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We investigate the capabilities of upcoming kiloton-scale neutrino detectors, such as Hyper-Kamio-
kande, in determining the primary cosmic-ray spectrum. These detectors provide full-sky coverage and
long-term monitoring, unlike traditional satellite and balloon experiments that measure cosmic-ray flux at
specific altitudes and locations. By analyzing the atmospheric neutrino flux generated by cosmic-ray
interactions, we demonstrate that future detectors can differentiate between various cosmic-ray models with
high statistical significance, even when accounting for uncertainties in neutrino cross sections and hadronic
interactions. We introduce a technique for reconstructing the primary cosmic-ray spectrum using neutrino
measurements, which reduces the flux uncertainty from approximately 20% to about 7%. We then show
that Hyper-K has the potential to increase sensitivity to neutrino oscillation parameters, such as sin2 θ23, by
a factor of 2. Our results highlight the complementary role of neutrino detectors in cosmic-ray physics and
their critical importance for precision measurements in particle astrophysics.
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I. INTRODUCTION

Next-generation large-scale neutrino detectors such as
JUNO [1], Hyper-K [2], and DUNE [3] are poised to
significantly advance our understanding of neutrino
sources in the ∼MeV energy range, including the Sun,
the atmosphere, diffuse supernovae, and potentially indi-
vidual supernova events. Similarly, upcoming large-volume
dark matter detectors will achieve sensitivity to low-energy
neutrinos through independent detection channels, ena-
bling complementary studies of these sources [4].
Among these, atmospheric neutrinos [5–11] constitute a

critical signal. A precise understanding of the low-energy
atmospheric neutrino flux (Eν < 100 MeV) is crucial for
multiple physics goals: probing neutrino oscillations [12–17],
mass ordering [18,19], flavor ratios [20,21], and it acts as a

background in the search for the diffuse supernova neutrino
background [1,22–25], proton decay [1,2,26–28] in-
direct [29–32] and in direct detection searches for dark
matter [33–35].
Atmospheric neutrinos originate from cosmic-ray (CR)

interactions in Earth’s atmosphere, which produce showers
that generate neutrinos as a secondary component. A
variety of satellite-, balloon-, and ground-based experi-
ments have directly measured the primary CR proton and
helium spectra, including AMS [36], CREAM [37],
PAMELA [38], BESS [39], helium: AMS [40],
ATIC-2 [41], BESS [39], CREAM [37], PAMELA [38],
among others. These measurements are generally well
described by phenomenological and empirical cosmic-ray
source models, such as HillasGaisser [42], Gaisser-Stanev-
Tilav [43], and Honda-Kajita-Kasahara-Midorikawa
(HKKM) [44,45]. Atmospheric shower simulations, such
as HKKM [44,45], CORSIKA [46], and MCEq [47], are
then used to predict the atmospheric neutrino spectrum,
for a given primary CR spectrum as input.
These simulations have been used to indirectly infer the

high-energy CR flux and composition using secondary
muons [48–53]. These spectra are a critical input to any
neutrino analysis. Previous studies show how one can
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combine different CR datasets to reduce the uncertainty on
the neutrino flux [54]. Here we reverse the logic and
perform an unfolding procedure based on the measured
neutrino flux to reduce the uncertainty on the CR flux
(similar to the aforementioned high-energy muon studies).
With the increasing precision and scale of neutrino

detectors, it is timely to investigate how measurements
of atmospheric neutrinos can inform phenomenological
models of the primary CR spectrum. At the low energies
relevant for atmospheric neutrino production, two principal
effects on the CR spectrum must be considered: solar
modulation [55], which alters the spectrum as particles
traverse the heliosphere, and geomagnetic deflection,
which imposes a rigidity cutoff that varies with location
and direction at Earth’s surface.
Concerning the atmospheric neutrino flux, experiments

