production [52]. As also discussed
in Refs. [53,54], the KMR model effectively includes extra
emission of hard partons (gluons) from the uPDF that corre-
sponds to higher-order contributions and leads therefore to
results well consistent with collinear NLO approach. In order
to investigate the impact of new dynamical effects — beyond

@ Springer

those included in the DGLAP equation — that are expected
to be present in the small-x regime, we will also estimate the
charm cross section using as input the uPDF’s obtained in
Ref. [55] as a solution of the Balitsky—Kovchegov equation
[49,50] modified to include the sub-leading corrections in
In(1/x) which are given by a kinematical constraint, DGLAP
Py, splitting function and the running of the strong coupling
(for a detailed derivation see Ref. [56]). Such an approach
includes the corrections associated with the BFKL equation,
in an unified way with the DGLAP one, as well the nonlinear
term, which takes into account unitarity corrections. In Ref.
[55] the authors performed a fit to the combined HERA data
and provided the solutions with and without the inclusion
of the nonlinear term. In the next section, we will use these
solutions as input in our calculations and the correspond-
ing predictions will be denoted KS nonlinear and KS linear,
respectively. For a comparison between predictions for the
KMR, KS linear and KS nonlinear Fg+ (x2, ktz, uz) we refer
the interested reader to Fig. 7 in Ref. [38].

3 Results

In what follows we will present our predictions for the
prompt atmospheric neutrino flux derived using the Z-
moment method. The effective hadronic interaction lengths
A; and the Z,,, Zyy and Zg,-moments will be estimated
following Ref. [13]. On the other hand, the Z,y-moment
will be calculated using as input the x p-distribution for the
charm production derived in the hybrid approach with the
ingredients discussed in the previous section. Moreover, the
prompt v, flux will be evaluated considering the description
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Fig. 5 Predictions of the hybrid model for a the Feynman xr and b the transverse momentum distributions of charm particles produced in pp

collisions at 4/s = 39 GeV. Presented here data are from Ref. [67]

of the primary spectrum proposed by Gaisser in Ref. [66],
denoted as H3a spectrum, which assumes that it is given by
a composition of 3 populations and 5 representative nuclei,
with the set of parameters determined by a global fit of the
cosmic ray data.

As discussed in the previous section, the predictions for
the cg — cg mechanism are calculated assuming a phe-
nomenologically motivated suppression of the minijet cross
section that depend on the p;( free parameter (see Eq. (9) and
Ref. [38] for more details). In order to constrain this param-
eter, we will initially consider the LEBC-MPC data [67] for
the D meson production in pp collisions at /s = 39 GeV. In
Fig. 5 we present our predictions for the xr and pr distribu-
tions of the charm meson, obtained using the CT14nnloIC
parametrization for P;, = 1% in the calculation of the
cg — cg mechanism. Here we have used the JH2013set2
CCFM model [68] for the off-shell gluon uPDF that can be
safely used for the kinematic regime relevant for the rather
low energy fixed-target experiment (see a discussion in Ref.
[70]). The results for the xz distribution indicate that in
our approach the inclusion of the cg* — cg mechanism
is needed in order to describe the data. Moreover, the pr
distribution is also well described. Both results point out
that a value of p;g = 2.0 GeV is a good choice for the
cutoff, which can be considered conservative, since smaller
values imply a larger amount for the contribution of the
cg — cg mechanism. Such a choice is also justified by a
recent analysis performed in Ref. [69], where a comprehen-
sive study of the impact of an intrinsic charm component
on the D meson production in p H e fixed-target collisions at
the LHCb was performed. The results presented in Ref. [69]
indicate that the LHCb data can be well described assum-
ing pro = 2.0 GeV for a probability of 1% of finding a

charm quark—antiquark pair in the proton wave function. It
is important to emphasize that, in principle, the p,o param-
eter can depend on energy. However, results derived in Ref.
[71] indicate that the energy dependence is rather mild and
that its value for /s < 100 TeV is smaller than 2.4 GeV.
Therefore, we believe that our choice for p;g is a good first
approximation.

