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Abstract.
At very-high energies (100 TeV - 1 PeV), the small value of Bjorken-x (≤ 10−3 − 10−7 )
at which the parton distribution functions are evaluated makes the calculation of charm
quark production very diﬃcult. The charm quark has mass (∼1.5±0.2 GeV) signiﬁcantly
above the ΛQCD scale (∼200 MeV), and therefore its production is perturbatively calculable. However, the uncertainty in the data and the calculations cannot exclude some
smaller non-perturbative contribution. To evaluate the prompt neutrino ﬂux, one needs
to know the charm production cross-section in pN -> cc̄ X, and hadronization of charm
particles. This contribution brieﬂy discusses computation of prompt neutrino ﬂux and
presents the strongest limit on prompt neutrino ﬂux from IceCube.

1 Introduction
IceCube’s detection of ultra-high energy neutrino events heralds the beginning of neutrino astronomy.
The ﬂux of cosmic-rays incident on the atmosphere has been measured by a variety of experiments [1–
3]. The dominant contribution to the neutrino ﬂux at 10 GeV-1 TeV energies comes from the decays
of charged pions and from leptonic and semi-leptonic decays of kaons [4]. The neutrino ﬂux from
pions and kaons, commonly referred to as the conventional neutrino ﬂux, is well understood (steep
energy spectrum ∼ E−3.7 below ∼100 TeV). Prompt neutrinos, produced in the atmosphere by decays
of charmed hadrons (e.g. D0 , D± → l νe,μ X) that come from cosmic-ray interactions with atmospheric
nuclei (pN → cc̄ X), contribute to the atmospheric neutrino ﬂux at high energies. The long-lived high
energy pions and kaons interact before decaying into neutrinos. In contrast charmed particles have
short lifetimes and decay into neutrinos independent of their energy up to ∼ 1017 eV, and arrival
direction. Therefore, the prompt neutrino energy spectrum should follow the spectrum of primary
cosmic-rays (energy spectrum of ∼ E−2.7 and an isotropic zenith distribution). The energy spectrum
of astrophysical neutrinos is expected to follow the production spectrum at the cosmic-ray accelerator
(in a simplistic approach: if Fermi shock acceleration is the responsible mechanism, a power law
spectrum ∼E−2 is expected).
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2 IceCube detector and detection principle
IceCube is the world’s largest neutrino detector, located near the geographic South Pole, instrumenting more than a cubic-kilometer of glacial ice. The detector is composed of Digital Optical Modules (DOMs) which are buried in ice, between depths of 1450m and 2450m, on 86 cables called
"strings" [5]. On each string there are 60 DOMs. Each DOM consists of a 10-inch photomultiplier
tube (PMT), calibration light sources, and digitizing electronics [6].

3 Estimation of prompt neutrino ﬂux
IceCube observations [7] indicate that the neutrino ﬂux is dominated by conventional atmospheric
neutrinos and by cosmic neutrinos at low energies and high energies, respectively. The precise knowledge of the prompt ﬂux is of a key importance for the cosmic neutrino ﬂux measurements.
Many calculations of the prompt neutrino ﬂux have been presented [8–13]. The estimation of the
prompt neutrino ﬂux requires knowledge of the charm production cross-section (σcc̄ ) in the process
pN → cc̄ X and of the hadronization of charm particles. Theoretical predictions at high energies
are uncertain due to uncertainties in charm mass, contributions from next-to-leading order (NLO)
corrections, the factorization and renormalization scales, and the choice of parton distribution functions [14, 15]. The charm quark is produced with high fraction of the momentum of the incoming
cosmic-ray projectile. The cross-section is sensitive to the domain of parton densities at very small
values of Bjorken-x (≤ 10−3 − 10−7 ). This region is poorly constrained by the experimental data. The
small value of Bjorken-x at which the parton distribution functions are evaluated makes the calculation
of charm production very diﬃcult. The computation of the prompt neutrino ﬂux also requires folding
of the charmed hadronproduction cross-section with the ﬂux of incoming cosmic-rays. This introduces
uncertainty connected with the limited knowledge of the extremely high-energy cosmic ray composition. Recently, new updated parameterisations of the cosmic ray ﬂux have been released [1, 16, 17]
with improved description above the ’knee’ and more sophisticated composition description. To obtain the prompt neutrino ﬂux at the detector level the propagation of high energy particles and their
decay products through the atmosphere needs to be described. The cascade formalism in the framework of the Z-momenta [18] is commonly used for this evaluation. This approach requires, among
others, as an input the total inelastic proton-Air cross-section which has large uncertainties at the high
energy region [19]. In addition, the assumption that the charm production cross-section scales with
the mean atomic number of air as compared to the corresponding pp cross-sections needs to be done.
However, small contribution from the nuclear modiﬁcation eﬀects cannot be fully rejected.

4 Validation of charm hadroproduction using LHC data
√
The LHC collider s=7 TeV mode corresponds to a ﬁxed target beam energy in pp collisions of 26
PeV. Therefore, the recent results from LHC [20–23] can constrain pQCD parameters (such as factorization and renormalization scales, parton distribution functions, estimates of cosmic ray spectra)
which are crucial for the precise calculations of the charm hadroproduction.
The charmed particle
√
production cross-sections in pp collisions at a centre-of-mass energy of s=7 and 13 TeV have been
measured. As an example
Fig. 1 shows measurements and predictions for absolute prompt D0 cross√
sections from pp at s=13 TeV (LHCb experiment). The shapes of diﬀerential cross-sections for D0 ,
D+ , D∗+ , D+s are in agreement with NLO predictions (the predicted central values are generally below
the data but within the uncertainty). These precise LHC results are crucial to increase our knowledge
in this ﬁeld. Although, modern collider experiments are limited due to the lack of the coverage in the
very large rapidity region.
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Figure 1. Measurements and
predictions for the absolute
prompt D0 cross-section at
√
s=13 TeV. The boxes indicate
the ±1σ uncertainty band on the
theory predictions. In cases where
this band spans more than two
orders of magnitude only its
upper edge is indicated. Picture
taken from [20].

