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in the Galaxy. The first observation of this neutrino flux was published in 2023 by the IceCube
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both event topologies in one analysis exploits all these advantages. Sensitivities and model
discrimination power of a combined measurement using a forward folding binned likelihood fit
are discussed here.

Corresponding authors: Jonas Hellrung'-?*, Julia Becker Tjus'-?3, Wolfgang Rhode?*,

! Theoretical Physics 1V, Faculty for Physics and Astronomy, Ruhr University Bochum, Germany
2 Ruhr Astroparticle and Plasma Physics Center (RAPP Center), Germany

3 Department of Space, Earth and Environment, Chalmers University of Technology, Sweden

4 Department of Physics, TU Dortmund University, Germany

* Presenter

39th International Cosmic Ray Conference (ICRC2025)

15-24 July 2025 ICRC 2025

. The Astroparticle Physics Conference
Geneva, Switzerland Geneva July 15-24, 2025

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:jonas.hellrung@ruhr-uni-bochum.de
mailto:julia.tjus@ruhr-uni-bochum.de
mailto:wolfgang.rhode@tu-dortmund.de
https://pos.sissa.it/

Combining IceCube Muon Tracks and Cascades to measure the Galactic Diffuse Neutrino Flux

1. Introduction

In 2023, IceCube published the first observation of high-energy neutrinos from the Galactic
plane [1]. A part of this neutrino flux is expected to come from Galactic diffuse emission which
arises when high-energy cosmic rays interact with the interstellar gas in the Milky Way. Addition-
ally, unresolved neutrino sources in the Galaxy could also contribute to this neutrino flux. The
measurement of the properties of this emission can help to understand the distribution of cosmic
rays in our Galaxy. A better understanding of this distribution would be an important input to
constrain cosmic ray models and to find the sources of cosmic rays in our Galaxy.

The first measurement of the Galactic neutrino flux used a selection of cascade-like events.
These events can be seen from all directions but have a relatively large directional uncertainty
(~ 10°)[1]. Since then, hints for a Galactic neutrino flux were also found in other event selections
[2, 3] and also by the ANTARES experiment [4].

To better understand the Galactic neutrino flux, we want to use the approach established in
[5] and combine selections targeting cascade-like and track-like events to exploit their respective
advantages.

2. Detector and Event Selections

IceCube is a cubic kilometer neutrino detector at the South Pole. It consists of more than 5000
digital optical models which are embedded in a depth of 1450 m to 2450 m in the thick Antarctic
ice shield and record light emission in the ice [6]. This allows IceCube to measure the Cherenkov
light emitted when high-energy charged particles move through the ice. Most of these particles are
muons created in cosmic-ray air showers, but also secondary particles from neutrinos interacting in
the ice or the surrounding rock are measured.

2.1 Tracks

One strategy is to search for long track-like events, that are produced by muons. But only a
small fraction of muons is produced by charged current interactions of muon neutrinos and most
of them originate in cosmic-ray air showers. As the muons can only travel up to a few kilometers
before losing their energy, one can use the Earth as a shield and select only events which are
reconstructed to be up-going. For this purpose a zenith cut of 6§ > 85° is applied. Additionally,
boosted decision trees are used to separate high-quality tracks from badly reconstructed or more
spherical cascade-like events. The track sample used here is the same as described in [2, 5]. The
sample has a high purity of >99.8 % and a median angular resolution < 1°. The interaction of the
neutrino does not need to happen inside of the detector, as long as the muon enters the detector at
some poiade event selections, as visible in Fig. 1. But, as this sample only contains the northern
hemisphere, and therefore only covers the Galactic plane for longitudes < -141° and > 27°, it can
not be used to observe the Galactic center and therefore a large fraction of the neutrino emission
from the Galactic plane.

2.2 Cascades

A second strategy is to look for cascade-like events. These events are created when the neutrino
undergoes a neutral current interaction or if an electron or tau neutrino interacts via a charged current
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Figure 1: Effective area for the used event selections. Green shows the track selection and Blue the NN
based cascade selection. For comparison the cascade selection used in the previous combined fit is also
shown in red. The other lines show the effective area of the overlap between the different selections.

interaction. The secondary particles lose their energy in a shorter distance in this case which leads
to a spherical signature. The selection used here is described in more detail in [1]. It uses multiple
neural networks to select neutrino events and reduce the atmospheric muon background. The
energy and the direction of the event are also reconstructed with a convolutional-neural-network
based approach [7]. The advantage of this selection can be seen in Fig. 1. The effective area of
this selection is almost as high as the one for the track selection and is about 3 times larger than
the effective area of the cascade sample used in [8] and [5]. Fig. 1 also shows that the overlap
between the track sample and the cascade samples is quite small (<1%). To combine the selections,
the overlap is removed from the cascade selection as it mostly consists of starting tracks, which are
better reconstructed in the track selection.