In Fig. 6a, we present our predictions for the Feynman
x distribution of charm particles produced in pp collisions
at the atmosphere, considering an incident proton with an
energy of £, = 103 GeV and the KMR model for the
uPDF. Similar conclusions are derived using the KS linear
and KS nonlinear uPDFs. In the following calculations we
will assume that m. = 1.5 GeV and that the factorization
() and renormalization (u g) scales are given by the trans-

verse mass, i.e. Up = UR = mr = ,/p% + m2, where
p% = ( p%T + p%T) /2. The uncertainty present in our pre-
dictions due to these choices is discussed in the Appendix.
We present separately in the figure the contribution asso-
ciated with the cg — c¢g mechanism and the sum of the
two mechanisms, denoted by “cg” and “gg + cg”, respec-
tively. Moreover, we compare the IC predictions, obtained
using the CT14nnloIC parametrization for P;. = 1%, with
those obtained disregarding the presence of the intrinsic com-
ponent (denoted No IC hereafter). One has that for small
xp(= x1 — Xx2), the charm production is dominated by the
gg — cc mechanism, which is expected since for xp ~ 0
and high energies both longitudinal momentum fractions x;
are very small and the proton structure is dominated by glu-
ons. For the No IC case, the contribution of the cg — cg
mechanism is smaller than the gluon fusion one for all val-
ues of xg. In contrast, when intrinsic charm is included,
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Fig. 6 Predictions of the hybrid model for a the Feynman xpg-
distributions for charm particles and b the prompt neutrino flux (rescaled
by E 5), calculated using the KMR model for the uPDF. The predictions

the behavior of the distribution in the intermediate xr range
(0.06 < xf < 0.6) is strongly modified. Such a behaviour
is expected, since for this kinematical range, the charm pro-
duction depends on the description of the partonic content of
the incident proton at large values of the Bjorken x variable.
As discussed in the previous section, the main impact of the
presence of an intrinsic charm is that the charm distribution is
enhanced at large x (> 0.1), becoming larger than the gluon
distribution. As a consequence, the presence of an intrinsic
charm implies that the Feynman x g-distribution for large x ¢
is dominated by the cg — cg mechanism. The impact on
the predictions for the prompt neutrino flux is presented in
Fig. 6b. As expected from the analysis performed in Ref. [9],
where we find that the dominant contribution to the neutrino
flux comes typically from x ¢ in the region 0.2 < xr < 0.5,
one has that the flux is enhanced by one order of magnitude
when intrinsic charm is present. In agreement with the results
presented in Fig. 6a, the contribution of the cg — cg mech-
anism is negligible for the No IC case. However, it becomes
dominant in the IC case, with the normalization of the prompt
flux dependent on the amount of IC present in the projectile
proton, as demonstrated in Fig. 7, where we compare the pre-
diction derived assuming P;. = 1%, which is the assumption
present in the CT14nnlolIC parametrization, with the results
obtained assuming different values for this probability in the
calculation of the xr distribution for the cg — cg mech-
anism. As expected from Egs. (1), (4) and (8), our results
indicate that ¢, is linearly dependent on P;. and, therefore,
a precise determination of the prompt neutrino flux can be
used, in principle, to constrain the amount of IC in the proton
(see below).
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prametrization of the cosmic ray flux is used in this calculation

The charm production at large x is also dependent on the
small-x content of the target proton, which is dominated by
gluons. The dependence of our results on the model assumed
to describe the unintegrated gluon distribution is analyzed in
Fig. 8, where we present the predictions for the xf distribu-
tion and for the prompt neutrino flux derived assuming the
KMR, KS linear and KS nonlinear models as input in our
calculations. For this analysis, we only present the sum of
the two mechanisms for charm production and the IC pre-
dictions. One has that KMR and KS linear predictions for the
x r distribution are similar, with the KMR one being slightly



Eur. Phys. J. C (2022) 82:236

Page 9 of 14 236

KMR
— ——- KS Linear

TTTTT

E,= 10° Gev

_____ — KS Nonlinear

covnd vl v vl vl

dofdx,, [nb]
3

—_
(e
S
[}
(=]

10 10 10

—_
(=)

(a)

