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The PROSA parton distribution function fit was the first one appeared
in the literature incorporating data on open charm and open bottom pro-
duction at the LHCDb, in order to reduce the uncertainties on gluons and
sea quarks at low xs (x < 107*). We discuss aspects of the PROSA PDFs
of particular relevance for their usage in the field of neutrino astronomy,
and their application in the computation of prompt neutrino fluxes.
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1. Introduction

Constraining Parton Distribution Functions (PDF) at low values of the
longitudinal momentum fraction x is crucial for a series of high-energy ap-
plications, ranging from the development of new colliders with increasing
centre-of-mass energy /s, to the interpretation of data from high-energy
astroparticle physics.

At the core of all present PDF fits, there are the Deep-Inelastic-Scattering
(DIS) data collected at the HERA ep collider, which allow to probe z values
in the range of 107* < z < 0.1. Some of these data, i.e. those on the longi-
tudinal structure functions Fj,, allow to extend this range to = > 4 x 1072,
although with big uncertainties. This x coverage is sufficient for many analy-
ses at the Large Hadron Collider (LHC), with the ATLAS and CMS detectors
mostly focused on particle production at central rapidity |y| < 2.5 and large
transverse momentum pp. However, interpreting experimental information
on particle production at larger |y|/larger /s requires the development of
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PDF fits reliable even below  ~ 107°. In fact, the higher is the /s of a
pp collision, the lower are the x values which can characterize the partons
involved in the elementary scattering processes inherent to it. Additionally,
at fixed /s, particles at larger |y| are, on average, produced by scattering of
partons with more extreme xs, i.e. a very small x for the parton from one
hadron in combination with a very large = for the parton from the other
hadron.

The need of investigating these kinematical regions is particularly evi-
dent in cosmic ray (CR) physics applications. First of all, the most ener-
getic CRs reaching the Earth have energies well above those reachable at
present-day accelerators: the CR spectrum extends up to laboratory en-
ergies Ela, ~ 1011 GeV, whereas the present LHC pp+/s corresponds to
Elap, ~ 10% GeV. Furthermore, as follows from geometry considerations,
most CR interactions typically involve small momentum transfers Q> and
lead to particle production in the forward region, which corresponds to more
extreme x values than in the case of central production at large Q2.

The question of PDF behaviour at low xs is still very much debated,
and the number of open issues further arises when considering the combina-
tion (low z, low Q?). We describe the investigations in this respect by the
PROSA Collaboration, which as first among the various PDF collaborations,
proposed the idea of using the data on open heavy-meson hadroproduction
recorded by the LHCb experiment, which span rapidities in the 2 <y < 4.5
interval, divided in five sub-intervals of equal size, to constrain PDFs in the
x € [107%,107] range [1].

2. The PROSA PDF fit

The PROSA PDF fit employs the combined set of neutral current (NC)
and charded current (CC) inclusive DIS data collected by the H1 and ZEUS
collaborations at HERA at /s = 320 GeV, which was also the basis of
the HERAPDF1.0 PDF fit [2|. These data are directly sensitive to the
valence and sea quark distributions and allow to put constraints on the gluon
distribution through scaling violations (down to x > 1073). The fit also
includes combined H1 and ZEUS semi-inclusive data on charm production
in NC DIS [3], plus ZEUS data on bottom production in DIS [4]. These data
allow to further constrain gluon and sea distributions (down to x > 107%),
as well as the values of the charm and bottom masses. Additionally, the
PROSA fit includes the LHCb data on open D*, DY D° D¥ A+ BT,
BY, BY meson production at /s = 7 TeV [5, 6]. The LHCb data allow to
constrain gluon and sea distributions in the z € [5x107¢,1073] and [1072, 1]
ranges.



PROSA PDFs and Astrophysical Applications 887

Two variants of the fit are proposed: in the first one, the absolute val-
ues of the differential cross sections do/dpr, measured in the five available
LHCDb y sub-intervals, are used. In the second variant, for each pr bin, ra-
tios of cross sections in different y sub-intervals are employed, considering
as reference sub-interval the central LHCb one, with 3 < y < 3.5. The use
of these ratios allows to shrink the uncertainty band related to renormaliza-
tion and factorization scale (ur and pp) variations, which are the dominant
uncertainties in the next-to-leading-order (NLO) calculations of open charm
and bottom production at the LHCb. As a consequence, the PDF uncer-
tainty bands are smaller in the second variant of the fit than in the first one.
However, they have a large overlapping region. Therefore, the two variants
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Fig. 1. PROSA do /dpr predictions for pp — D* 4+ X at /s = 5 TeV vs. the LHCb
experimental data. FEach panel refers to a different y sub-interval. Theoretical
uncertainty bands refer to scale, PDF and charm mass variation. In the lowest
panels, ratios with respect to the central theoretical predictions are reported.
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of the fit can be considered, overall consistent one with each other. Thus, in
the following, we limit ourselves to present theoretical predictions obtained
by employing as input the second variant of the PROSA PDF fit.