3. Analysis Method

3.1 Forward-folding Likelihood Fit

The analysis is performed with a forward-folding likelihood fit, where simulated neutrino events
are weighted to calculate the expected number of events according to the model parameters. These
events are then binned in reconstructed energy, zenith and right ascension. This is done separately
for the two event selections. Then a Poisson likelihood is used to calculate the probability for the
parameter values for the given data. We plan to use the effective likelihood [9], which takes the
statistical uncertainties of the produced simulation into account, in the final analysis.

The computationally demanding task of calculating the likelihood is performed with an aesara-
based framework which was already used in previous analysis e.g. [2, 5, 10]
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3.2 Modeling of Systematic Effects

For the modeling of the detector response and optical properties of the ice at the South Pole,
the SnowStorm method [11] is used. In this method, the parameters describing the ice and the
detector are randomly sampled for each event during the simulation. The allowed ranges for the
parameters were determined from calibration data. The simulation is split into two parts for each
parameter and the gradient of the number of events per bin is calculated. This gradient can then be
added to the expected number of events which is calculated from a baseline simulation where the
parameters are fixed. This approach was developed and verified for [5]. For the tests presented here,
the systematic parameters are only applied to the track selection because of limited availability of
simulations. In the final analysis, it will be included for both event selections in the same way.

3.3 Background Modeling

There are multiple backgrounds to the analysis. The first one is the isotropic astrophysical
neutrino flux. It was discovered in 2013 [12] and characterized in multiple analysis since then.
Recently there was evidence for deviation from a single power law in this flux [5]. For the tests
performed here it is still modeled as a single power law with the parameters found in [5]. In the
final analysis this will be changed to a model with more degrees of freedom, for example a broken
power law.

Most of the neutrinos in the event selections are neutrinos from cosmic-ray air showers. These
are modeled using MCEq [13]. As a baseline, the H4a model for the cosmic-ray flux and Sibyll
2.3c for the hadronic interactions are chosen. The fluxes of conventional and prompt neutrinos are
included separately, each with a free normalization. The uncertainty on the primary cosmic-ray
flux is taken into account by allowing linear interpolation between the H4a and GST models. An
additional parameter can change the spectral index of the cosmic-ray flux. The scheme developed
by Barr et. al in [14] is used to incorporate uncertainties on the hadronic interactions. A detailed
description of the modeling of the atmospheric neutrino flux can be found in [10].

Finally there are some atmospheric muons which survive to the final level of the event selection.
These are modeled with a dedicated simulation.

3.4 Signal Modeling

So far, there are six models included in the analysis. Three of them were already tested in
[1], namely the Fermi-mp model [15] with a spectral index of 2.72 and the KRA, models with an
exponential cutoff in primary cosmic-ray energy at 5 or 50 PeV [16]. Additionally, we include the
CRINGE model [17] and two analytical models proposed by Fang and Murase [ 18] where the spatial
dependence and the energy dependence are separated. For the spatial model they once assume a
constant product of gas and cosmic-ray density in the Galactic disc (FM-const) and once they assume
that this product follows the distribution of supernova remnants. For the energy dependence of both
models we assume a single power law with a spectral index of 2.7. The absolute normalization of
each model is a free parameter in the fit.
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Figure 2: Discovery Potentials for the six different models. Each model is injected at different normalizations
and the likelihood difference between a free fit and a fit without Galactic contribution is calculated. The
likelihood values corresponding to a 3, 4 and 5 o significance for a Galactic contribution are indicated by
the gray lines. As the absolute normalizations of the models are quite different, the vertical lines show the
norm which is fitted with this model, if the Fermi-my measurement from [1] is injected.

4. Results

At first, the discovery potentials for each of the models are calculated. For this purpose the
model is injected into the fit at different absolute normalizations and the expected significance for
this model is calculated. The results can be found in Fig. 2 and Table 1. As the absolute flux
predictions of the models is quite different we chose some baseline normalizations for the models.
For this purpose, the Fermi-mg model is injected into the fit at the normalization found in [1]. Each
model is then separately fitted to this injection and the resulting best-fit normalizations are chosen
as baselines. The baselines and the corresponding fluxes can also be found in Table 1. In Fig. 2 one
can see these baselines as vertical lines. It can be seen, that these normalizations would all lead to
significances above 4 o and some above 5 0.

