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1. Introduction

Atmospheric neutrinos are both a tool for discovery, as demonstrated by their role in uncovering
neutrino oscillations and searches for new physics, as well as the main background for the emerging
field of neutrino astronomy. Their understanding is central to the interpretation of data from
operational neutrino observatories like Super-Kamiokande, IceCube and future projects such as
Hyper-Kamiokande, Km3NeT, IceCube-Gen2, GVD and P-ONE, to mention a few. However,
despite their relevance, existing calculations from neutrino fluxes have significant uncertainties that
are already impacting physics results.

One major sources of uncertainty for neutrino fluxes comes from the limited knowledge of
the primary cosmic ray spectrum [1]. Historically the primary cosmic ray flux has been modeled
as a collection of multiple nuclei that follow a power-law spectrum, fitting the scaling factor and
spectral index to data from multiple experiments that was not always in agreement [2]. The other
challenge resides on the phase space of hadronic interactions that is relevant for modeling the flux
of atmospheric neutrinos: light meson production at very small scattering angles [3]. This region
is the domain of non-perturbative QCD, which means that there are no robust methods to compute
them from first principles. Phenomenological models are used instead, but they need to be tuned to
data which can only come from fixed target experiments.

One way to reduce these uncertainties is to make use of the correlation between the flux of
atmospheric neutrinos and that of cosmic muons, which originate in the same decay of charged
mesons, as done first by Honda et al. [4]. In this work we follow a similar method, but we extend
it to include flux and muon charge ratio measurements from multiple experiments as calibration
data to modify the output of fluxes computed with purely data driven inputs, and thus compute a
calibrated atmospheric neutrino flux.

2. Muon spectrometer data

The muon data we use were collected by spectrometers as muon fluxes, either inclusive or
separated by charge, as well as the ratio `+/`−, both as a function of energy or momentum.
Data can be reported for various zenith angles or turned into an equivalent vertical flux, and, for
experiments deep underground, are typically transformed to surface fluxes. Since experiments apply
corrections to their measurements to report them in this manner, we restrict ourselves to use only
data sets with a detailed description of the systematic uncertainties introduced. We furthermore
impose an additional constrain on the muon momentum to be higher than 5GeV at the detector to
avoid complications introduced by geomagnetic effects. The initial list of experiments considered
for this study are listed in Table 1.

Each of the data sets in Table 1 were studied prior to including them as calibration data. The
reported systematic uncertainties were considered either as uncorrelated errors on their measure-
ments, summed in quadrature to the statistical ones, or parametrized as an effect that could be
corrected when comparing the data to the calculation. The parametrization of the uncertainties
would have been the desired procedure for all experiments, but only the L3+cosmic publications
[8, 12] contained enough information to do this in full. For the rest of the experiments, a mix of
both approaches was used. Additionally, a parameter to correct for potential biases in the energy
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Experiment Energy (GeV) Measurements Reported unit Location Altitude Zenith range

AMS-02 [5] 0.1-2500 Flux & charge ratio rigidity 28.57◦N , 80.65◦ W 5 m (sea level) unfolded
BESS-TeV [6] 0.6-400 Flux momentum 36.2◦N, 140.1◦W 30 m 0-25.8◦

CMS [7] 5-1000 Charge ratio momentum 46.31◦N, 6.071◦E 420 m ? cos \I
L3+C [8] 20-3000 Flux & charge ratio momentum 46.25◦N, 6.02◦E 450 m 0-58◦

DEIS [9] 5-10000 Flux momentum 32.11◦N, 34.80◦E, 5 m (sea level) 78.1-90◦

MINOS [10] 1000-7000 Charge ratio total energy 47.82◦N, 92.24◦W 5 m (sea level) unfolded
OPERA [11] 891-7079 Charge ratio total energy 42.42◦N, 13.51◦E 5 m (sea level) � cos \∗

Table 1: List of measurements considered for calibration. Most data are either taken for vertical inci-
dence angles or corrected to vertical through model-dependent unfolding. Only publications with sufficient
description of systematic uncertainties have been considered.

scale was introduced for BESS-TeV, CMS and DEIS, since none was reported in their publications,
with a presumed error of 5%.

