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IceCube: intermediate energy neutrino cross section

1. Motivation

Neutrino-nucleon cross sections are a topic of fundamental importance to many neutrino
experiments. Accelerator-based neutrino experiments have made extensive measurements with
increasing precision in the complex energy region up to 360 GeV [1]. More recently, higher
energy measurements have become a reality with the availability of samples of astrophysical
and atmospheric neutrinos from the IceCube Neutrino Observatory at TeV - PeV energies [2–6].
However, no experimental measurements currently exist in the intermediate energy range of few
hundred GeV to a few TeV. IceCube also has the capacity to measure high statistics samples of high
quality events at these energies. Building on a pre-existing, highly developed event selection [7]
and tools allows the first measurement of the charged current (CC), total a` cross section in this
critical regime.

2. Detector and Event Sample

The IceCube detector consists of a cubic-kilometer array of 5160 optical detectors embedded
in the Antarctic ice near the South Pole Station [8]. Charged particles, including those produced
by neutrino interactions with the nuclei in the surrounding ice or nearby bedrock, may be detected
via their emitted Cherenkov radiation. The three-dimensional arrangement of sensors, as well as
charge and timing information of detected photons, allows us to reconstruct particle properties such
as energy, direction and type.

For this cross section analysis, a high statistics sample of well-understood muons derived from
a` CC interactions with minimal background is desired. Such an event sample already exists for
the purposes of studying the diffuse flux of astrophysical neutrinos [7]. The event selection chooses
through-going muon tracks originating outside of the detector. It selects events coming from the
bedrock side of the detector, utilizing the earth as a shield as well as a Boosted Decision Tree to
remove atmospheric muon backgrounds to achieve 99.7% neutrino purity. This analysis will use
data collected from May 2010 to December 2018. The diffuse astrophysical analysis also included
data from May 2009 - May 2010, but due to a difference in calibration, it must be treated separately
from the other years of data [7]. Given that the year has a limited statistical contribution, it is
excluded for simplicity.

3. Event Reconstruction

One downside to the existing event sample is that it uses an energy reconstruction geared to
the high-energy end of the spectrum, the focus of the astrophysical neutrino flux analysis. For
reference, this method uses the truncated mean of muon dE/dx as an energy estimator [9]. For
the purposes of this GeV - TeV focused study, a new reconstruction was tailored specifically for
the low-energy part of the event sample. We use a log-likelihood-based fitter as the starting point,
initially developed to utilize pre-generated templates of charge prediction for unit events, which
may be scaled or stacked to estimate particle energy [10]. A limitation of using these templates, or
photon lookup tables, is that they are specific to the modelling of the glacial detector medium. The
level of complexity captured in the lookup tables is limited by the requirements not only to generate
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Figure 1: Resolution plot comparing existing reconstruction[9] from diffuse analysis and DirectReco for a
subset of final level Monte Carlo events. True energy here is the muon energy at its closest point to the centre
of the detector. DirectReco shows a significant improvement in resolution at a few TeV and below, the target
energy for this analysis.

and store the tables, but also to load them every time an event is reconstructed. IceCube ice models
have progressed well beyond the level of detail captured in the most advanced tables and continue
to be an active area of study [11, 12]. Instead, we generate expected charge for event hypotheses
via OpenCL-based photon propagation simulation software. This grants us additional flexibility in
both our choice of ice model and construction of hypothesis event. The method is referred to as
DirectReco for its direct use of photon propagation in reconstruction.

We can use that flexibility to tune our representation of our target events. Our goal is to
reconstruct the energy of through-going muons, that is, muons entering the instrumented volume
from outside of the detector. Our event hypothesis uses a series of point-like emissions to approxi-
mate the muon track. To decide how the muon energy should be distributed, we consider how the
energy deposition of a muon changes with energy. For energies below ∼100 GeV, the muon is a
minimum ionizing particle, depositing a constant amount of energy as it traverses the detector. At
a few TeV and above, muon energy deposition becomes dominated by radiative losses caused by
stochastic interactions. Accordingly, the point-like losses that represent the muon track are spaced
equidistantly, each one has an equal fraction of the total track energy, and the likelihood is optimized
with respect to that total track energy.

Comparing the performance of the two methods in Fig. 1, we see an improvement in resolution
for DirectReco from the lowest energies up to a few TeV, where muon energy losses become
stochastics dominated and hence the existing method begins to improve. This study was performed
usingMonte Carlo events processed through the analysis event selection. DirectReco’s enhancement
of energy resolution for the critical GeV - TeV energy window improves the precision of this cross
section measurement.

This version of DirectReco for through-going muons is not optimized for energies above a few
TeV, given that the hypothesis is simply not a good physical description at these higher energies.
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Additionally, reconstruction time and memory required increase with event energy in general. To
reduce those constraints, we introduce a condition which aims to process only low-energy (<5 TeV)
events while retaining the existing reconstruction for high-energy (>5 TeV) events. We choose the
observable of deposited charge (100 photo-electrons) as an energy proxy tomake this determination.