As the true model is unlikely to fully agree with one of the models, we perform an additional

Model Fermi-ty KRAj KRAY CRINGE FM-const FM-SNR
30 DP 3.09 0.42 0.31 1.59 1.14 1.00
40 DP 4.15 0.57 0.41 2.13 1.52 1.35
50 DP 5.21 0.72 0.53 2.68 1.91 1.70
baseline normalization 5.47 0.63 0.44 2.74 1.81 1.69
$@i00Tey 2.18 1.58 1.67 1.29 2.28 2.13

in107¥ GeV-! cm=2 57!

Table 1: Discovery Potentials for the different models for the Galactic diffuse neutrino flux. The values are
given as multiples of the predicted model flux. Additionally, the conversion to physical flux units is given for
the chosen baseline normalizations. The given fluxes are all-sky integrated, per-flavor fluxes at 100 TeV.
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Figure 3: Expected significance for a Galactic contribution if the model on the left is injected and the model
at the top is fitted. The injected normalizations are chosen as explained in the text.

test which allows us to estimate the expected significance in case of a mismodeling. To achieve
this, each model is injected at the baseline normalization. Then, a fit is performed in which another
model is chosen and the expected significance for this model compared to no galactic contribution
is calculated. The results can be found in the correlation matrix in Fig. 3. It can be seen, that some
models are quite similar (e.g. Fermi-mg and CRINGE) and are expected to produce very similar
significances. This shows that a slight derivation of the truth from the models is not affecting the
performance of the analysis. But there are also some models like FM-const which, if they would be
the only tested model, produce only a small significance in many cases. Therefore, it is important
to test a wide range of different models to cover all possibilities.

The difference in expected significances already gives a hint that some models predict different
enough fluxes to allow some discrimination between the models. To test this in more detail, we
inject one model and fit this model and another model to it. The result for Fermi-mg and KRA;O can
be seen in Fig. 4. If the truth looks like Fermi-g (KRA;O), this model is preferred at 3o (2.3 o).
The results for all combinations of models are summarized in Fig. 5. Again this shows, that some
models are very similar and we do not have the possibility to differentiate between them. Examples
are the two KRA,, models or Fermi-mp and CRINGE. We expect, that we can discriminate between
these two groups with a significance of 2-3 o~. The strongest discrimination can be found between
the most extreme models KRA, and FM-const. Here we expect to reject one of the models with
more than 3 o if the other model is true.

5. Conclusion

We presented an analysis aimed to better understand the nature of the Galactic neutrino flux.
For this we combine two independent event selections. We showed that the analysis is expected to
measure this flux on a 4 o-level with a completely different approach then [1]. We expect that the
analysis can exclude some of the existing models with a significance of 3 0.
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Figure 5: Model discrimination power. For each injected model on the left the likelihood difference between
a fit using this model and a fit using the model on the top is shown. The numbers show the expected preference
of the injected model over the fitted model if the injected model would be the truth.

There are still some open issues. The cascade selection used in [1] showed disagreements
between data and simulation. This is not a problem for the analysis in [1], as it relies on scrambled
data for background estimation. However, a forward-folding analysis as presented here, is more
dependent on accurate simulations. Therefore, a modified version of this selection is under devel-
opment and more details can be found in [19]. A second improvement to increase the agreement
between data and simulation will be the usage of a more recent simulation using the most up to date
model of the ice at the South Pole. Finally, for the study presented here, the effect of atmospheric
self-veto [20] is not taken into account. This effect decreases the number of atmospheric neutrinos
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ending up in the final level of the cascade selection, as they could be accompanied by muons from
the same air shower.

As it was shown, the analysis has the power to show a preference for one model over others, if
this model happens to be true. Therefore, it is interesting to test models which make some more
extreme assumptions like the FM-const model, to limit the allowed parameter space. In addition to
the FM-const model, which assumes a constant product of gas and cosmic-ray density, we plan to
test the assumption of a constant cosmic-ray density by using a map of the gas distribution in the
Galaxy as a template. [21] showed that considering anisotropic diffusion has a strong influence on
the expected spatial distribution of Galactic diffuse emission. Based on this, we plan to test for the
preferred anisotropy of cosmic ray diffusion. This will provide more information to understand the
diffusion of cosmic rays in the Milky Way.