such as Super-Kamiokande have provided high-statistics
measurements [56], constraining neutrino oscillation
parameters and even hinting at time variability correlated
with cosmic-ray modulation. Recent studies have explored
the impact of detector location [57] and solar cycle
variations [58] on the low-energy atmospheric neutrino
flux, highlighting the sensitivity of future detectors to these
effects, particularly at higher latitudes.
In this work we evaluate the potential for future experi-

ments to precisely measure the atmospheric neutrino flux
and show how this flux may be used to measure the CR
spectrum. Figure 1 sketches out our general approach. We
use experimental CR flux measurements (right gray shaded
band) to predict the resulting neutrino flux (left gray shaded
band) at Hyper-K. We then show that Hyper-K’s statistical

precision can differentiate between these injected fluxes
(pink shaded band).
In Secs. II and III we define the primary CR and shower

models, respectively, that we use in this analysis. In Sec. IV,
using Hyper-K as an example, we show how atmospheric
neutrinos measurements can directly inform models of
primary CR spectra and CR shower physics. Then, in
Sec. VI, we show how this improved knowledge of the
models can be leveraged to improve atmospheric neutrino
oscillation measurements. Lastly, in Sec. VII we close with
an outlook and concluding remarks.

II. COSMIC RAYS

The atmospheric neutrino flux at energies Eν ≤
100 GeV is primarily sourced by CRs with energies
ECR ∈ ½1 GeV; 1 TeV�. We inject both the proton and
helium components, using the AMS proton [36] and
helium [40] measurements. The helium nucleus of energy
E is treated as its constituent nucleons for the purpose of
neutrino production. This means the atmospheric-neutrino
event rates will be sensitive to the all-nucleon cosmic-ray
flux, rather than the all-particle flux, since neutrino
production is governed by the number of interacting
nucleons. While some shower observables, such as the
depth of shower maximum Xmax, the total muonic compo-
nent of the shower Nμ, and the characteristic width of the
shower profile L, do differ between p and He initiated
showers [59,60], for simplicity we do not account for these
differences as they do not affect our results.
Here we define three primary CR models to illustrate the

effects that they have on the final neutrino spectrum and the
neutrino detectors’ capabilities to distinguish between
them. We will use the measurements by AMS [36] as a
benchmark and compare the neutrino spectra when inject-
ing PAMELA [38] data and the CR model used in HKKM
[44,45]. For low energies (ECR < 1 TeV) HKKM uses a
proton and helium spectra mainly based on AMS02 [36].
Above 1 TeV the HKKM model is based on CREAM [37],
JACEE [61], and RUNJOB [62].

III. NEUTRINO SHOWERS

At the energies of interest, atmospheric neutrinos are
primarily produced by sequential decays of pions and muons
produced by CR interactions in the upper atmosphere
[63–65]. Herewe ignore muons produced in electromagnetic
showers due to their minimal contribution [66–68]. We
simulate the production of neutrinos in the atmosphere using
the site-dependent solar-cycle averaged predictions of
HKKM11 [44], which agree well with Super-K measure-
ments [69]. For energies below 0.15 GeV (where the
HKKM11 predictions stop), we use predictions from [57],
which combines FLUKA [70] and CORSIKA [46] to make site-
dependent low-energy flux predictions.

FIG. 1. A sketch of where differences in the primary flux will
appear in neutrino data. Shown (in black) are the neutrino fluxes
produced when injecting PAMELA, BESS, AMS, or HKKM CR
proton. The pink area denotes Hyper-K’s predicted statistical
precision when measuring the neutrino flux.
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To model the dependence of the neutrino flux on the
injected CR spectrum, we use CORSIKA-based simulations
following the procedure of HKKM11 [44]. Specifically, we
compute the ratio of neutrino fluxes produced by different
primary CR inputs and use these ratios to rescale the
HKKM11 baseline. Because our analysis depends only on
ratios of neutrino fluxes computed with a common inter-
action model, a hadronic-yield error that is shared between
numerator and denominator cancels to first order. The
residual sensitivity is second order, scaling with the product
of the yield error and the (10%–20%) shape difference
between primary spectra. To separately assess the uncertainty
from hadronic interaction models, we use MCEq [47], a
cascade-equation-based [63,71–73] simulation tool, varying
the interaction models among Sibyll 2.3 [74,75], EPOS-LHC
[76], QGSJET-II [77], and DPMJET-III [78,79], and the
atmospheric density profile between CORSIKA (U.S. stan-
dard) [46] and NRLMSISE-00 [80]. Note [81] has shown
that the uncertainties from hadronic interaction models can
be pushed down to ∼5% for energies Eν ≤ 10 GeV. This
uncertainty is primarily caused by uncertainties from π andK
production in the atmosphere [82], while the kaon to pion
ratio itself should be irrelevant [42]. Figure 7 shows the
interaction-model uncertainties.
We note that the hadronic interaction models used with

