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Prompt neutrino fluxes are background for searches of astrophysical neutrinos at Very Large Vo-
lume Neutrino Telescopes. We present predictions for these fluxes, obtained by state-of-the-art
QCD methods, and we discuss their uncertainties, in particular those related to our approximate
knowledge of Parton Distribution Functions. We make use of the PROSA fit, the first fit appeared
in literature including LHCb data on heavy-meson hadroproduction, specifically designed for
low-x physics. We present the present status of the fit and prospects for future developments. We
compare our predictions with experimental results from the IceCube collaboration.
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1. Introduction

Prompt neutrino fluxes arising from the decays of heavy-hadrons produced by the interaction
of ultra-high-energy (UHE) cosmic rays (CRs) with the Earth atmosphere, are a background for
searches of high-energy neutrinos at Very Large Volume Neutrino Telescopes (VLVνTs), like Ice-
Cube and KM3NeT [1]. In particular, IceCube has already observed astrophysical neutrinos up
to energies of some PeV. Prompt neutrinos of these energies are tipically generated by the decay
of heavy-hadrons produced in pp collisions at center-of-mass energies ECM not larger than those
already reached at the Large Hadron Collider (LHC). However, while most of the data collected at
LHC refer to the emission of particles at large transverse momenta pT , the production of prompt
neutrinos in the atmosphere covers a wider phase-space area, including also the forward direc-
tion corresponding to large rapidities. Additionally, UHE CRs can reach energies well beyond the
LHC ones, meaning that the spectrum of prompt neutrino fluxes extend well beyond the O(PeV)
energy range. One of the uncertainties stemming from the lack of experimental pp, ep collider
and fixed-target data at very-high energies, with consequences on the predictions of high-energy
prompt neutrino fluxes, is our uncertain knowledge of parton distribution functions (PDF) of pro-
tons and nuclei. In particular, the various data traditionally included in PDF fits, have allowed to
gain important knowledges on PDFs down to longitudinal momentum fractions of the order of x ∼
10−4 [2]. However, the higher is the ECM of a pp collision and the measured rapidity of the emitted
particles, the lower may be the x values probed. In case of collisions initiated by CRs with ener-
gies in the tail of the primary CR spectrum, x values smaller than 10−4 are tipically probed. The
PROSA PDF fit is the first fit which has allowed to reach a better control of PDFs at low x’s, i.e.
for x’s down to∼ 10−6, thanks to the incorporation of LHCb data on heavy-quark hadroproduction
at mid-rapidities. In this contribution we apply this fit to the computation of prompt neutrino fluxes
and we compare PDF uncertainties to other uncertainties affecting these quantities.

2. The PROSA PDFs and LHCb data on heavy-meson hadroproduction

In the following we briefly describe the PROSA PDF fit, first proposed in Ref. [3], where
more detail can be found. This fit takes into account all HERA data used for the HERAPDF1.0
PDF fit [4], i.e. neutral current and charged current inclusive deep-inelastic-scattering (DIS) com-
bined data, cc̄ DIS combined data and bb̄ DIS ZEUS data, together with data on charmed hadron
and bottom meson hadroproduction in the pT range 0 < pT,c < 8 GeV, 0 < pT,b < 40 GeV and
in the rapidity range 2 < y < 4.5, as published by the LHCb collaboration in Ref. [5] and [6], re-
spectively. Three variants of the PROSA PDF fit exist, one including only the HERA data, another
one which includes also LHCb absolute differential cross-sections in the aforementioned kine-
matic range, and finally a last one where for each fixed LHCb pT,had bin, the ratios of distributions
(dσ/dy)/(dσ/dy0) in different rapidity bins (i.e. normalized to the central bin 3 < y0 < 3.5) are
considered. The last variant is characterized by the lowest uncertainties, because theoretical un-
certainties of QCD origin partly cancel in these ratios. In the following, we present predictions
obtained by using as input the last variant of the PROSA PDF fit. The next-to-leading order fit
has been performed in the fixed-flavour-number scheme, with 3 active flavours, a proper configu-
ration for the description of the experimental data at low pT,had . The theoretical description of
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the production of heavy hadrons adopted in the fit is based on the collinear factorization frame-
work, with hard-scattering matrix-element computed with the MNR code [7], complemented by
phenomenological Fragmentation Functions and Fragmentation Fractions [8].

After the publication of Ref. [3], LHCb results on D-meson hadroproduction at
√

s = 13 TeV
and 5 TeV appeared in Ref. [9] and [10], respectively. During spring 2017, the LHCb collaboration
has provided a new version of these works, with important revisions/errata of the already published
data. In Fig. 1 we present an illustrative example of comparison of our theoretical predictions for
D± hadroproduction, obtained with the POWHEG-BOX [11] + PYTHIA [12] event generator, using
as input the PROSA PDFs, with the experimental data at

√
s = 13 TeV, after the last revision of the

latter. The experimental data, not included in the PROSA PDF fit, turn out to lie within theoretical
uncertainties in all considered bins. Theoretical uncertainties are dominated by factorization and
renormalization (µR and µF ) scale uncertainties, whereas PROSA PDF uncertainties, together with
uncertainties on the charm pole mass mc, also shown in the plots, are much smaller. The smallness
of PDF uncertainties, especially in the large rapidity bins, is a consequence of the incorporation of
the LHCb data into the PROSA fit. When considering other PDF fits which do not include these
data, the uncertainties may be larger, as shown e.g. in Ref. [13].