A test was performed on each set to decide whether they are compatible with other data sets
and their reported errors are properly estimated. The vertical fluxes and charged ratios, with zenith
angles between 0 − 20◦, were combined as a single data set, and their average flux and charge
ratio were fit with a cubic spline distributing the knots evenly in log10(�/GeV). The j2 of the
sets with respect to these two average expectations were minimized varying the corrections on the
experiment’s systematic parameters. From this exercise we find that the combined fit of vertical
fluxes, including AMS-02, BESS-TeV and L3+cosmic, returned a negligible small ?-value. By
varying the experiment combinations, we learned that AMS-02was responsible for the disagreement
and excluding it results in a ?-value of over 90%. The vertical muon charge ratio, on the other hand,
had a ?-value of 60% when all experiments were included, increasing to 90% when AMS-02 was
removed. From this test we conclude that all data sets are indeed compatible with each other with
the exception of AMS-02, so these data were excluded from the final calibration.

3. Calibrating neutrino fluxes with muons

We use the cascade code MCEq [13, 14]1 to perform the calculations of muon and neutrino
fluxes. The calibration is done by fitting the muon fluxes produced by MCEq with those in the data
by varying a set of parameters that govern the production of these fluxes as well as parameters that
correct the experimental data. The test statistic is a modified j2 given by

j2 =

#∑
8

($8 − �8)2

f2
$8

+
"∑
9

(�9 − � 9)2

f2
�9

(1)

where the first sum compares observation $8 at each data point 8 with expectation �8 from MCEq
divided by the error in the observation f$8

. The second sum penalizes deviations of the parameter
�9 from their expectation � 9 divided by its estimated error f�9

.
TheMCEq fluxes are produced for each experiment using their reported zenith angles, location,

altitude, and atmospheric conditions (averaging over the duration of data-taking) usingNRLMSISE-
00 [15]. The cosmic ray primaries are modeled using the Global Spline Fit (GSF) [16]. GSF is

1https://github.com/afedynitch/MCEq
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a data-driven approach that compiles direct and indirect measurements of cosmic ray primaries to
produce the flux of nucleons at the top of the atmosphere. The approach to obtain the model is
similar to the present work since different cosmic ray experiments are cross-calibrated through a
combined fit. For hadronic interactions, we use the new Data Driven Model (DDM), which is a
fit of accelerator data of proton-carbon collisions taken by NA49 and NA61 experiments at CERN
(for more details, see a different contribution at this conference [17]).

A novel feature of DDM is the parameterization of hadronic errors directly from data, which it
exposes as ten parameters. These parameters modify the production of hadrons within atmospheric
cascades imposing changes to the fluxes of muons and therefore also that of neutrinos. Each
parameter modifies particle yields away from their central value (best fit of the NA49/61 data) to
the edges of the reported 1f error bands. One additional parameter changes the total nucleon flux
predicted by GSFwithin its error band. As a spline-based approach, GSF has many parameters. Our
choice to only vary the total nucleon flux neglects the related uncertainty to the neutron fraction,
which is a shortcoming of the current approach and will be handled in a later work. The current
parameterization corresponds, in principle, to an energy-dependent spectral index variation, as done
in [1, 3].

The yields of charged c±and  ±are modified independently for each particle type, with a
total of 8 parameters for the low energy part, corresponding to NA61 data taken at 31 GeV [18],
and a high energy part corresponding to NA49 data at 158 GeV [19, 20], respectively. Two
additional parameters modify the production of protons and neutrons in the cosmic showers within
the uncertainties of the NA49 158 GeV data. The procedure used to compute the effects of these
parameters on the data has been reported here [21].

A total of 25 parameters were used in the fit, where 16 of them were corrections to the data
that account for reported systematic uncertainties. The fit was done using iMinuit [22], and the
goodness-of-fit of the results was estimated using only the first term of Eq. (1).

4. Results on muon and neutrino fluxes

The fit was conducted simultaneously on all the experiments listed in Table 1, minus AMS-02.
The values obtained result in an excellent fit, with a ?-value for the data to originate from the model
of 72% (j2=398/416 dof). The result of the fit to the muon data as well as the starting point of the fit
and data are shown in Figs. 1 and 2. The uncalibrated DDM+GSF consistently underestimates the
fluxes, particularly at vertical directions, and it overestimates the muon charge ratio. The calibrated
model, on the other hand, can explain the muon fluxes from vertical and horizontal directions
simultaneously, as well as the charge ratio data.

