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T. Pernice,63 J. Peterson,40 M. Plum ,50 A. Pontén,65 V. Poojyam,59 Y. Popovych,41 J. Prado González ,21

M. Prado Rodriguez,40 B. Pries ,23 R. Procter-Murphy,18 G. T. Przybylski,7 L. Pyras ,53 C. Raab ,37 J. Rack-Helleis,41

N. Rad ,63 M. Ravn,65 K. Rawlins,3 Z. Rechav,40 A. Rehman ,64 I. Reistroffer,50 E. Resconi ,26 S. Reusch,63

C. D. Rho ,57 W. Rhode ,22 L. Ricca ,37 B. Riedel ,40 A. Rifaie,62 E. J. Roberts,2 S. Robertson,6,7 M. Rongen ,25

A. Rosted ,15 C. Rott ,53 T. Ruhe ,22 L. Ruohan,26 D. Ryckbosch,28 J. Saffer ,31 D. Salazar-Gallegos ,23

P. Sampathkumar,30 A. Sandrock ,62 G. Sanger-Johnson ,23 M. Santander ,59 S. Sarkar ,47 J. Savelberg,1 M. Scarnera,37

P. Schaile,26 M. Schaufel,1 H. Schieler ,30 S. Schindler ,25 L. Schlickmann ,41 B. Schlüter,43 F. Schlüter ,10

N. Schmeisser,62 T. Schmidt,18 F. G. Schröder ,30,64 L. Schumacher ,25 S. Schwirn,1 S. Sclafani ,18 D. Seckel,64

L. Seen ,40 M. Seikh ,35 S. Seunarine ,51 P. A. Sevle Myhr ,37 R. Shah ,49 S. Shefali,31 N. Shimizu ,15 B. Skrzypek ,6

R. Snihur,40 J. Soedingrekso,22 A. Søgaard,21 D. Soldin ,53 P. Soldin ,1 G. Sommani ,9 C. Spannfellner,26

G. M. Spiczak ,51 C. Spiering ,63 J. Stachurska ,28 M. Stamatikos,20 T. Stanev,64 T. Stezelberger ,7 T. Stürwald,62

T. Stuttard ,21 G.W. Sullivan ,18 I. Taboada ,4 S. Ter-Antonyan ,5 A. Terliuk,26 A. Thakuri,50 M. Thiesmeyer ,40

W. G. Thompson ,13 J. Thwaites ,40 S. Tilav,64 K. Tollefson ,23 S. Toscano ,10 D. Tosi,40 A. Trettin,63

PHYSICAL REVIEW D 113, 072009 (2026)

2470-0010=2026=113(7)=072009(21) 072009-1 Published by the American Physical Society