References

[1] IceCube Collaboration, R. Abbasi et al., Science 380 no. 6652, (2023) 1338-1343.
[2] IceCube Collaboration, P. M. Fuerst, 38th International Cosmic Ray Conference (Sept.,
2024) 1046.
[3] IceCube Collaboration, M. G. Aartsen et al., Phys. Rev. Lett. 124 (Feb, 2020) 051103.
[4] ANTARES Collaboration, A. Albert et al., Physics Letters B 841 (2023) 137951.
[5] IceCube Collaboration, R. Naab, E. Ganster, and Z. Zhang, 38th International Cosmic Ray
Conference (Sept., 2024) 1064.
[6] IceCube Collaboration, M. G. Aartsen et al., Journal of Instrumentation 12 no. 03, (2017)
P03012-P03012.
[7] IceCube Collaboration, R. Abbasi et al., Journal of Instrumentation 16 no. 07, (Jul, 2021)
P0O7041.
[8] IceCube Collaboration, M. G. Aartsen et al., Phys. Rev. Lett. 125 (Sep, 2020) 121104.
[9] C. A. Argiielles, A. Schneider, and T. Yuan, Journal of High Energy Physics 06 (2019) .
[10] IceCube Collaboration, R. Abbasi et al., The Astrophysical Journal 928 no. 1, (Mar, 2022)
50.
[11] IceCube Collaboration, M. Aartsen et al., JCAP 2019 no. 10, (Oct, 2019) 048.
[12] IceCube Collaboration, M. G. Aartsen et al., Science 342 no. 6161, (2013) 1242856.
[13] A. Fedynitch et al., EPJ Web of Conferences 99 (2015) 08001.
[14] G. D. Barr, S. Robbins, T. K. Gaisser, and T. Stanev, Phys. Rev. D 74 (Nov, 2006) 094009.
[15] M. Ackermann et al., The Astrophysical Journal 750 no. 1, (Apr, 2012) 3.
[16] D. Gaggero et al., The Astrophysical Journal 815 no. 2, (2015) L25.
[17] G. Schwefer, P. Mertsch, and C. Wiebusch, ApJI 949 no. 1, (May, 2023) 16.
[18] K. Fang and K. Murase, The Astrophysical Journal 919 no. 2, (2021) 93.
[19] IceCube Collaboration, Z. Rechav, E. Yildizci, and L. Lu, PoS ICRC2025 (these
proceedings) 1154.
[20] C. A. Argiielles et al., JCAP 2018 no. 07, (Jul, 2018) 047.
[21] J. Dorner, J. Hellrung, J. Becker Tjus, and H. Fichtner, PoS ICRC2025 (these proceedings)
634.


http://dx.doi.org/10.1126/science.adc9818
http://dx.doi.org/https://doi.org/10.22323/1.444.1046
http://dx.doi.org/https://doi.org/10.22323/1.444.1046
http://dx.doi.org/10.1103/PhysRevLett.124.051103
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2023.137951
http://dx.doi.org/DOI: https://doi.org/10.22323/1.444.1064
http://dx.doi.org/DOI: https://doi.org/10.22323/1.444.1064
http://dx.doi.org/10.1088/1748-0221/12/03/p03012
http://dx.doi.org/10.1088/1748-0221/12/03/p03012
http://dx.doi.org/10.1088/1748-0221/16/07/P07041
http://dx.doi.org/10.1088/1748-0221/16/07/P07041
http://dx.doi.org/10.1103/PhysRevLett.125.121104
http://dx.doi.org/https://doi.org/10.1007/JHEP06(2019)030
http://dx.doi.org/10.3847/1538-4357/ac4d29
http://dx.doi.org/10.3847/1538-4357/ac4d29
http://dx.doi.org/10.1088/1475-7516/2019/10/048
http://dx.doi.org/10.1126/science.1242856
http://dx.doi.org/10.1051/epjconf/20159908001
http://dx.doi.org/10.1103/PhysRevD.74.094009
http://dx.doi.org/10.1088/0004-637X/750/1/3
http://dx.doi.org/10.1088/2041-8205/815/2/l25
http://dx.doi.org/10.3847/1538-4357/acc1e2
http://dx.doi.org/10.3847/1538-4357/ac11f0
http://dx.doi.org/10.1088/1475-7516/2018/07/047