MCEq (Sibyll, EPOS-LHC, QGSJET-II, and DPMJET-III)
are not directly applicable at the sub-GeV neutrino
energies that form the lower end of our analysis range.
As demonstrated in [83], cascade-equation-based calcu-
lations agree well with full three-dimensional simulations
down to Eν ∼ 5 GeV, but below this threshold dedicated
codes such as FLUKA or the HKKM framework are
required. We therefore use these hadronic interaction
models only to assess uncertainties at Eν ≳ 5 GeV, while
the low-energy baseline flux is taken from the FLUKA-
based predictions of [57], as described above.

IV. MEASUREMENT POTENTIAL

Hyper-K, the successor to Super-K [84], is a cylindrical
water-based Cherenkov detector with a fiducial volume of
187 kton [2,85]. With angular resolution ∼10° [86] for
pe;μ ¼ 10 GeV, detection efficiency> 80% [69] for charged
current (CC) νμ events, and excellent energy resolution ≤
10% [87–89], this detector will have an order of magnitude
more well-reconstructed data than previous generations of
detectors for neutrino energies below 10 GeV.
Here we consider atmospheric neutrino CC scattering on

oxygen for Hyper-K. To predict the number of atmospheric
events in an energy bin j, we use

N j ¼ NtΔt
Z

Ejþ1

Ej

dEν
dΦ
dEν

ðEνÞσðEνÞϵðEνÞ; ð1Þ

where Nt is the number of target atoms (water), ϵ is the
detection efficiency, andΔt is the detector live time. For the

exposure, we assume 10 years of live time for Hyper-K.
The efficiency ϵ is energy dependent, with slightly higher
efficiencies for sub-GeV events (∼80%–90%) and falling
toward higher energies, due to pion production and contain-
ment of the secondary lepton (≥ 75%) [69,86,89]. For
muons specifically, most high-energy (≥ 3 GeV) events
will be only partially contained. Using a flat value of 75%
across the full energy range is therefore a conservative
approximation. We expect that a fully energy-dependent
efficiency curve (requiring a dedicated detector simulation)
would not qualitatively alter our conclusions. The neutrino-
oxygen cross section σ is taken from GENIE 3.2.0 using tune
G18_10a_02_11b, which is based on a local Fermi-gas
model and an empirical meson-exchange model [90–92].
Here, we use the neutrino-oxygen cross section as an
approximation for the total neutrino-water cross section.
For neutrino energies between 100 MeV and 10 GeV, we
predict ∼62 000 νe and ∼110 000 νμ events. This agrees
well with the predictions of [93] when scaled to Super-K.
This implies that Hyper-K’s statistical uncertainty is below
1%. As a result, Hyper-K has the statistical power to
distinguish between the different cosmic-ray models, which
can differ by up to 20%.
Figure 2 shows the resulting neutrino count ratios

(compared to an AMS injection) for the νe CC channel
when injecting the different primary CR models and
measurements. Note that the shape of the neutrino spectrum
changes depending on energy for the different injections.
This shows that a flat scaling cannot capture the energy-
dependent uncertainty of the primary flux. This will
become particularly relevant once future experiments reach
∼5% statistical precision.