10 T 3
F H3a IR 3
[ — — — — KS Linear 1
r- === KS Nonlinear b
o 2L E
5 10°%
"o r 1
e L ]
& 107 E
> b T Trm e~ ]
[ =~ ]
9 = 4
o ]
"’m 1074? .\'\ ?
. '\‘ 4
-5 L | | Lol Y
10
10° 10° 10’ 10°
E, (GeV)
(b)
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larger for small xz. On the other hand, the KS nonlinear is a
factor ~ 3 smaller for xz = 0.2. Such a result demonstrates
that the inclusion of the BFKL effects in modelling F,+ has
a small effect on the behaviour of the distribution for large
xr. In contrast, the inclusion of the nonlinear (saturation)
effects strongly modifies the magnitude of the distribution.
A similar conclusion is derived from the analysis of Fig. 8b,
where we present our predictions for the prompt neutrino
flux. One important aspect is that the saturation effects imply
a suppression of the flux in the kinematical range probed by
the IceCube (E, < 107 GeV). One has that the saturation
effects decrease the prompt flux at all energies considered
and its impact increases with the neutrino energy. We have
verified that it is 30% larger for E, = 10® GeV in compar-
ison to E, = 10° GeV. Such results are expected from the
analysis performed in Ref. [9], which demonstrated that for
E, > 10° GeV, the prompt flux receives a large contribution
of partons with x < 107>, i.e. from the region sensitive to
saturation effects. However, here a crucial role plays the sat-
uration scale Qj. Its naive estimation is Q? = Q(z)(xo/x)’\,
where Qg ~ 1GeV?2 A ~ 03 and xXp = 10~*. Thus we
could enter the saturation region only for very small x. For
x = 107% we get Q2 ~ 4 GeV?, x = 1077 we get Q2 ~ 8
GeV? and for x = 1078 we get Q% ~ 16 GeV?. The typical
x values probed in high-energy neutrino production at Ice-
Cube are 1077 < x < 1072 [9]. The smallest scale value in
considered processes is Q% = u? = m% However, a typical
scale is rather u? ~ 8 — 9 GeV? (see also [9]). So the final
effect should not be extremely large for charm production at
IceCube.

Our results indicate that the presence of the intrinsic charm
implies enhancement of the prompt v,, flux, while the satu-
ration effects suppress it for high energies. Another impor-

tant aspect is that the impact of the cg — cg mechanism
depends on the magnitude of P;.. One important question
is whether the current or future experimental IceCube data
can be used to probe the presence of these effects and con-
strain the probability to find an IC on the proton structure, i.e.
whether those data could help to improve our understanding
of the strong interactions theory. In recent years the IceCube
Collaboration measured the energy spectrum of atmospheric
neutrino flux with larger precision in an extended energy
range [2,3] and more data are expected in the forthcoming
years [72,73]. Such measurements are a challenge due to
steeper falling behaviour expected for the atmospheric flux
in comparison to that associated with astrophysical neutrinos.
Different methods have been proposed to disentangle these
two contributions with promising results (see e.g. Ref. [72]).
Therefore, the posed question is valid, relevant and timely.
The IceCube apparatus can measure directions of neu-
trinos/antineutrinos [10,11]. The IceCube experimental data
discussed below is selected taking into account only such v,
neutrinos that passed through the Earth (see Fig. 2). In Fig. 9
we present our results for the atmospheric v, flux, scaled
by a factor Ef, which is the sum of the conventional and
prompt contributions. The predictions were obtained consid-
ering different models for the uPDFs and distinct values for
P;¢ in the calculation of the prompt contribution. Moreover,
for the conventional atmospheric neutrino flux we assume
the result derived in Ref. [41]. The resulting predictions are
compared with the IceCube data obtained in Ref. [2] for the
zenith-averaged flux of atmospheric neutrinos. For complete-
ness, the results from Ref. [3] for the astrophysical neutrino
flux are represented by the grey band. As our goal here is to
investigate the impact of the c¢g — cg mechanism and the
possibility of establishing an upper bound on P;. using the
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Fig. 9 Comparison between our predictions and the experimental Ice-
Cube data [2] for the atmospheric v, flux fora KMR and b KS nonlinear
uPDFs. The IC contribution was obtained for p;o = 2 GeV as discussed