Combining IceCube Muon Tracks and Cascades to measure the Galactic Diffuse Neutrino Flux

Full Author List: IceCube Collaboration

R. Abbasilﬁ, M. Ackermann®? . J. Adams!?, S. K. Agarwalla”’ aJ A. Aguilarlo, M. Ahler521, JM. Alameddinezz, S. Ali35, N. M.
Amin*?, K. Andeen*!, C. Argijelles13, Y. Ashida?, S. Athanasiadou®?, S. N. Axani*}, R. Babu??, X. Bai*’, J. Baines-Holmes®’, A.
Balagopal V.3%- 43, S, W. Barwick?®, S. Bash?®, V. Basu®?, R. Bay®, J. J. Beatty!®- 20, J. Becker Tjus®®, P. Behrens!, J. Beise®!, C.
Bellenghi%, B. Benkel63, S.BenZvid!l, D. Berleyls, E. Bernardini*” ¢D.Z. Besson35, E. Blaufussls, L. B100m58, S. Blot“, I. Bodo39,
F. Bontempo30, J. Y. Book Motzkin's, C. Boscolo Meneguolo‘”’ ¢ S. B6ser40, 0. Botnerf", J. Btjttcherl, J. Braun397 B. Brinson4,
Z. Brisson—Tsavoussis32, R.T. Burleyz, D. Butterﬁeld”, M. A. Campana48, K. CarloniB, J. Carpio33’ 34, S. Chattopadhyay”’ a N.
Chau'®, Z. Chen®, D. Chirkin®*®, S. Choi*?, B. A. Clark!8, A. Coleman®!, P. Coleman', G. H. Collin'%, D. A. Coloma Borja*’, A.
Connolly'9’ 20, J. M. Conrad"‘, R. Corley52, D. F. Cowen>® 60, C. De Clercq] ', J.J. DeLaunaySg, D. De]gadol3, T. Delmeu]lelo, S.
Deng1 ,P. Desiati39, K. D. de Vries!!, G. de Wasseige36, T. DeYoung23, J.C. Dl’az—Vélez39, S. DiKerby23, M. Dittmer42, A. Domizs,
L. Draper’?, L. Dueser!, D. Durnford?*, K. Dutta**, M. A. DuVernois>®, T. Ehrhardt*’, L. Eidenschink?®, A. Eimer?, P. Eller®,
E. Ellinger62, D. Elsésserzz, R. Engel30’ 31, H. Erpenbeck”, W. Esmail42, S. Eulig”, J. Evans'g, P. A. Evenson43, K. L. Fanlg, K.
Fang”, K. Farragls, A.R. FazelyS, A. Fedynitch57, N. Feiglg, C. Finley54, L. Fischer63, D. Fox59, A. Franckowiakg, S. Fukzuni@, P.
Fijrst', J. Gallagher38, E. Gansterl, A. Garcia13, M. Garcia43, G. Garg”’ 2 E. Genton!3 36, L. Gerhardt7, A. Ghadimisg, C. Glaser6',
T. Gliisenkamp61, J. G. Gonzalez43, S. Goswami33’34, A. Granad0523, D. Grant'z, S. 1. Gray'g, S. Griﬁin”, S. GriswoldSl, K.
M. Groth21, D. Guevel”, C. Giinther!, P. Gutjahrzz, C. Ha%3, C. Haackzs, A. Hallgrenm, L. Halvel, F. Halzen®, L. Hamacher!,
M. Ha Minh?®, M. Handt!, K. Hanson®, J. Hardin'4, A. A. Harnisch?>, P. Hatch®?, A. Haungs, J. HzuBler', K. Helbing®?, J.
Hellrungg, B. Henk(-:23, L. Hennigzs, F. Henningsenlz, L. Heuermannl, R. Hewett!7, N. Heyer61, S. Hickfordéz, A. Hidvegi54, C.
Hill"®, G. C. Hill?, R. Hmaid'3, K. D. Hoffman'®, D. Hooper?®, S. Hori®?, K. Hoshina>®-9, M. Hostert'3, W. Hou®, T. Huber?,
K. Hultqvist54, K. Hymonzz’ 57, A. lshiharals, W. lwakiri'S, M. Jacquart21, S. Jain39, 0. Janikzs, M. Jansson36, M. Jeongsz, M.
Jin!3, N. Kamp”, D. Kang30, W. Kang48, X. Kang48, A. Kappes42, L. Kardumzz, T. Karg63, M. Kar126, A. Ka.rle”, A. Kat1124,
M. Kauer®®, J. L. Kelley®®, M. Khanal®?, A. Khatee Zathul*?, A. Kheirandish®>3*, H. Kimku?, J. Kiryluk®, C. Klein®, S. R.
Klein® 7Y. Kobayashils, A. Kochocki23, R. Koirala43, H. Kolanoskis, T. Kontrimaszﬁ, L. Képke“o, C. Kopperzs, D. J. KoskinenZI,
P. Koundal*3, M. Kowalski® (’3, T. KozynetSZI, N. Krieger9, J. Krishnamoorthi®®» aT. Krishnan13, K. Kruiswijk%, E. Krupczakzs,
A. Kumar63, E. Kung, N. Kurahashi48, N. Lad%® , C. Lagunas Gualda26, L. Lallement Arnaudlo, M. Lamoureux36, M. J. Larsonlg,