4. Analysis

TeV to PeV neutrino-nucleon cross section analyses utilize Earth absorption to infer the cross
section for a given model of Earth’s interior. However, as neutrino energy decreases, the effect
lessens until the Earth becomes transparent to neutrinos around 1 TeV. This analysis will instead
rely on the linear relationship between event rate and cross section, making a measurement via
normalization of predicted neutrino flux.

We build on the astrophysical flux analysis associated with the event sample [7] as our foun-
dation. Sources considered include conventional and prompt atmospheric neutrino fluxes from
cosmic ray interactions and an isotropic flux of astrophysical neutrinos, as well as a sub-dominant
contribution of mis-reconstructed atmospheric muons. Atmospheric neutrino fluxes are modelled
using MCEq software [13], with the Gaisser-Hillas (H4a) cosmic ray model [14] and SYBILL2.3c
hadronic interaction model [15] as the baseline. Other models are considered via nuisance pa-
rameters. Monte Carlo simulations were generated for the various sources included and will be
compared to experimental data in reconstructed space via a Poisson likelihood. The events are
binned in estimated muon energy and cosine of the reconstructed muon zenith angle.

We will measure the cross section as a multiplicative factor on the Standard Model theoretical
model for these energies, CSMS [16], used in ourMonte Carlo simulations. Two physics parameters
are fitted; one governs events at 100 - 350GeV and the other at 350GeV - 5TeV. Since IceCube has no
mechanism to distinguish between neutrinos and antineutrinos, the multiplicative parameters apply
to their sum. However, the cross sections are quite different here, e.g. at 500 GeV, fa/fā ∼ 1.78.
It is understood that this may have an important effect in the energy region under study and is being
evaluated.

An important element is the treatment of the atmospheric neutrino flux that dominates our
energy range. To describe the uncertainties from the cosmic raymodelling, two nuisance parameters
are implemented. One modifies the cosmic ray spectral index and the other interpolates between
two disparate cosmic ray models, H4a [14] and GST4 [17], to represent shape differences. To
describe the uncertainties from the hadronic interaction modelling, four parameters from the Barr
parameterization [18] are implemented, specifically, �±, which modifies pion production, and,±,
.±, /±, which modify kaon production. The Barr parameters have Gaussian priors with widths
determined by the uncertainties derived in the paper. Varying all six parameters within 1 sigma
gives the fit sufficient flexibility to describe many different atmospheric flux models [19].

The conventional atmospheric neutrino flux normalization is highly correlated to our cross
section parameters. To partially break the correlation, we use existing accelerator-based cross
section measurements [1] for energies 100 - 360 GeV to construct a prior. We use the data points,
given as f/�a , to calculate an error-weighted mean and standard deviation. The prior width is
taken as standard deviation divided by the mean to convert from a raw number to a multiplicative
factor. This width is calculated for neutrino data (0.04) and anti-neutrino data (0.05) separately and
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Figure 2: Scan of profile likelihood for our two signal parameters, cross section scaling for 100 - 350 GeV
and for 350 - 5000 GeV, and correlated normalization of conventional atmospheric flux. Note that although
nuisance parameters describing variation in detector modelling are not included here, they are expected to
have only a small effect on the contours.

the slightly more conservative width from the anti-neutrinos is used. This prior is applied to the
lower energy cross section parameter, 100 - 350 GeV, which overlaps with the accelerator data. By
constraining the fit on this scaling factor, we can better examine the previously unmeasured space
with the 350 GeV - 5 TeV scaling factor. The priors in the fit are summarized in the following table
(all are Gaussian and centered at 0):

Parameter Prior width
Barr H± 0.15
Barr W± 0.40
Barr Y± 0.30
Barr Z± 0.12
Cosmic ray model interpolation 1.
100 - 350 GeV cross section scale 0.05

Projected sensitivities using baseline Monte Carlo and including flux-related systematic pa-
rameters look very promising, shown in Fig. 2. Though nuisance parameters describing detector
modelling effects are not yet included, a study was run with the previous reconstruction. The de-
tector nuisance parameters were largely uncorrelated with all the other parameters in the fit. Since
we have no reason to believe that an improvement in resolution will increase the effects of these
nuisance parameters, we expect the change in the sensitivities to be small.