https://orcid.org/0000-0001-6141-4205
https://orcid.org/0000-0001-8952-588X
https://orcid.org/0000-0002-9714-8866
https://orcid.org/0000-0003-2252-9514
https://orcid.org/0000-0003-0709-5631
https://orcid.org/0000-0002-9534-9189
https://orcid.org/0009-0001-2444-4162
https://orcid.org/0000-0001-9394-0007
https://orcid.org/0000-0003-4186-4182
https://orcid.org/0000-0001-8866-3826
https://orcid.org/0000-0002-1827-9121
https://orcid.org/0000-0003-2050-6714
https://orcid.org/0000-0002-9528-2009
https://orcid.org/0000-0003-0481-4952
https://orcid.org/0000-0002-1748-7367
https://orcid.org/0000-0002-7448-4189
https://orcid.org/0000-0001-8525-7515
https://orcid.org/0000-0001-5537-4710
https://orcid.org/0000-0003-3108-1141
https://orcid.org/0000-0001-5450-1757
https://orcid.org/0009-0005-9938-3164
https://orcid.org/0000-0003-1089-3001
https://orcid.org/0000-0001-6687-5959
https://orcid.org/0000-0001-8325-4329
https://orcid.org/0000-0002-5918-4890
https://orcid.org/0000-0001-8588-7306
https://orcid.org/0000-0002-3387-4236
https://orcid.org/0000-0001-9128-1159
https://orcid.org/0000-0003-4162-5739
https://orcid.org/0000-0003-3859-3748
https://orcid.org/0000-0003-0667-6557
https://orcid.org/0000-0003-4911-1345
https://orcid.org/0000-0003-4089-2245
https://orcid.org/0000-0003-1510-1712
https://orcid.org/0000-0003-0007-5793
https://orcid.org/0000-0002-6393-0438
https://orcid.org/0000-0003-4738-0787
https://orcid.org/0000-0001-5266-7059
https://orcid.org/0000-0001-5229-1995
https://orcid.org/0000-0002-4306-8828
https://orcid.org/0000-0001-9768-1858
https://orcid.org/0000-0002-9842-4068
https://orcid.org/0000-0002-1010-5100
https://orcid.org/0000-0003-4873-3783
https://orcid.org/0000-0002-0087-0693
https://orcid.org/0000-0003-2633-2196
https://orcid.org/0000-0002-6608-7650
https://orcid.org/0000-0002-2987-9691
https://orcid.org/0009-0002-6308-0258
https://orcid.org/0000-0001-6354-5209
https://orcid.org/0000-0001-6796-3205
https://orcid.org/0000-0001-6319-2108
https://orcid.org/0000-0002-6907-8020
https://orcid.org/0000-0003-2837-3477
https://orcid.org/0000-0003-3350-390X
https://orcid.org/0000-0002-7645-8048
https://orcid.org/0000-0002-3714-672X
https://orcid.org/0000-0002-5605-2219
https://orcid.org/0000-0002-7951-8042
https://orcid.org/0000-0001-8608-0408
https://orcid.org/0000-0003-4393-6944
https://orcid.org/0000-0002-8186-2459
https://orcid.org/0009-0003-5263-972X
https://orcid.org/0000-0002-6350-6485
https://orcid.org/0000-0001-5998-2553
https://orcid.org/0000-0002-2268-9297
https://orcid.org/0000-0003-2907-8306
https://orcid.org/0000-0002-0779-9623
https://orcid.org/0000-0002-7321-7513
https://orcid.org/0000-0002-1581-9049
https://orcid.org/0000-0002-0870-2328
https://orcid.org/0009-0007-5644-8559
https://orcid.org/0000-0001-7980-7285
https://orcid.org/0000-0002-9598-8589
https://orcid.org/0000-0003-3932-2448
https://orcid.org/0000-0001-7751-4489
https://orcid.org/0000-0003-2237-6714
https://orcid.org/0000-0001-6224-2417
https://orcid.org/0000-0002-9638-7574
https://orcid.org/0009-0003-5552-4821
https://orcid.org/0000-0003-2072-4172
https://orcid.org/0009-0006-7300-8961
https://orcid.org/0000-0002-0680-6588
https://orcid.org/0000-0001-9036-8623
https://orcid.org/0000-0003-0647-9174
https://orcid.org/0009-0007-2644-5955
https://orcid.org/0000-0002-9584-8877
https://orcid.org/0000-0003-3422-7185
https://orcid.org/0000-0002-6515-1673
https://orcid.org/0000-0003-0602-9472
https://orcid.org/0000-0002-4377-5207
https://orcid.org/0000-0002-0207-9010
https://orcid.org/0009-0000-7455-782X
https://orcid.org/0009-0007-3121-2486
https://orcid.org/0000-0003-2420-6639
https://orcid.org/0000-0003-0487-5595
https://orcid.org/0000-0001-9232-259X
https://orcid.org/0000-0002-5149-9767
https://orcid.org/0000-0003-3980-3778
https://orcid.org/0000-0003-1315-3711
https://orcid.org/0000-0003-3251-2126
https://orcid.org/0000-0003-2475-8951
https://orcid.org/0000-0001-9889-5161
https://orcid.org/0000-0002-9429-9482
https://orcid.org/0000-0003-1830-9076
https://orcid.org/0000-0002-0846-4542
https://orcid.org/0000-0002-8735-8579
https://orcid.org/0000-0001-7074-0539
https://orcid.org/0000-0003-0264-3133
https://orcid.org/0000-0003-2841-6553
https://orcid.org/0009-0005-5680-6614
https://orcid.org/0000-0003-3782-0128
https://orcid.org/0000-0002-7735-7169
