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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
meson in the atmosphere at very forward rapidities. Here we estimate the related cross
sections taking into account the presence of an intrinsic charm (IC) component in the
proton wave function. 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.
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1 Introduction

Recent experimental results obtained by the LHC, the Pierre Auger and IceCube Neutrino Ob-
servatories have challenged understanding of many interesting aspects of Quantum Chromo-
dynamics in the high energy limit. In particular, in recent years, IceCube measured the astro-
physical and atmospheric neutrinos fluxes at high ei (see e.g. [ 1]) while different collaborations
from the LHC performed several analyses of the heavy meson production at high energies and
forward rapidities (see e.g. [2]). Those different origin data sets are strictly interrelated, since
the description of the heavy meson production at the LHC and higher center of mass energies
is fundamental to make precise predictions of the prompt neutrino flux [3], which is expected
to dominate the atmospheric v flux for large neutrino energies [4].

This aspect motivates the development of new and/or more precise approaches to de-
scribe the perturbative and nonperturbative regimes of the Quantum Chromodynamics (QCD)
needed to describe the charmed meson production in a kinematical range beyond that reached
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in hadronic collisions at the LHC. For this new kinematical range, some topics are theme of
intense debate. An important question, which motivates the present study, is whether the cur-
rent and future IceCube data can put some constraints on the intrinsic charm concept in the
nucleon.

2 Formalism

The atmospheric neutrinos are produced in cosmic-ray interactions with nuclei in Earth’s at-
mosphere [4]. While at low neutrino energies (E, < 10° GeV), these neutrinos arise from the
decay of light mesons (pions and kaons), and the associated flux is denoted as the conventional
atmospheric neutrino flux [5], for larger energies it is expected that the prompt atmospheric
neutrino flux associated with the decay of hadrons containing heavy flavours become impor-
tant [6].

Calculations of the prompt atmospheric neutrino flux at the detector level depend on the
description of the production and decay of the heavy hadrons as well as the propagation of
the associated particles through the atmosphere. Following our previous studies [3, 7], we
estimated the expected prompt neutrino flux in the detector ¢, using the Z-moment method
[6], which implies that ¢, can be estimated using the geometric interpolation formula

¢H,low . qu,high
Y] v

¢y,= E — €))
Hl H,high
H v v + ¢v ¢
where H = D°, D*, DY, A, for charmed hadrons and ¢! and $MEM are solutions of a set of

coupled cascade equations for the nucleons, heavy meson and lepton (and their antiparticles)
fluxes in the low- and high-energy ranges, respectively. They can be expressed in terms of the
nucleon-to-hadron (Zyg), nucleon-to-nucleon (Zyy), hadron-to-hadron (Z;) and hadron-
to-neutrino (Zy,) Z-moments, as follows [6]:

H,low __ ZNH(E) ZHv(E)
¢v - 1 _ZNN(E) ¢N(EJ 0)> (2)
qbil,high _ Zn(E) Zyo(E) In(Ay /Ay) chhof(e) b (E.0), 3)

where ¢y (E, 0) is the primary flux of nucleons in the atmosphere, my; is the decaying particle’s
mass, Ty is the proper lifetime of the hadron, hy = 6.4 km, f(0) ~ 1/cos 6 for 6 < 60°, and
the effective interaction lengths A; are given by A; = A;/(1—Z;;), with A; being the associated
interaction length (i = N, H). For Z,, our treatment of the semileptonic decay of D-hadrons
follows closely Ref. [8]. For a detailed discussion of the cascade equations, see e.g. Ref. [6].
Assuming that the incident flux can be represented by protons (N = p), the charmed hadron
Z-moments are given by

7z (E)_fl dxF ¢P(E/XF) 1 do—pA—»H(E/XF)
PRI )y xp 0p(E) op(E)  dxg

where E is the energy of the produced particle (charmed meson), xy is the Feynman variable,
O pa is the inelastic proton-Air cross section and do /dxy is the differential cross section for the
charmed meson production.

As discussed in Ref. [9], the cross section for charm production at large forward rapidities,
which is the region of interest for estimating the prompt v, flux [3], can be expressed as

) (4)

dapp—>charm = dUpp—)charm(gg - CE) + dapp—)charm(cg - Cg) > (5)
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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 factorization
scheme assumed in the calculations. In Ref. [9], a detailed comparison between the collinear,
hybrid and k-factorization approaches was performed. In what follows, we will focus on the
hybrid factorization model. In this approach, the differential cross sections for gg* — c¢ and
cg* — cg mechanisms are given by

d
dO-PP—wharm(gg - CE) = J dxlf ﬁj dzkt g(xh .U/Z)]:g*(xZJ k?: Mz)dé'gg*—mé > (6)
X2

dx .
dO-PP—wharm(Cg - Cg) = J dxl J X_zf dzkt C(Xl, MZ)F *(XZJ k?a ‘uz)dacg*—wg > (7)
2

where g(x,u?) and c(x;, u?) are the collinear PDFs in the projectile, . (x5, k2, u?) is the
unintegrated gluon distribution (gluon uPDF) of the proton target, u? is the factorization scale
of the hard process and the subprocesses 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(x;, 4?), similarly ¢(x;,u?), contain the intrinsic charm component.