IceCube data, in what follows we will only present the pre-
dictions derived for a given set of choices for the charm quark
mass, parton PDFs, renormalization and factorization scales.
The impact of these choices on the predictions is discussed in
the Appendix. We are aware that the quoted numbers below
depend on these choices, but we believe that it is important to
present the estimates derived in our approach. One has that
the prompt contribution enhances the flux at large neutrino
energies, with the enhancement being strongly dependent on
the magnitude of the cg — cg mechanism and the uPDF
considered as input in the calculations. If this mechanism is
disregarded, the results represented by “Conv. + gg” in the
figures indicate that the impact of the prompt flux is small
in the current kinematical range probed by IceCube. In par-
ticular, it is negligible when the saturation effects are taken
into account (see Fig. 9b). On the other hand, the inclusion of
the cg — cg mechanism implies a large enhancement of the
prompt flux at large E,,, with the associated magnitude being
strongly dependent on the value of P;.. Our results for the
KMR uPDF, presented in Fig. 9a, indicate that a value of P;.
larger than 1.5% implies a prediction for neutrino flux that
overestimate the IceCube data at high energies. We have ver-
ified that a similar result is obtained for the KS linear uPDF
(not shown explicitly). Therefore, the results derived assum-
ing that the QCD dynamics is described by linear evolution
equations, which disregard the saturation effects, indicate
that in order to describe the current IceCube data we should
have P;. < 1.5%.% Surely, future data can be more restric-
tive in the acceptable range of values for P;.. In contrast, the

4 The results presented in the Appendix indicate that depending on
the value of renormalization and factorization scales, such value can
be slightly larger. However, the main conclusion of our study, that an
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in the main text. The H3a prametrization of the cosmic ray flux is used
in this calculation. The shaded band represents the results from Ref. [3]
for the astrophysical neutrino flux

results presented in Fig. 9b suggest the presence of saturation
effects with P;. = 1.5% is not discarded by the current Ice-
Cube data. In particular, it has been verified that the data is
still described for P;, < 2.0% when the KS Nonlinear uPDF
is used in the calculations. It is important to emphasize that
the values of the P;. probabilities suggested above for the
linear and nonlinear cases can be increased or decreased by
~ 50% if the p;o parameter in the numerical calculations of
the cg* — cg cross section is assumed to be 2.5 GeV or 1.5
GeV, respectively (see left panel of Fig. 4).

One has that the IceCube data can be described assum-
ing different assumptions for the QCD dynamics at small-x
and for the amount of IC. In reality, currently, two accept-
able interpretations of our results are possible regarding the
impact of the cg — cg mechanism: (a) the QCD dynamics
is described by a linear evolution equation and the amount
of IC in the proton wave function is similar to that predicted
by the CT14nnloIC parameterization; or (b) the amount of
IC is larger than that described by the CT14nnloIC param-
eterization and the saturation effects are needed to describe
the charm production at very forward rapidities. One has that
if the amount of IC is constrained in hadronic colliders, the
IceCube data for the atmospheric neutrino flux can be con-
sidered as a probe of the QCD dynamics at high energies.
Inversely, if the saturation effects are probed in hadronic col-
liders, the IceCube data can be used to constrain the amount
of the IC. Such results demonstrate synergy between IceCube
and the LHC, and strongly motivate new experimental and
theoretical analyses in the future.

Footnote 4 continued
upper bound on the amount of IC is established by the IceCube data, is
not modified.
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4 Summary