https://orcid.org/0000-0003-0435-2524
https://orcid.org/0000-0001-8585-0933
https://orcid.org/0000-0001-6288-7637
https://orcid.org/0000-0002-0514-5917
https://orcid.org/0000-0002-5917-5230
https://orcid.org/0000-0001-8594-8666
https://orcid.org/0009-0006-1352-2248
https://orcid.org/0000-0002-3237-3114
https://orcid.org/0009-0002-9261-0537
https://orcid.org/0000-0002-8367-8401
https://orcid.org/0000-0003-1047-8094
https://orcid.org/0000-0001-9302-5140
https://orcid.org/0000-0002-9040-7191
https://orcid.org/0000-0002-8860-5826
https://orcid.org/0000-0002-6996-1155
https://orcid.org/0000-0001-5648-5930
https://orcid.org/0000-0003-0928-5025
https://orcid.org/0000-0002-8795-0601
https://orcid.org/0000-0003-0935-6313
https://orcid.org/0009-0008-8086-586X
https://orcid.org/0009-0007-5418-1301
https://orcid.org/0000-0003-3175-7770
https://orcid.org/0000-0002-9558-8788
https://orcid.org/0000-0003-3085-0674
https://orcid.org/0000-0002-2333-4383
https://orcid.org/0000-0003-2415-9959
https://orcid.org/0009-0008-8111-1154
https://orcid.org/0009-0002-6197-8574
https://orcid.org/0009-0003-9879-3896
https://orcid.org/0009-0005-9697-1702
https://orcid.org/0000-0002-5771-1124
https://orcid.org/0000-0002-3957-1324
https://orcid.org/0000-0003-1306-5260
https://orcid.org/0000-0002-0308-3003
https://orcid.org/0000-0003-2794-512X
https://orcid.org/0009-0005-9324-7970
https://orcid.org/0000-0001-7609-403X
https://orcid.org/0000-0002-0785-2244
https://orcid.org/0000-0003-3967-1533
https://orcid.org/0000-0002-9483-9450
https://orcid.org/0000-0003-1332-9895
https://orcid.org/0009-0004-1283-3330
https://orcid.org/0000-0001-5014-2152
https://orcid.org/0000-0003-4160-4700
https://orcid.org/0000-0001-7909-5812
https://orcid.org/0000-0002-0962-4878
https://orcid.org/0000-0003-2512-466X
https://orcid.org/0000-0003-0280-7484
https://orcid.org/0000-0002-4829-3469
https://orcid.org/0000-0002-9566-4904
https://orcid.org/0000-0002-6859-3944
https://orcid.org/0000-0003-1397-6478
https://orcid.org/0000-0002-2492-043X
https://orcid.org/0000-0003-0903-543X
https://orcid.org/0000-0003-1882-8802
https://orcid.org/0000-0002-6138-4808
https://orcid.org/0000-0002-4282-736X
https://orcid.org/0000-0001-9276-7994
https://orcid.org/0000-0003-4007-2829
https://orcid.org/0000-0002-2084-5866
https://orcid.org/0000-0001-8691-242X
https://orcid.org/0000-0001-7276-7276
https://orcid.org/0000-0003-4811-9863
https://orcid.org/0000-0003-1146-9659
https://orcid.org/0000-0001-9921-2668
https://orcid.org/0000-0002-5204-0851
https://orcid.org/0000-0001-7616-5790
https://orcid.org/0000-0003-0705-2770
https://orcid.org/0000-0002-6524-9769
https://orcid.org/0000-0003-2636-5000
https://orcid.org/0009-0002-1638-0610
https://orcid.org/0000-0002-9524-8943
https://orcid.org/0000-0002-7057-1007
https://orcid.org/0000-0003-2410-400X
https://orcid.org/0000-0002-6958-6033
https://orcid.org/0000-0002-4080-9563
https://orcid.org/0000-0002-0040-6129
https://orcid.org/0000-0002-9312-9684
https://orcid.org/0000-0002-6779-1172
https://orcid.org/0000-0002-4463-2902
https://orcid.org/0000-0001-7297-8217
https://orcid.org/0000-0002-3542-858X
https://orcid.org/0000-0002-2637-4778
https://orcid.org/0000-0001-5507-8890
https://orcid.org/0000-0002-9746-6872
https://orcid.org/0000-0002-5545-4363
https://orcid.org/0000-0001-8495-7210
https://orcid.org/0000-0001-8945-6722
https://orcid.org/0000-0001-9446-1219
https://orcid.org/0009-0004-9204-0241
https://orcid.org/0000-0002-4464-7354
https://orcid.org/0000-0003-3272-6896
https://orcid.org/0009-0005-9103-4410
https://orcid.org/0000-0003-2829-1260
https://orcid.org/0000-0001-6857-1772
https://orcid.org/0000-0002-0910-1057
https://orcid.org/0000-0003-3005-7879
https://orcid.org/0000-0003-1761-2495
https://orcid.org/0000-0002-0094-826X
https://orcid.org/0000-0002-0030-0519
https://orcid.org/0000-0001-7372-0074
https://orcid.org/0000-0002-0238-5608
https://orcid.org/0000-0003-2676-9574
https://orcid.org/0000-0001-7944-279X
https://orcid.org/0000-0002-2585-2352
https://orcid.org/0000-0003-3509-3457
https://orcid.org/0000-0002-5788-1369
https://orcid.org/0009-0003-0005-4762
https://orcid.org/0000-0003-2988-7998
https://orcid.org/0000-0001-9179-3760
https://orcid.org/0000-0001-9725-1479
https://orcid.org/0000-0002-1860-2240