As emphasized in Ref. [9], 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 uPDE In the numerical calculations below the intrinsic charm PDFs are taken at the
initial scale m, = 1.3 GeV, so the perturbative charm contribution is intentionally not taken
into account when discussing IC contributions.

Considering the cg* — cg mechanism one has to deal with the massless partons (minijets)
in the final state. The relevant formalism with massive partons is not yet available. Therefore
it is necessary to regularize the cross section that has a singularity in the p, — 0 limit. We
follow here the known prescription adopted in PYTHIA, where a special suppression factor is
introduced at the cross section level. The form factor depends on a free parameter p,,, which
can be fixed using experimental data for the D meson production in p+p and p+*He collisions
at 4/s = 38.7 GeV and 86 GeV, respectively (see e.g. Ref. [10]). In numerical calculations below
we use p;o = 2 GeV.

The predictions for the charm production strongly depend on modelling of the partonic
content of the proton [9]. In particular, the contribution of the charm - initiated process is
directly associated with the description of the extrinsic and intrinsic components (for a re-
cent review see, e.g. Ref. [11]). Differently from the extrinsic charm quarks/antiquarks that
are generated perturbatively by gluon splitting, the intrinsic one have multiple connections to
the valence quarks of the proton and thus is sensitive to its nonperturbative structure. The
presence of an intrinsic component implies a large enhancement of the charm distribution at
large x (> 0.1) in comparison to the extrinsic charm prediction. In recent years, the presence
of an intrinsic charm component have been included in the initial conditions of the global
parton analysis [12], resulting in IC distributions that are compatible with the world experi-
mental data. However, its existence is still a subject of intense debate, 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 CT14nnloIC parametriza-
tion [12] from a global analysis assuming that the x-dependence of the intrinsic charm com-
ponent is described by the BHPS model [13]. Another important ingredient is the modelling
of Fgu(x2, kf, u?). In our analysis here we will use the uPDF derived using the Kimber-Martin-
Ryskin (KMR) prescription [14].
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3 Numerical results

10 10 T T —
E T T Ty E

H3a

n: gg+gc-NolC

FE =10°GeV eg+ee Mo l0)] we T w-NolC | 3
, P ———- cg (NoIC) E 3
— gg+cg(I0)
------ cg (IC)

gg+ge-1C ]
........ ec-IC E

dc/dxF [pb]
,[Gevz em?s” sr’1]

v

|
E'®

Figure 1: Predictions of the hybrid model for (a) the Feynman xj - distributions for
charm particles and (b) the prompt neutrino flux (rescaled by E 3).

In Fig. 1 (a), 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 E, = 10® GeV and the KMR model for the uPDE. We present separately the contribution
associated with the cg — cg mechanism and the sum of the two mechanisms, denoted by
“cg” and “gg + cg”, respectively. Moreover, we compare the IC predictions, obtained using the
CT14nnloIC parametrization for P;, = 1%, with those obtained disregarding the presence of
the intrinsic component (denoted No IC hereafter). One has that for small x(= x; —x5), the
charm production is dominated by the gg — ¢ mechanism, which is expected since for xy ~ 0
and high energies both longitudinal momentum fractions x; are very small and the proton
structure is dominated by gluons. For the No IC case, the contribution of the cg — cg mecha-
nism is smaller than the gluon fusion one for all values of xy. In contrast, when intrinsic charm
is included, the behavior of the distribution in the intermediate x range (0.06 < xy < 0.6) is
strongly modified. Such a behaviour is expected, since for this kinematical range, the charm
production depends on the description of the partonic content of the incident proton at large
values of the Bjorken x variable. The impact on the predictions for the prompt neutrino flux
is presented in Fig. 1 (b). As expected from the analysis performed in Ref. [3], where we
find that the dominant contribution to the neutrino flux comes typically from x in the region
0.2 < xp < 0.5, one has that the flux is enhanced by one order of magnitude when intrinsic
charm is included. In agreement with the results presented in Fig. 1 (a), the contribution of
the cg — cg mechanism 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.

In Fig. 2 we present our results for the atmospheric v, flux, scaled by a factor E f}, which is
the sum of the conventional and prompt contributions. The predictions were obtained consid-
ering different values for P;. in the calculation of the prompt contribution. Moreover, for the
conventional atmospheric neutrino flux we assume the result derived in Ref. [5]. The resulting
predictions are compared with the IceCube data obtained in Ref. [1] for the zenith-averaged
flux of atmospheric neutrinos. 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. 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 kinemat-
ical range probed by IceCube. On the other hand, the inclusion of the cg — cg mechanism
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Figure 2: Comparison between our predictions and the experimental IceCube data
[1] for the atmospheric v, flux for the KMR uPDFs.

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 uPDE presented in
Fig. 2, indicate that a value of P;. larger than 1.5% implies a prediction for neutrino flux that
overestimate the IceCube data at high energies. This result sets the upper limit for the intrin-
sic charm ammount in the nucleon to P;, < 1.5%. Surely, future data can be more restrictive
in the acceptable range of values for P;.. It was also shown in our original paper [15] that
presence of saturation effects leads to a slightly larger values for P;, that are not discarded by

the current IceCube data.
4 Conclusion

We have investigated the impact of the intrinsic charm component in the hadron wave func-
tion, which carries a large fraction of the hadron momentum, on 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 component is present, such a mecha-
nism determines the energy dependence of 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.
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