One of the main goals of the IceCube observatory is the study
of astrophysical neutrinos. In order to separate the associ-
ated component, it is fundamental to have theoretical control
of the background related to the atmospheric neutrino flux,
where the neutrinos are generated from the decay of parti-
cles produced in high energy interactions of the Cosmic Rays
with the atmosphere. In particular, the contribution of the
prompt neutrino flux is still a theme of intense debate, since
its magnitude for the IceCube Observatory and future neu-
trino telescopes depends on our knowledge about the QCD
dynamics at high energies and on the large-x cc partonic con-
tent of the nucleon (proton or neutron). In this paper, we have
investigated the impact of the intrinsic charm component in
the hadron wave function, which carries a large fraction of
the hadron momentum, and from saturation effects, asso-
ciated with nonlinear corrections in the QCD evolution, in
the prompt neutrino flux. Our results has indicated that the
inclusion of the cg — cg mechanism has a strong effect on
the prompt neutrino flux. In particular, when the IC compo-
nent is larger than 0.2%, such a mechanism determines the
flux at high energies, with the normalization dependent on
the value assumed for the probability to find the IC in the
proton wave function. Furthermore, we find that the satura-
tion effects suppress the prompt flux in the kinematical range
probed by the IceCube. The comparison of our predictions
with the current IceCube experimental data has indicated that
for a linear QCD dynamics, P;. can be of the order of 1.5%,
i.e. slightly larger than the value assumed by the CT14nnlo
parametrization. Depending on the value of renormalization
and factorization scales, such value can be slightly larger. As
we have discussed this value depends also on p;y parameter.
Then the upper limit on P; . must be increased to about 2%.
A somewhat larger value of about 2.0% is also acceptable
when nonlinear effects are included in the description of the
QCD dynamics. These results indicate that the current Ice-
Cube data restrict the upper limit for the IC probability to
be of the order of 2.0%.5 As the predictions for the charm
production at high energies and forward rapidities are still
strongly dependent on the choices for the charm mass, fac-
torization and renormalization scales, the cc probability is
difficult to extract. However, the conclusion that the IceCube
data establish an upper bound on P;. seems possible, in
agreement with the conclusions derived in Refs. [16,18,22].
Moreover, our results indicate that in order to disentangle the
two possibilities for the amount of IC, it is mandatory to have
a better theoretical and experimental control of the prompt
neutrino flux at IceCube and of the charm production at the
LHC. Such a result strongly motivates the analysis of other

> Such an upper limit is similar to the value obtained from the analysis
of the recent fixed target p +* He data of the LHCb collaboration [69].

processes that allow us to probe the presence of the intrinsic
charm and constrain the description of the QCD dynamics
at high energies. One of such alternatives is the analysis of
the high energy behaviour of the neutrino energy distribu-
tions for v, passing through FASERv [74] or SND@LHC
[75] taking into account both effects, which is expected to be
dominated by neutrinos that arise from the decay of charmed
mesons. We intend to study such a topic in a forthcoming
publication (for preliminary results see Ref. [76]).
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Appendix

In this Appendix we will evaluate the uncertainty present in
our calculations of the charm production at high energies and
forward rapidities associated to the choices for the charm
mass, factorization and renormalization scales. In Fig. 10
(left panel) we present the predictions for the Feynman-
x distributions of charm meson produced in pp collisions
in the atmosphere, considering separately the contributions
associated with the cg — cg and the gg — cc mecha-
nisms for the KMR unintegrated gluon distribution. These
calculations are done for a proton energy of £, = 108 GeV,
which is characteristic for the prompt neutrino flux stud-
ies at IceCube (see Fig. 2 in Ref. [9]).° For the gg — cc
mechanism the mass uncertainty band is obtained by chang-

6 As explained e.g. in Ref. [78], if the neutrino is produced by the pp
mechanism, i.e. the atmospheric neutrinos are produced in the collision
of very energy protons with the atmosphere, the neutrino energy E,
can be approximately related with the proton energy E, as follows
E, ~ E,/20. As a consequence, E, = 100 TeV-10 PeV corresponds
to E, ~ 2-200 PeV.
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Fig. 10 a The scale and mass uncertainty bands for the Feynman-xr
distributions of charm meson produced in pp collisions at the atmo-
sphere, derived using the KMR uPDF. In these calculations the scale
1 was changed up and down by a factor 2 and charm quark mass was