A. K. Upadhyay ,40,* K. Upshaw,5 A. Vaidyanathan,42 N. Valtonen-Mattila ,9,65 J. Valverde ,42 J. Vandenbroucke ,40

T. Van Eeden,63 N. van Eijndhoven ,11 L. Van Rootselaar,22 J. van Santen ,63 J. Vara,43 F. Varsi,31 M. Venugopal,30

M. Vereecken,37 S. Vergara Carrasco,17 S. Verpoest ,64 D. Veske,46 A. Vijai,18 J. Villarreal ,14 C. Walck,55 A. Wang ,4

E. H. S. Warrick ,59 C. Weaver ,23 P. Weigel,14 A. Weindl,30 J. Weldert,41 A. Y. Wen ,13 C. Wendt ,40 J. Werthebach,22

M. Weyrauch,30 N. Whitehorn ,23 C. H. Wiebusch ,1 D. R. Williams,59 L. Witthaus ,22 M. Wolf ,26 G. Wrede,25

X.W. Xu,5 J. P. Yanez ,24 Y. Yao ,40 E. Yildizci,40 S. Yoshida ,15 R. Young,35 F. Yu ,13 S. Yu ,53 T. Yuan ,40

A. Zegarelli ,9 S. Zhang ,23 Z. Zhang,56 P. Zhelnin ,13 and P. Zilberman40

(IceCube Collaboration)¶

1III. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany
2Department of Physics, University of Adelaide, Adelaide, 5005, Australia

3Department of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Drive,
Anchorage, Alaska 99508, USA

4School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology,
Atlanta, Georgia 30332, USA

5Department of Physics, Southern University, Baton Rouge, Louisiana 70813, USA
6Department of Physics, University of California, Berkeley, California 94720, USA

7Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
8Institut für Physik, Humboldt-Universität zu Berlin, D-12489 Berlin, Germany

9Fakultät für Physik und Astronomie, Ruhr-Universität Bochum, D-44780 Bochum, Germany
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The IceCube Upgrade is an extension of the existing IceCube Neutrino Observatory and will be
deployed in the 2025–2026 austral summer. It will significantly improve the sensitivity of the
detector to atmospheric neutrino oscillations. The existing 86-string IceCube array contains a
dense in-fill known as DeepCore which is optimized to measure neutrinos with energies down to a
few GeV. The IceCube Upgrade will consist of seven new densely instrumented strings placed within
the DeepCore volume to further enhance the performance in the GeV energy range. The additional
strings will feature new optical modules, each containing multiple photomultiplier tubes (PMTs), in
contrast to the existing modules that each contain a single PMT. This will more than triple the number
of PMT channels with respect to the current IceCube configuration, allowing for improved detection
efficiency and reconstruction performance at GeV energies. We describe necessary updates to
simulation, event selection, and reconstruction to accommodate the higher data rates observed by
the upgraded detector and the addition of multi-PMT modules. We determine the expected sensitivity of
the IceCube Upgrade to the atmospheric neutrino oscillation parameters sin2θ23 and Δm2

32, the
appearance of tau neutrinos and the neutrino mass ordering. The IceCube Upgrade will provide
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neutrino oscillation measurements that are of similar precision to those from accelerator experiments,
while providing complementarity by probing higher energies and longer baselines, and with different
sources of systematic uncertainties.