We test the fit validity by comparing our theoretical predictions to fur-
ther experimental data, not included in the fit itself. Our predictions employ-
ing the PROSA PDFs, are based on a perturbative NLO QCD computation
of the hard-scattering matrix-elements matched, according to the POWHEG
method |7, 8], to the parton shower and hadronization algorithms provided
by the PYTHIA 8 event generator [9]. In Fig. 1, we show their comparison to
the LHCb experimental data at /s = 5 TeV [10]. Furthermore, in Fig. 2, we
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Fig. 2. (Colour on-line) Ratio of PROSA do /dpr predictions for pp — D* + X at
/s =13 TeV and 5 TeV ws. the LHCb experimental data. Each panel refers to
a different y sub-interval. Theoretical uncertainty bands are as in Fig. 1. Predic-
tions from an independent GM-VFNS calculation, using CT14nlo PDFs, are also
reported (red lines).
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show ratios of predictions at /s = 13 and 5 TeV compared with the LHCb
experimental data from the same paper. Here, besides our theoretical predic-
tions with the PROSA PDFs, we include those of a completely independent
computation in the General-Mass Variable-Flavour-Number Scheme (GM-
VFNS) [11], employing the CT14nlo VFNS central PDF set [12] and the
KKKO08 Fragmentation Functions [13]. The latter predictions turn out to
always lie within the uncertainty bands of the former. The experimental
data lie in the upper side of the uncertainty band of the PROSA theoretical
predictions. Considering their uncertainties, they are compatible with the
theory predictions in all bins.

3. Applications to high-energy astroparticle physics

The PROSA PDF fit has been applied in neutrino astronomy [14]|. In
the following, we focus on the computation of prompt neutrino fluxes, a rel-
evant background for an accurate estimate of the astrophysical neutrino flux
at Very Large Volume Neutrino Telescopes (VLVrTs). The most energetic
events recorded so far by VLV©Ts have energies of a few PeV. Prompt neutri-
nos with these energies are typically produced by the semileptonic decay of
charmed mesons in pp collisions at the LHC energies. On the one hand, the
LHCb data allow to probe a limited y range (< 4.5) that allowed us to con-
strain the PDF “only” down to # ~ 107%. On the other hand, estimating the
prompt neutrino fluxes requires a computation of open charm hadroproduc-
tion at even larger rapidities. Thus, making predictions for prompt neutrino
fluxes at the PeV scale necessarily involves an extrapolation of the PDFs
to x values even lower than 1076, However, at these energies, the relevant
differential cross section, do/dx g, where x g is the ratio of the energy of the
produced D-meson with respect to the energy of the incident CR proton, is
still dominated by collisions of partons with z > 107 [15]. Thus, our pre-
dictions on prompt neutrino fluxes can be considered robust up to at least
E, ~ O(PeV). For larger E,, the uncertainties on prompt neutrino fluxes
are increasingly driven by the reliability (or not) of the extrapolation of the
PDFs to lower = values. Additionally, further uncertainties, of astrophysical
nature, related to our uncertain knowledge of the composition of the pri-
mary CR spectrum, become important for E, > 5 x 10°-10° PeV. Warning
the reader about these subtle aspects in the interpretation of the results,
we provide in Fig. 3 our predictions for prompt (v, + 7,,) fluxes, using the
PROSA PDFs and two different hypotheses for the composition of the pri-
mary CR spectrum [16, 17]. With the PROSA PDFs, differently from other
PDF choices (see e.g. the discussion in Ref. [11]), the PDF uncertainties
have become subleading with respect to the QCD uncertainties related to
scale variation that dominate our prompt neutrino predictions.
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Fig. 3. Prompt (v, +7,) spectra using as input the PROSA PDFs and two different
popular choices for the composition of the CR primary spectrum (H3p and H3a all
nucleon spectra). Various QCD uncertainties are shown.
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