FIG. 2. The resulting neutrino counts compared to the AMS
prediction when injecting PAMELA or HKKM data.
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To illustrate the effect of using different primary cosmic-
ray spectra, we first perform a simple analysis focused on
the resulting shape of the atmospheric neutrino spectrum.
We define a test statistic, q, from the Poisson likelihood of
the observed spectral shape. For each CR hypothesis H we
compute

qðHÞ ¼ −
X
c

X
j

logPðñcj jμ̂cHN c;H
j Þ; ð2Þ

where c∈ fνe-CC; νμ-CCg, j labels energy bins, and
PðnjλÞ is the Poisson probability. The observed counts
ñcj are Poisson realisations of the true (AMS) expectation
multiplied by ð1þ δσÞ, δσ ∼N ð0; 0.1Þ, capturing the 10%
cross-section uncertainty. The nuisance parameter μ̂cH is
profiled, rescaling hypothesis H to maximize the like-
lihood, so that q probes spectral shape rather than absolute
normalization [94,95]. Both the pseudodata and the model
templates are convolved with a 10% Gaussian energy
resolution before binning. This smearing is subdominant
to the bin width (∼10 bins per decade). We run the analysis
for two distinct channels simultaneously: CC νe and CC νμ.
Figure 3 shows the resulting distribution of the test

statistic when injecting different primary cosmic-ray fluxes.
The differences arise for multiple reasons: The large differ-
ence between the old HKKM model and AMS data arises at
high energies, where changes in the spectral shape of the
cosmic-ray flux were not accounted for. PAMELA mea-
surements are consistently higher than AMS measurements
and show the most significant differences at ∼700 GeV. The
new HKKM model interpolates between low-energy data
(AMS) and higher-energy measurements (CREAM, JACEE,
and RUNJOB). This causes the HKKMmodel to lie slightly
above the AMS measurements starting at a few 100 GeV.
Beyond those shown, further cross-check datasets, older
AMS [96], ATIC-2 [97], and BESS-TeV [98], differ more
from AMS than PAMELA does and are not propagated
through our analysis.
From these distributions, we can extract the expected

sensitivity of Hyper-K to the injected cosmic-ray fluxes
using 10 years of data. For HKKM New, PAMELA, and
HKKM Old, we predict sensitivities of 1.1σ, 2.1σ, and
≥ 5σ, respectively, relative to the baseline fluxes using
AMS data. By changing the energy range analyzed to
Eν ∈ ½1 GeV; 10 GeV� we can slightly increase the sensi-
tivity to the differences between AMS data and the model
used in HKKM New to 1.4σ. These results point to two
facts: Hyper-K will be sensitive to the differences measured
by cosmic-ray experiments and Hyper-K will even be
sensitive to the interpolation between low-energy and
high-energy cosmic-ray data.
Using the 10% uncertainty on the neutrino-nucleus cross

section assumed here, there is no sensitivity to the helium

component of the cosmic rays. Should the uncertainty be
reduced to 3%, Hyper-K would start to become sensitive to
the measured helium flux. Note that this should be treated
as a conservative statement, since we assume that helium
and protons produce the same neutrino spectrum.

V. COSMIC-RAY MODEL

Using the above results, we can then ask the question:Can
Hyper-K use its data to improve the cosmic-ray model?
To this end, we reverse the analysis, reconstructing the

primary spectrum based on all-sky νe and νμ measurements
using the following procedure: First, we inject single
proton lines at seven different energies and, following
the same procedure as in the previous section, construct the
resulting neutrino flux templates. We then use these seven
neutrino spectra to fit the predicted Hyper-K all-sky
measurement, binned as ten logarithmically spaced bins
per decade in energy, using a χ2. In the fit, we include a
systematic uncertainty on the neutrino-oxygen cross sec-
tion of 10%. Note that we are free to increase or decrease
the number of injected lines (templates). However, increas-
ing the template count increases the uncertainty for each
proton line, since there are large degeneracies between the
resulting neutrino spectra from each line. Additionally,
decreasing the number of templates makes reproducing the
neutrino spectrum’s shape more challenging.
Figure 4 shows the resulting fit. Each colored curve