5. Looking Ahead

To complete this analysis, there are a few remaining factors under investigation. Systematics
varying our description of the detector will be included. Test will be run including detected charge in
the histogram of observables, which is expected to strengthen the measurement due to the combined
reconstruction. Studies will also be conducted concerning the use of scaling parameters for summed
a and ā contributions, given the difference in fa and fā . For future implementations of the analysis,
the very high statistics available could support additional cross section bins, providing more insight
into the shape of the distribution. Also, though the effect is small, this work could act as the starting
point for a feasibility study of a dedicated 1 - 5 TeV neutrino-Earth absorption measurement.
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In conclusion, IceCube is on the precipice of making a world-leading measurement of the
neutrino-nucleon cross section in the previously unmeasured GeV to TeV energy range. There are
plans in progress for a new accelerator experiment to measure the cross section for these energies
[20], which will allow for the first cross-checks between accelerator-based and particleastro-based
methods.

References

[1] Particle Data Group Collaboration, P. A. Zyla et al. PTEP 2020 no. 8, (2020) 083C01.

[2] IceCube Collaboration, M. G. Aartsen et al. Nature 551 (2017) 596–600.

[3] IceCube Collaboration PoS ICRC2021 (these proceedings) 1158.

[4] IceCube Collaboration, R. Abbasi et al. arXiv (11, 2020) .

[5] IceCube Collaboration, Y. Xu PoS ICRC2017 (2018) 978.

[6] M. Bustamante and A. Connolly Phys. Rev. Lett. 122 no. 4, (2019) 041101.

[7] IceCube Collaboration, J. Stettner PoS ICRC2019 (2020) 1017.

[8] IceCube Collaboration, M. G. Aartsen et al. JINST 12 no. 03, (2017) P03012.

[9] IceCube Collaboration, R. Abbasi et al. Nucl. Instrum. Meth. A 703 (2013) 190–198.

[10] IceCube Collaboration, M. G. Aartsen et al. JINST 9 (2014) P03009.

[11] IceCube Collaboration PoS ICRC2021 (these proceedings) 1119.

[12] IceCube Collaboration PoS ICRC2021 (these proceedings) 1023.

[13] A. Fedynitch, R. Engel, T. K. Gaisser, F. Riehn, and T. Stanev EPJ Web Conf. 99 (2015)
08001.

[14] T. K. Gaisser Astropart. Phys. 35 (2012) 801–806.

[15] A. Fedynitch, F. Riehn, R. Engel, T. K. Gaisser, and T. Stanev Phys. Rev. D 100 no. 10,
(2019) 103018.

[16] A. Cooper-Sarkar, P. Mertsch, and S. Sarkar JHEP 08 (2011) 042.

[17] T. K. Gaisser, T. Stanev, and S. Tilav Front. Phys. (Beĳing) 8 (2013) 748–758.

[18] G. D. Barr, T. K. Gaisser, S. Robbins, and T. Stanev Phys. Rev. D 74 (2006) 094009.

[19] J. B. Stettner, Measurement of the energy spectrum of astrophysical muon-neutrinos with the
IceCube Observatory. PhD thesis, RWTH Aachen U., 2021.

[20] FASER Collaboration, H. Abreu et al. arXiv (5, 2021) .

6

http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1038/nature24459
http://dx.doi.org/https://arxiv.org/pdf/2011.03560.pdf
http://dx.doi.org/10.22323/1.301.0978
http://dx.doi.org/10.1103/PhysRevLett.122.041101
http://dx.doi.org/10.22323/1.358.1017
http://dx.doi.org/10.1088/1748-0221/12/03/P03012
http://dx.doi.org/10.1016/j.nima.2012.11.081
http://dx.doi.org/10.1088/1748-0221/9/03/P03009
http://dx.doi.org/10.1051/epjconf/20159908001
http://dx.doi.org/10.1051/epjconf/20159908001
http://dx.doi.org/10.1016/j.astropartphys.2012.02.010
http://dx.doi.org/10.1103/PhysRevD.100.103018
http://dx.doi.org/10.1103/PhysRevD.100.103018
http://dx.doi.org/10.1007/JHEP08(2011)042
http://dx.doi.org/10.1007/s11467-013-0319-7
http://dx.doi.org/10.1103/PhysRevD.74.094009
http://dx.doi.org/10.18154/RWTH-2021-01139
http://dx.doi.org/10.18154/RWTH-2021-01139
http://dx.doi.org/https://arxiv.org/pdf/2105.06197.pdf