F. Lauber62, J.P Lazar36, K. Leonard DeHoltonGO, A. Leszczyﬁska43, J. Liao®, C. Lin43, Y. T Liuéo, M. Liubarska24, C. Love48,
L. Lu*, F. Lucarelli?’, W. Luszczak!®-20, Y. Lyu6’7, J. Madsen’®, E. Magnus”, K. B. M. Mahn?3, Y. Makino®, E. Manao?®,
S. Mancina%’> ° A. Mand39, I. C. Mari§10, S. Marka45, Z. Marka45, L. Martcnl, 1. Martinez—SolerB, R. Maruyama44, J. Mauro36,
F. Mayhew23, F. McNally37, J. V. Mead?!, K. Meagher”, S. Mechbal®?, A. Medina?, M. Meier!d, Y. Merckx“, L. Merten®, J.
Mitchell’, L. Molchany*’, T. Montaruli?’, R. W. Moore?*, Y. Morii'>, A. Mosbrugger®, M. Moulai*?, D. Mousadi®®, E. Moyaux>¢,
T. Mukherjee30, R. Naab“, M. Nakos39, U. Naumannéz, J. Necker63, L. Neste54, M. Neumann42, H. Niederhausen23, M. U. Nisa23,
K. Noda'®, A. Noell!, A. Novikov*3, A. Obertacke Pollmann'>, V. O’Dell*?, A. Olivas'®, R. Orsoe?, J. Osborn®®, E. O’Sullivan®!,
V. Palusova40, H. Pandya43, A. Parentilo, N. Park32, V. Parrish23, E. N. Paudelss, L. Pau149, C. Pérez de los Heros61, T. Pernice“,
J. Peterson”, M. Plum49, A. Ponténﬁl, V. PoojyamSS, Y. Popovych40, M. Prado Rodriguez”, B. Pri6523, R. Procter—Murphylg, G. T
Przybylski7, L. Pyrassz, C. Raab36, J. Rack—Helleis4O, N. Rad63, M. Ravnﬁl, K. Rawlins3, Z. Rechav39, A. Rehman43, 1. Reistroffer49,
E. Resconizé, S. Reusch63, C. D. Rh056, W. Rhodezz, L. Ricca36, B. Riedel”, A. Rifaieﬁz, E. J. Robertsz, S. Robertson® 7. M.
Rongen25 LA Rosted!'?, C. Rott>2, T. Ruhe?2, L. Ruohan?®, D. Ryckboschzx, J. Saffer’! ,D. Salazar-Galleg0s23, P. SampathkumarSO, A.
Sandrockéz, G. Sanger—Johnson23, M. Santandersg, S. Sarkar46, J. SavelbcrgI , M. Scarnera36, P. Schaile%, M. Schaufel! , H. Schieler30,
S. Schindler?, L. Schlickmann?, B. Schliiter*?, F. Schliiter'®, N. Schmeisser?, T. Schmidt'®, F. G. Schréder®® 43, L. Schumacher?,
S. Schwirn!, S. Sclafani!®, D. Seckel*?, L. Seen3®, M. Seikh®’, S. Seunarine’’, P. A. Sevle Myhr3(’, R. Shah*3, S. Shefali®!, N.
Shimizu's, B. Skrzypek6, R. Snihur39, J. Soedingreksozz, A. S¢gaard21, D. Soldin52, P. Soldin', G. Sommani9, C. Spannfellner%,
G. M. SpiczakSO, C. Spiering63, J. Stachurskazs, M. Stamatikoszo, T. Stanev“, T. Stezelberger7, T. Stﬁrwaldﬁz, T. Stuttard21, G. W.
Sullivanls, I Taboada4, S. Ter—Antonyan5 LA Terliuk%, A. Thakuri49, M. Thiesmeyer”, W.G. Thompson”, J. Thwaites”, S. Tilav43,
K. Tollefson23, S. Toscano'o, D. Tosi39, A. Trettin(’}, A. K. Upadhyay39' a K. Upshaws, A. Vaidyanathan‘“, N. Valtonen-Mattila® 6', J.
Valverde“, J. Vandenbroucke”, T. van Eeden“, N. van Eijndhoven1 1 L. van Rootselaar?2, J. van Santen“, F. J. Vara Carbonell*2, F.
Varsi®! , M. Venugopal”, M. Vereecken36, S. Vergara Carrasco”, S. Verpoest43, D. Veske45, A. Vijails, J. Villarreal”, C. Walck54, A.
Wang4, E. Warricksg, C. Weaver23, P. Weigell4, A. Weindl30, J. Weldert40, AY. Wer113, C. Wendt39, J. Werthebachzz, M. Weyrauch30,
N. Whitehorn?3, C. H. Wiebusch!, D. R. Williams®, L. Witthaus??, M. Wolf?®, G. Wrede?, X. W. Xu?, J. P. Yafiez?*, Y. Yao*,
E. Yildizci39, S. Yoshidals, R. Young35, F. Yu13, S. Yu52, T. Yuan39, A. Zegarellig, S. Zhang23, Z. Zhang55, P. Zhelninl3, P. Zilberman3®

T Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany

2 Department of Physics, University of Adelaide, Adelaide, 5005, Australia

3 Dept. of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Dr., Anchorage, AK 99508, USA
4 School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, GA 30332, USA
5 Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA

6 Dept. of Physics, University of California, Berkeley, CA 94720, USA

7 Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

8 Institut fiir Physik, Humboldt-Universitit zu Berlin, D-12489 Berlin, Germany

9 Fakultit fiir Physik & Astronomie, Ruhr-Universitit Bochum, D-44780 Bochum, Germany

10 Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium



Combining IceCube Muon Tracks and Cascades to measure the Galactic Diffuse Neutrino Flux

11 Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium

12 Dept. of Physics, Simon Fraser University, Burnaby, BC V5A 1S6, Canada

13 Department of Physics and Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, MA 02138, USA
14 Dept. of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

15 Dept. of Physics and The International Center for Hadron Astrophysics, Chiba University, Chiba 263-8522, Japan

16 Department of Physics, Loyola University Chicago, Chicago, IL 60660, USA

17 Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand

18 Dept. of Physics, University of Maryland, College Park, MD 20742, USA

19 Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA

20 Dept. of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, OH 43210, USA
21 Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark

22 Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany

23 Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA

2z Dept. of Physics, University of Alberta, Edmonton, Alberta, T6G 2E1, Canada

25 Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg, D-91058 Erlangen, Germany
26 Physik-department, Technische Universitdt Miinchen, D-85748 Garching, Germany

27 Département de physique nucléaire et corpusculaire, Université de Geneve, CH-1211 Gengve, Switzerland

28 Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium

29 Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA

30 Karlsruhe Institute of Technology, Institute for Astroparticle Physics, D-76021 Karlsruhe, Germany

31 Karlsruhe Institute of Technology, Institute of Experimental Particle Physics, D-76021 Karlsruhe, Germany

32 Dept. of Physics, Engineering Physics, and Astronomy, Queen’s University, Kingston, ON K7L 3N6, Canada

33 Department of Physics & Astronomy, University of Nevada, Las Vegas, NV 89154, USA

34 Nevada Center for Astrophysics, University of Nevada, Las Vegas, NV 89154, USA

35 Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA

36 Centre for Cosmology, Particle Physics and Phenomenology - CP3, Université catholique de Louvain, Louvain-la-Neuve, Belgium
37 Department of Physics, Mercer University, Macon, GA 31207-0001, USA

38 Dept. of Astronomy, University of Wisconsin—Madison, Madison, WI 53706, USA

39 Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin—Madison, Madison, WI 53706,
USA