represents a neutrino flux template from a single injected

FIG. 3. Distribution of the test statistic for the primary CR
models (holding the interaction model fixed) and accounting for a
10% cross-section uncertainty in the CC oxygen channel. Note,
that q is uncalibrated and only the separation of the distributions
matters.
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CR proton line with a given energy. The resulting uncer-
tainty on the reconstructed spectrum ranges from 5% to
10%, depending on the energy. The main benefit of this

analysis is reducing the uncertainty on the neutrino fluxes
from 15%–25% [99] to 5%–10%. Interestingly, this is
similar to the best-fit values of the uncertainty on the flux
normalization Super-K finds: for Eν < 1 GeV: 14.3% and
for Eν > 1 GeV: 7.8% [99].
Figure 5 compares the fitted CR spectra for different

injections to an AMS injection. Included are the resulting
uncertainties on the fit of each CR energy bin. Of particular
interest here is that the uncertainties and resulting fit values
are energy dependent. This is of particular interest to
studies that probe specific neutrino energies, such as
oscillation studies.
The uncertainties quoted here assume that the neutrino-

flux calculation chain, including solar modulation and
geomagnetic-cutoff modeling, contributes negligible uncer-
tainty relative to that of the primary flux being recon-
structed. In practice this multistep calculation carries its
own error budget, which would propagate into the derived
primary-flux uncertainty. A full treatment is beyond the
scope of this qualitative study.

VI. EFFECTS ON OSCILLATION STUDIES

A reduction in the uncertainty of the cosmic-ray spec-
trum will have important implications for measuring
neutrino mixing parameters. Here we explore this and
show the effects that reduced cosmic-ray uncertainties
would have on a simplified sin2 θ23 study. This is meant
to be considered a purely illustrative case and may be
extended with a more in-depth analysis.
We first construct oscillograms using nuCraft [100] and

then fold them with the fitted neutrino spectra from the
previous section. Using Eq. (1), we then predict the number
of events per energy and angle bin and compare the results
for the different choice of neutrino parameters. Since we are
comparing absolute counts in the analysis region between
different sin2 θ23 hypotheses, the result is susceptible to the
uncertainty on the overall normalization of the neutrino
flux caused by the cross section and primary model. Unlike
the ratio-based analysis of the previous sections, the
hadronic-interaction uncertainty here enters through the
flux-normalization nuisance rather than canceling.
For illustrative purposes, Fig. 6 shows the fractional

difference in the expected number of counts in the νe CC
channel considering two values of sin2 θ23. We choose the
values sin2 θ23 ¼ 0.45 and 0.51, which represent the best fit
and boundary of the 1σ experimental uncertainty, respec-
tively. The white circle in Fig. 6 indicates our approximate
analysis region, which focuses on the region most sensitive
to changes in θ23. For this example, we predict a change of
∼12% in total counts in the analysis region. However,
distinguishing between these two θ23 values is only
possible if the total normalization uncertainty is below
12%. Assuming a cross section uncertainty of 10%, we
therefore require the neutrino flux uncertainty to be
below 7% (root-squared addition, assuming the flux and

FIG. 4. Fitted neutrino spectrum, for discrete primary injec-
tions. Here, we fit 1900 kton − years worth of data. The shaded
bands denote the uncertainty on each respective fit. Here we
include a 10% systematic uncertainty on the neutrino-oxygen
cross section.