P
o
S
(
I
C
R
C
2
0
2
1
)
1
1
3
2

IceCube: intermediate energy neutrino cross section

Full Authors List: IceCube Collaboration

R. Abbasi17, M. Ackermann59, J. Adams18, J. A. Aguilar12, M. Ahlers22, M. Ahrens50, C. Alispach28, A. A. Alves Jr.31, N. M.
Amin42, R. An14, K. Andeen40, T. Anderson56, G. Anton26, C. Argüelles14, Y. Ashida38, S. Axani15, X. Bai46, A. Balagopal V.38,
A. Barbano28, S. W. Barwick30, B. Bastian59, V. Basu38, S. Baur12, R. Bay8, J. J. Beatty20, 21, K.-H. Becker58, J. Becker Tjus11, C.
Bellenghi27, S. BenZvi48, D. Berley19, E. Bernardini59, 60, D. Z. Besson34, 61, G. Binder8, 9, D. Bindig58, E. Blaufuss19, S. Blot59,
M. Boddenberg1, F. Bontempo31, J. Borowka1, S. Böser39, O. Botner57, J. Böttcher1, E. Bourbeau22, F. Bradascio59, J. Braun38, S.
Bron28, J. Brostean-Kaiser59, S. Browne32, A. Burgman57, R. T. Burley2, R. S. Busse41, M. A. Campana45, E. G. Carnie-Bronca2,
C. Chen6, D. Chirkin38, K. Choi52, B. A. Clark24, K. Clark33, L. Classen41, A. Coleman42, G. H. Collin15, J. M. Conrad15, P.
Coppin13, P. Correa13, D. F. Cowen55, 56, R. Cross48, C. Dappen1, P. Dave6, C. De Clercq13, J. J. DeLaunay56, H. Dembinski42, K.
Deoskar50, S. De Ridder29, A. Desai38, P. Desiati38, K. D. de Vries13, G. de Wasseige13, M. de With10, T. DeYoung24, S. Dharani1,
A. Diaz15, J. C. Díaz-Vélez38, M. Dittmer41, H. Dujmovic31, M. Dunkman56, M. A. DuVernois38, E. Dvorak46, T. Ehrhardt39, P.
Eller27, R. Engel31, 32, H. Erpenbeck1, J. Evans19, P. A. Evenson42, K. L. Fan19, A. R. Fazely7, S. Fiedlschuster26, A. T. Fienberg56,
K. Filimonov8, C. Finley50, L. Fischer59, D. Fox55, A. Franckowiak11, 59, E. Friedman19, A. Fritz39, P. Fürst1, T. K. Gaisser42, J.
Gallagher37, E. Ganster1, A. Garcia14, S. Garrappa59, L. Gerhardt9, A. Ghadimi54, C. Glaser57, T. Glauch27, T. Glüsenkamp26, A.
Goldschmidt9, J. G. Gonzalez42, S. Goswami54, D. Grant24, T. Grégoire56, S. Griswold48, M. Gündüz11, C. Günther1, C. Haack27,
A. Hallgren57, R. Halliday24, L. Halve1, F. Halzen38, M. Ha Minh27, K. Hanson38, J. Hardin38, A. A. Harnisch24, A. Haungs31, S.
Hauser1, D. Hebecker10, K. Helbing58, F. Henningsen27, E. C. Hettinger24, S. Hickford58, J. Hignight25, C. Hill16, G. C. Hill2, K. D.
Hoffman19, R. Hoffmann58, T. Hoinka23, B. Hokanson-Fasig38, K. Hoshina38, 62, F. Huang56, M. Huber27, T. Huber31, K. Hultqvist50,
M. Hünnefeld23, R. Hussain38, S. In52, N. Iovine12, A. Ishihara16, M. Jansson50, G. S. Japaridze5, M. Jeong52, B. J. P. Jones4, D. Kang31,
W. Kang52, X. Kang45, A. Kappes41, D. Kappesser39, T. Karg59, M. Karl27, A. Karle38, U. Katz26, M. Kauer38, M. Kellermann1, J. L.
Kelley38, A. Kheirandish56, K. Kin16, T. Kintscher59, J. Kiryluk51, S. R. Klein8, 9, R. Koirala42, H. Kolanoski10, T. Kontrimas27, L.
Köpke39, C. Kopper24, S. Kopper54, D. J. Koskinen22, P. Koundal31, M. Kovacevich45, M. Kowalski10, 59, T. Kozynets22, E. Kun11,
N. Kurahashi45, N. Lad59, C. Lagunas Gualda59, J. L. Lanfranchi56, M. J. Larson19, F. Lauber58, J. P. Lazar14, 38, J. W. Lee52, K.
Leonard38, A. Leszczyńska32, Y. Li56, M. Lincetto11, Q. R. Liu38, M. Liubarska25, E. Lohfink39, C. J. Lozano Mariscal41, L. Lu38,
F. Lucarelli28, A. Ludwig24, 35, W. Luszczak38, Y. Lyu8, 9, W. Y. Ma59, J. Madsen38, K. B. M. Mahn24, Y. Makino38, S. Mancina38,
I. C. Mariş12, R. Maruyama43, K. Mase16, T. McElroy25, F. McNally36, J. V. Mead22, K. Meagher38, A. Medina21, M. Meier16, S.
Meighen-Berger27, J. Micallef24, D. Mockler12, T. Montaruli28, R. W. Moore25, R. Morse38, M. Moulai15, R. Naab59, R. Nagai16, U.
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