The parameters governing corrections on the experimental data are mostly within two standard
deviations, except for two parameters coming from L3+cosmic. This can be understood from
Fig. 1, which shows that the data from L3+cosmic requires corrections that significantly decrease
its flux around 100GeV. From the parameters responsible for the muon flux, and simultaneously the
neutrino flux, those that modify the production of neutrons, high energy c− and high energy  + are
pulled to produce higher yields by about 4f. We think this can be partially explained by the fact that
the parameterization of GSF errors at this moment is too simple, e.g. neglecting a neutron fraction
uncertainty to account for the error in proton to helium ratio in cosmic rays, and discrepancies there
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are captured by the remaining fit parameters. The rest of the parameters of interest are fit within
2 standard deviations from their expectation.

The resulting vertical down-going neutrino fluxes are shown in Fig. 3 together with the uncal-
ibrated GSF+DDM output as well as the flux from two commonly used calculations, the HKKMS
model [23] and the Bartol model [24]. The calibrated flux is close to the HKKMS flux for a4 at all
energies. For a`, the fluxes agree below 2 GeV, and for energies above this, the calibrated flux is
lower. In both cases, the calibrated output produces a higher flux than the original GSF+DDM.

Error bands accompany both the calibrated and original fluxes, although the errors for the
calibrated model are too small to be appreciated in the figure. Below 100 GeV, the main source of
error are the yields of low energy c+ and  +, introducing an uncertainty between 1% and 4% on
the neutrino fluxes. Above 100 GeV the error on the cosmic ray primary flux from GSF becomes
dominant, resulting in a 6% uncertainty at 100 TeV. For comparison, prior to the calibration, the
error on GSF+DDM was about 10% at 1 TeV.

The ratio a`/ā`for vertical down-going neutrino fluxes is shown in Fig. 4 in a similar fashion
as the previous figures. The calibrated GSF+DDM calculation predicts a ratio that is significantly
higher than HKKMS, although it is still lower than the Bartol results. The errors in this ratio are
also reduced by the muon data.
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Figure 1: Muon fluxes for near vertical (left) and horizontal (right) incoming directions. Solid colors
correspond to the experimental data and the flux calculation after the fit. The data and fluxes prior to the fit
are shown with a transparency. A factor has been added to fluxes from different incoming directions to be
able to show them in the same figures.
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Figure 2: Muon charge ratio for near vertical incoming directions. Solid colors correspond to the experi-
mental data and the charge ratio calculation after the fit. The data and ratios prior to the fit are shown with a
transparency. A factor has been added to fluxes from different incoming directions to be able to show them
in the same figure.
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Figure 3: Vertical down-going fluxes of electron (left) and muon (right) neutrinos resulting from the
calibration of the GSF+DDM output. The original output of GSF+DDM is shown in gray. The shaded
regions depict the errors of the calculation. Fluxes from HKKMS and Bartol computations are shown for
comparison.
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Figure 4: Ratio a`/ā` for vertically down-going neutrinos as function of energy. The output from both
original and calibrated GSF+DDM calculations are shown. The shaded regions depict the errors of the
calculation. Expected ratio from HKKMS and Bartol computations are shown for comparison.

5. Discussion and future work

We have successfully used muon spectrometer data to calibrate an atmospheric neutrino flux
while simultaneously explaining the muon flux and muon charge ratio `+/`−at both vertical and
horizontal incoming directions. The calibration was done adjusting the primary cosmic rays, yields
of light mesons and experimental parameters that modify the interpretation of the data. Some of
our best fit values suggest modifications that are stronger than expected, but we think this is mainly
due to the simplicity in the parameterization of the errors coming from the cosmic ray flux. Using
these corrections, we compute a calibrated neutrino flux with errors below 6% at all energies.

To further verify the resulting fluxes and their small error, future work will introduce a more
sophisticated handling of the errors reported in GSF as well as the inclusion of additional data
from near horizontal fluxes, since this region is currently constrained by a single experiment. Apart
from that, the inclusion of muon flux measurements from deep underground detectors will also be
explored.
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