FIG. 5. The unfolded CR spectra ratios based on predicted
Hyper-K measurements for different injected fluxes. The solid
lines denote the injected CR spectra. The unfolded spectrum
follows the behavior of the injected one.
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cross-section uncertainties are uncorrelated) [101]. As
shown in the previous section, Hyper-K will be able to
achieve this.
The CR spectrum measurement uses all-sky integrated

counts and is therefore insensitive to angular resolution.
For the oscillation analysis, the dominant angular
smearing is the kinematic correlation between the
neutrino and lepton directions. The analysis region
covers Eν ∼ 5–9 GeV, where deep inelastic scattering
is the dominant CC process. In this regime the outgoing
lepton carries transverse momentum set by the hadronic
scale, hpTi ∼ 0.5–1 GeV, while its longitudinal momen-
tum is El ≈ ð1 − hyiÞEν ∼ 0.7Eν. This yields a character-
istic lepton-neutrino opening angle of hθlνi ∼ 6°–12°
across the analysis range [102], which is several times
larger than Hyper-K’s lepton reconstruction accuracy
of ≲2° [89]. The analysis regions in Fig. 6 are chosen to
be insensitive to this smearing.
Moving beyond the illustrative example, we now wish

to determine Hyper-K’s sensitivity to θ23 using the
improved primary CR model. To do this, we generate
106 sample oscillograms for both the νe and the νμ CC
channels, each including a 10% cross-section uncertainty.
We perform a Poissonian likelihood analysis with an
energy-dependent Gaussian nuisance parameter, which
captures the cross-section and primary CR uncertainties.
Additionally, we maximize the likelihood across energy
and angle bins, resulting in the approximate region shown
in Fig. 6. Finally, 1σ confidence intervals for sin2 θ23 are

determined keeping all other oscillation parameters
constant.
We run the analysis using three CR uncertainty bench-

marks: 15% (present value, as used by Super-K [99]),
7% (achievable value, as demonstrated in the previous
section), and 0% (the ideal case). We find that using the
present uncertainty value of 15%, sin2 θ23 is determined to
be 0.45þ0.61

−0.046 which does not improve upon the current
measurement despite the increased statistics (i.e. it is
systematics limited). However, for the 7% uncertainty case,
0.45þ0.29

−0.022 is achievable, 50%–73% of the uncertainty in
Super-K’s sin2 θ23 measurement [56]. This can be con-
trasted with the ideal case, which shows that ultimately θ23
can be known to ≤ 1% precision if uncertainties in the CR
spectrum are negligible. This is a surprising result, given
the remaining systematic uncertainties (from the cross
section) are 10%. However, since θ23 causes energy-
dependent changes in the neutrino spectrum, unlike the
systematics, it can be determined to higher precision.

VII. CONCLUSION AND OUTLOOK

We have shown that next-generation kiloton-scale neu-
trino detectors, such as Hyper-Kamiokande, can provide a
powerful new probe of the primary cosmic-ray spectrum.
While not designed as cosmic-ray experiments, these
detectors offer full-sky coverage, long-term stability, and
unique sensitivity to low-energy features inaccessible to
traditional satellite and balloon missions.
Hyper-Kamiokande can distinguish between leading

cosmic-ray models with high significance and reconstruct
the primary spectrum to reduce flux uncertainties from
∼20% to ∼7%. This improvement will directly enhance
the precision of neutrino oscillation measurements, par-
ticularly in parameters such as sin2 θ23, and sharpen
searches for diffuse supernova neutrinos, proton decay,
and dark matter.
While the analysis in this paper has focused on the

example of Hyper-Kamiokande as a proof of principle, a
similar analysis should be possible for JUNO and DUNE.
Looking forward with currently operating experiments,
complementary data from detectors like ORCA [13] and
seasonal muon variations observed by BOREXINO [103],
Super-K [104], IceCube [105–107], KM3NeT [108], and
AUGER [109] offer promising paths to constrain cosmic-
ray uncertainties further. Our results emphasize that
accounting for and reducing cosmic-ray systematics will
be critical for the next era of precision neutrino physics.
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APPENDIX: INTERACTION MODELS

In Fig. 7 we show the uncertainty bands caused by using
different hadronic interaction models. To this end we inject
either AMS or PAMELA data and generate neutrino spectra
using Sibyll 2.3 [74,75], EPOS-LHC [76], QGSJET-II [77],
and DPMJET-III [78,79] and use those results to rescale the
HKKM predictions.
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