ing the charm quark mass around the central value by 0.2
GeV, i.e. m = 1.5 £ 0.2 GeV. The scale uncertainties are
obtained within the so-called 7-point method [77] by varying
the central sets (o) of the renormalization and factorization
scales independently within a ‘fiducial’ region defined by
MR, F =& Fruowith0.5 < &g r <2and0.5 < &r/éF < 2.
In practice, the scale uncertainty bands are usually defined
by an envelope containing seven sets of curves: {(€g, EF)} =
{(1,1), (2,2), (0.5,0.5), (1,0.5), (2,1), (0.5,1), (1,2)}. In our
particular case here the lower and upper limits correspond
to the simultaneous variations, i.e. (§g, &) = (2,2) and
(0.5,0.5), respectively. Usually, considering the scale uncer-
tainties of the transverse momentum distribution, the sets
where the renormalization scale is different from the factor-
ization scale are the most important, however, this is not the
case for cross section integrated over p; as we checked in our
calculation. For the do /d x  distributions the mass uncertain-
ties are more important. Note that according to the details of
the applied formalism for the cg — cg subprocess here only
the scale uncertainty is taken into account. The uncertainty
on the quark mass do not apply as the cross section for intrin-
sic charm was calculated in the massless approximation as
explained in our paper. These results indicate that the current
theoretical uncertainty is still large, with predictions differ-
ing by a factor of 2 depending on the choices. However, we
wish to point out that the central curves are preferred by the
LHCb data for large (see e.g. Ref. [53]) as well as for some-
what smaller (see e.g. Ref. [70]) energy. Independent of the
uncertainty, our results indicate that the c¢g — cg mecha-
nism dominates at large-xr and, therefore, determines the
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Fig. 11 Feynman x distribution at E,, = 103 GeV for different sets
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behavior of the neutrino flux at high neutrino energies. Such
conclusion can be verified in Fig. 10 (right panel), where we
present our results for the atmospheric v, flux, scaled by a
factor E2, considering the uncertainty on the predictions for
the cg — cg mechanism. One has that such uncertainty has
direct impact on the determination of a precise value for P;..
For example, one has verified that if neutrino flux is estimated
considering the lower prediction for the x p-distribution, the
upper limit for P;. becomes 3%. However, it also demon-
strate that the IceCube is able to establish an upper bound on
the amount of intrinsic charm in the nucleon.
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The assumption of an IC component has been studied by
the NNPDF group in Ref. [46], where the charm PDF was
parametrized on the same footing as the light quarks and
the gluon in a global PDF analysis and some evidences of
the IC component for large-x was found. The results were
derived using the standard NNPDF methodology, in which
the charm PDF is parametrized with an independent neu-
ral network with 37 free parameters, without assuming any
specific hypothesis on the shape of the distribution or sepa-
ration between the perturbative and nonperturbative compo-
nents. Several sets of distributions including intrinsic charm,
compatible with the current data, were provided. The results
presented e.g. in Fig. 19 of Ref. [46] indicate the presence
of a huge uncertainty on the behavior of the charm distribu-
tion at large and small-x when the NNPDF methodology is
used. Moreover, the same figure demonstrate that the charm
distribution from the CT14IC parametrization is compati-
ble with the NNPDF3 predictions for large - x. Therefore,
we expect that a similar impact of the intrinsic charm on
the predictions for the neutrino flux will be derived using
the NNPDF3 parametrization. The main shortcoming of use
of the NNPDF3 is associated with huge uncertainty on the
shape and normalization of the charm distribution, which
has direct impact on the predictions for the x r-distribution of
charmed mesons. As demonstrated in Fig. 11, where we show
a few examples (for different sets) of the results for do/dxF
calculated using the NNPDF3 parametrization, the predic-
tions differ considerably. A similar impact is expected in the
predictions for the neutrino flux. In contrast, in the CT14
parametrization, the shape of the intrinsic charm distribution
at the initial condition is constrained by the BHPS approach
[24] and only the normalization is adjusted to data. As a con-
sequence, the CT14 parametrization allow us to investigate
the impact of the amount of intrinsic charm for a fixed shape
of the x dependence, which is one of goals of this paper.
Because of the large uncertainties as well as the extremely
time-consuming calculation with the NNPDF3 parametriza-
tion, we postpone the analysis of the corresponding fluxes of
neutrinos for a future publication.
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