40 Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany

41 Department of Physics, Marquette University, Milwaukee, WI 53201, USA

42 Institut fiir Kernphysik, Universitidt Miinster, D-48149 Miinster, Germany

43 Bartol Research Institute and Dept. of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA

“ Dept. of Physics, Yale University, New Haven, CT 06520, USA

45 Columbia Astrophysics and Nevis Laboratories, Columbia University, New York, NY 10027, USA

46 Dept. of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom

47 Dipartimento di Fisica e Astronomia Galileo Galilei, Universita Degli Studi di Padova, I-35122 Padova PD, Italy

48 Dept. of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA

49 Physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA

50 Dept. of Physics, University of Wisconsin, River Falls, WI 54022, USA

31 Dept. of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA

52 Department of Physics and Astronomy, University of Utah, Salt Lake City, UT 84112, USA

53 Dept. of Physics, Chung-Ang University, Seoul 06974, Republic of Korea

54 Oskar Klein Centre and Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden

55 Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA

36 Dept. of Physics, Sungkyunkwan University, Suwon 16419, Republic of Korea

57 Institute of Physics, Academia Sinica, Taipei, 11529, Taiwan

58 Dept. of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA

3 Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA

0 Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA

61 Dept. of Physics and Astronomy, Uppsala University, Box 516, SE-75120 Uppsala, Sweden

62 Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany

63 Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, D-15738 Zeuthen, Germany

4 also at Institute of Physics, Sachivalaya Marg, Sainik School Post, Bhubaneswar 751005, India

b also at Department of Space, Earth and Environment, Chalmers University of Technology, 412 96 Gothenburg, Sweden
¢ also at INFN Padova, I-35131 Padova, Italy

4 also at Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan

¢ now at INFN Padova, 1-35131 Padova, Italy

10



Combining IceCube Muon Tracks and Cascades to measure the Galactic Diffuse Neutrino Flux

Acknowledgments

The authors gratefully acknowledge the support from the following agencies and institutions: USA — U.S. National Science Foundation-
Office of Polar Programs, U.S. National Science Foundation-Physics Division, U.S. National Science Foundation-EPSCoR, U.S. National
Science Foundation-Office of Advanced Cyberinfrastructure, Wisconsin Alumni Research Foundation, Center for High Throughput
Computing (CHTC) at the University of Wisconsin—-Madison, Open Science Grid (OSG), Partnership to Advance Throughput Computing
(PATh), Advanced Cyberinfrastructure Coordination Ecosystem: Services & Support (ACCESS), Frontera and Ranch computing
project at the Texas Advanced Computing Center, U.S. Department of Energy-National Energy Research Scientific Computing Center,
Particle astrophysics research computing center at the University of Maryland, Institute for Cyber-Enabled Research at Michigan State
University, Astroparticle physics computational facility at Marquette University, NVIDIA Corporation, and Google Cloud Platform;
Belgium — Funds for Scientific Research (FRS-FNRS and FWO), FWO Odysseus and Big Science programmes, and Belgian Federal
Science Policy Office (Belspo); Germany — Bundesministerium fiir Forschung, Technologie und Raumfahrt (BMFTR), Deutsche
Forschungsgemeinschaft (DFG), Helmholtz Alliance for Astroparticle Physics (HAP), Initiative and Networking Fund of the Helmholtz
Association, Deutsches Elektronen Synchrotron (DESY), and High Performance Computing cluster of the RWTH Aachen; Sweden —
Swedish Research Council, Swedish Polar Research Secretariat, Swedish National Infrastructure for Computing (SNIC), and Knut and
Alice Wallenberg Foundation; European Union — EGI Advanced Computing for research; Australia — Australian Research Council;
Canada — Natural Sciences and Engineering Research Council of Canada, Calcul Québec, Compute Ontario, Canada Foundation for
Innovation, WestGrid, and Digital Research Alliance of Canada; Denmark — Villum Fonden, Carlsberg Foundation, and European
Commission; New Zealand — Marsden Fund; Japan — Japan Society for Promotion of Science (JSPS) and Institute for Global Prominent
Research (IGPR) of Chiba University; Korea — National Research Foundation of Korea (NRF); Switzerland — Swiss National Science
Foundation (SNSF). JH, JBT, and WR acknowledge support from the Deutsche Forschungsgemeinschaft (DFG), via the Collaborative
Research Center SFB1491 ”Cosmic Interacting Matters - From Source to Signal”.

11



	Introduction
	Detector and Event Selections
	Tracks
	Cascades

	Analysis Method
	Forward-folding Likelihood Fit
	Modeling of Systematic Effects
	Background Modeling
	Signal Modeling

	Results
	Conclusion