3. Prompt neutrino fluxes with PROSA PDFs

Prompt neutrino fluxes have been computed according to the methodology described in Ref [14,
1], using as input the PROSA PDF fit and accounting for the production and decay of D±, D0, D̄0,
D±s and Λ±c . Predictions are shown in Fig. 2, using as input two different primary CR all-nucleon
spectra. While the characteristic features of the all-particle primary spectrum of the CRs reach-
ing the Earth atmosphere are well known and have been measured by several experiments, many
uncertainties exist in the transformation to an all-nucleon spectrum, reflecting the uncertainties on
the primary CR composition, especially evident at the highest energies, where a direct measure-
ments of CR properties is not possible. The specific shapes of the distributions of prompt neutrino
fluxes shown reflect the shape of the all-nucleon spectra, characterized by three different compo-
nents/populations, supposed to be of different astrophysical origin. QCD uncertainties are also
shown in Fig. 2. Prompt neutrino fluxes, as charm hadroproduction (see Fig. 1), turn out to be
dominated by µF and µR scale uncertainties. The PROSA PDF uncertainties increase with energy,
but turn out to be smaller than scale uncertainties even for energies Eν ,lab well above the O(PeV).

Finally, in Fig. 3 our predictions are compared with the IceCube upper limit on prompt neu-
trino fluxes at 90% C.L. obtained in a six-year analysis of muon track data from the Northern
Emisphere [16]. The Icecube limit turns out to lie just slightly above the central predictions for the
prompt (νµ + ν̄µ ) flux obtained in this study, but well inside our global QCD uncertainty band. This
holds over the entire range of relevant neutrino energies and challenges the model assumptions on
atmospheric fluxes at high-energies adopted in the IceCube analyses.

4. Conclusions

The PROSA PDF fit was the first PDF fit exploiting LHCb data on charm and bottom meson
hadroproduction at

√
s = 7 TeV, in order to reduce PDF uncertainties in the 10−6 < x < 10−4
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Figure 1: Transverse momentum distribution of D± mesons in pp collisions at
√

s = 13 TeV.
POWHEG-BOX + PYTHIA8 (blue solid line)/PYTHIA6 (red dotted line) predictions for µR = µF = µ0 =√

p2
T,c +m2

c , mc = 1.4 GeV and with the PROSA PDFs, are compared to LHCb experimental data [5] in
different rapidity bins. Theoretical predictions are accompanied by their uncertainty bands, due to µR and
µF scale variation (green), to mc (magenta) and to PROSA PDF (light-blue hatched) variation. The LHCb
experimental data [5] are shown together with their statistical and systematic uncertainties, added in quadra-
ture. In the lower panel, ratios of the uncertainties with respect to the theoretical central predictions are
shown, together with the ratio of the central theoretical predictions obtained with POWHEGBOX + PYTHIA6
with respect to those with POWHEG-BOX + PYTHIA8, and the ratio of experimental data with respect to
theoretical predictions by POWHEG-BOX + PYTHIA8.
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Figure 2: Central predictions for the prompt (νµ + ν̄µ ) flux together with their QCD uncertainties, com-
puted by means of POWHEGBOX + PYTHIA8, as a function of the neutrino energy Eν ,lab. The uncertainty
contributions due to µR and µF scale variation and the PDF eigenvalues within the PROSA fit, are shown
separately by bands of different styles and colors, together with the combination in quadrature of scale, PDF
and charm pole mass uncertanties. Two different cosmic ray all-nucleon spectra, with an heavy composition
at the highest energies, are used as input: the left panel corresponds to the GST-3 fit whereas the right panel
corresponds to the H3a fit, both described in Ref. [15].
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Figure 3: Comparison of the prompt (νµ + ν̄µ ) flux using the PROSA PDFs with the present upper limit on
prompt neutrino flux at 90% confidence level obtained by the IceCube experiment [16] (solid red line) and its
extrapolation to other energies (dotted red line), which adopted the ERS model [17] as a basis for modelling

prompt neutrinos. Central predictions using the scale µR = µF =
√

p2
T +4m2

c and PROSA PDFs and ABM
PDFs (GMS 2015) are also shown [14]. The limit and all predictions refer to the H3p CR flux [15].

range. Work is ongoing in order to further reduce the uncertainties affecting the PROSA PDF fit,
by incorporating LHCb open charm data at 13 and 5 TeV, and the ratios of these data at different
energies (13/5 and 13/7), which have already been considered in Ref. [18]. The PROSA PDF fit
has been used as input for astrophysical applications. Here we have shown that, when considering
the present PROSA fit, PDF uncertainties are not the dominant QCD uncertainty affecting prompt
neutrino fluxes at the energies of interest for VLVνT analyses.
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