5 Physics in the forward region
As it was pointed out in the Sect. 4, modern collider experiments, like experiments at RHIC and LHC,
have limited coverage in the very large rapidity region. Consequently, the forward charmed particles
are produced inside the beampipe. These particles dominate the high-energy atmospheric neutrino
ﬂux in underground experiments. In the literature, the forward charm production has been described
in many ways and with diﬀerent complexity, from intrinsic charm [24] to the inclusion of diﬀractive
components in perturbative QCD [25]. In Ref. [26] authors showed that diﬀerent forward physics
assumptions modify the predictions of the prompt neutrino ﬂux greatly (see Fig. 2).
Figure 2. The prompt electron neutrino spectrum
from forward charm is shown for extreme
assumptions of the energy dependence. Also shown is
the result for an intermediate dependence that exceeds
the measured ﬂux [27] at the 1σ level at the highest
energy of 20 TeV. An estimate of the contribution
from centrally produced charm particles by [27] is
shown for comparison. The shown conventional
atmospheric νe ﬂux does not contain contribution
from semileptonic decays of KS which becomes
important, regardless of small branching ratios for
these decays, at high energies [28]. For more details
see [26]. Picture taken from [26].

6 Prompt neutrino ﬂux at IceCube
One of the key IceCube physics goals is searching for astrophysical neutrinos and prompt atmospheric
neutrinos in the measured data. The main background for this type of analyses consists of atmospheric
muons and conventional atmospheric neutrinos. These backgrounds can be highly suppressed by selecting high-quality upward-going events. In the down-going event region the so called self-veto
procedure [29] (an atmospheric neutrino is vetoed when accompanied by atmospheric muons) and
high deposited charge cut can be used to suppress backgrounds as well as a selection of the starting
events inside the detector (part of the detector is used as a veto). Taking into account that neutrinos from charm have a harder spectrum than atmospheric neutrinos and that they are isotropic this
provides an unique opportunity to confront the predicted prompt neutrino ﬂuxes with the observed
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data. The recent binned likelihood analysis, with assumption of unbroken single power law astrophysical ﬂux (described by two parameters: normalization Φastro at 100 TeV neutrino energy and the
spectral index γastro ) and per-bin expectations given by the sum of three components: conventional,
prompt, and astrophysical, of up-going events in 6 years of data [30] gives to date the strongest prompt
neutrino ﬂux constraints by IceCube. The prompt normalization as a function of the normalization
and spectral index is shown in Fig. 3 (left). It is clearly seen that non-zero prompt normalization
appears only for strong deviations from the best ﬁt astrophysical spectrum. Fig. 3 (middle) shows
the joint three-dimensional 90% conﬁdence region for the prompt ﬂux and the astrophysical parameters. The maximum prompt ﬂux in the three-dimensional conﬁdence region is 1.06 × prediction
taken from [31] (ERS) and can be treated as conservative upper limit. Recent selected perturbative
QCD calculations [32–34] are shown in Fig. 3 (right) with the IceCube upper limit from the discussed likelihood 6 year data analysis. The GRSST (H3p) pQCD calculation is based on the same
set of tools, POWHEG and NNPDF3.0L, used to calculate predictions of the absolute prompt particle
cross-sections at LHC [32] (example shown in Fig. 1)

Figure 3. Left: Best-ﬁt prompt normalization in ERS units for each scan point Φastro and γastro . Additionally, the
two-dimensional contours for Φastro and γastro are shown; Middle: 90% CL contour assuming Wilks? theorem
based on a three dimensional proﬁle likelihood scans of the astrophysical parameters Φastro and γastro and the
prompt normalization in ERS units; Right: Prompt atmospheric muon neutrino ﬂux predictions from selected
perturbative QCD calculations (dashed lines) in comparison to the upper limit from IceCube likelihood 6 year
data analysis based on the up-going data sample. For more details see [30]. Pictures taken from [30].

IceCube has developed techniques for the extraction of physical measurements from atmospheric
muon events that can be used to estimate the prompt component [35]. These techniques will not be
discussed in this contribution. However, this is an important work as it gives independent veriﬁcation
of the prompt measurement. Currently, a deﬁnite measurement of the prompt ﬂux using muon data is
not yet possible. Depending on which assumption is chosen for the systematic error, the ﬁnal result
varies considerably (for more details see [35]). In contrast to neutrinos, for muons additional decays
of neutral vector mesons contribute to the prompt neutrino ﬂux at an uncertain level [36, 37]. Once
systematic eﬀects are fully understood and controlled, it will be possible for the IceCube detector to
measure the prompt contribution using muon data.

7 Summary
In the low-energy regime, atmospheric neutrino ﬂux, which mainly comes from pion and kaon intermediate states, is well known. Proper calculation of the prompt neutrino ﬂux is complex and depends
on many theoretical aspects brieﬂy discussed in this contribution. Atmospheric lepton ﬂux is a background to cosmic neutrino ﬂux searches but it is interesting in its own right as it probes low-x QCD.
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A precise measurement of prompt atmospheric muons and neutrinos could therefore complement the
knowledge of diﬀerential cross sections for parton interactions and structure functions in accelerator
physics.
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