DOI: 10.1103/nnjw-jp1n

I. INTRODUCTION

Studying the oscillations of atmospheric neutrinos
provides a unique window into the nature of these elusive
particles. Since neutrinos arrive at the detector from all
directions, many different oscillation baselines are
probed simultaneously ranging from tens of kilometers
up to the diameter of the Earth. This can be used to make
precise measurements of the atmospheric neutrino oscil-
lation parameters, such as the previous measurements in
[1,2], as described by the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) mixing matrix [3,4]. Figure 1 shows the
probability of an atmospheric muon neutrino oscillating
into each flavor as a function of energy and zenith angle,
where zenith angle is a proxy for distance traveled. The
primary signature is the disappearance of muon neutrinos
and the appearance of tau neutrinos. There is negligible
production of tau neutrinos in the atmosphere, and thus
detected tau neutrinos in this energy region arise from
oscillations. The primary physics parameters Δm2

32 and
θ23 control the location and amplitude of the peaks,
respectively. The distortions visible below cosðθzenÞ <
−0.8 corresponds to the region where neutrinos pass
through the core of the Earth, which has much higher
density. These matter effects are a subdominant compo-
nent that occur in all flavors primarily below 10 GeV,
however they are most noticeable in the electron neutrino
channel since the other channels are dominated by the
νμ → ντ oscillation. In addition, the different effects of
matter on neutrinos and antineutrinos traversing the Earth

can be used to distinguish the ordering of the neutrino
mass eigenstates [5]. Therefore, the neutrinos in this
region below 10 GeV will be crucial for measurements of
the neutrino mass ordering.
Atmospheric neutrinos are generated in cosmic-ray

interactions with nucleons in the Earth’s atmosphere.
When interacting in optically clear media, such as water
or ice, the interactions of these GeV neutrinos produce
charged secondary particles that emit Cherenkov radiation.
The emitted photons can be seen by ice- or water-
Cherenkov detectors such as the IceCube Neutrino
Observatory [6] which is located at the geographic
South Pole. IceCube currently consists of 5160 photo-
sensors, known as digital optical modules (DOMs), spread
across 86 long cables, known as strings, each deployed in a
separate borehole in the ice.
The primary IceCube array is spread throughout a cubic-

kilometer volume and was designed to observe high-energy
neutrino interactions at the TeV to PeVenergy scale. These
strings are arranged in a hexagonal grid. The existing low-
energy extension, known as IceCube DeepCore [7], con-
sists of eight strings with more dense optical module
spacing and high quantum efficiency photomultiplier tubes
(PMTs). The DeepCore modules are located in the deepest
and clearest portion of the ice. The optical module spacing
in DeepCore allows for the detection of neutrinos between
roughly 5 to 500 GeVat a rate ofOðmHzÞ at analysis level.
DeepCore has already collected about a decade of atmos-
pheric neutrino data, with recent neutrino oscillation
measurements reported in [1,8].

FIG. 1. Probability of a muon neutrino oscillating to each flavor (left: electron neutrino, center: muon neutrino, right: tau neutrino) as a
function of true energy and arrival direction. cosðθzenÞ is a proxy for the distance that the neutrino traveled. The IceCube Upgrade will
make the region below 5 GeV, indicated by the dotted line, much more accessible to analyses.
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To lower the energy threshold and increase the rate of
detected neutrinos, seven additional strings will be
deployed within the DeepCore fiducial volume in the
2025–2026 austral summer. The installation of these addi-
tional strings, known as the IceCube Upgrade, will increase
the total number of strings in IceCube from 86 to 93.
This fully funded IceCube Upgrade extension is distinct
from the previously proposed “PINGU” extension (preci-
sion IceCube next generation upgrade) [9] which is no
longer being pursued.
The additional strings will be equipped with new optical

modules, each hosting multiple PMTs, as well as several
new calibration devices. After installation, the number of
PMT channels will be more than three times higher than the
current detector configuration. Additionally, the total pho-
tocathode area in the DeepCore fiducial volume will
increase by a factor of about three. The effective photo-
sensitivity increase will be even higher than this due to
improvements in module design that increase the accep-
tance for shorter wavelengths, discussed in more detail in
Sec. II B. These improvements together with closer module
spacing will greatly enhance IceCube’s capabilities in the
GeV energy regime.

This paper discusses the IceCube Upgrade detector and
simulation (Sec. II), new tools developed for handling
IceCube Upgrade events (Secs. III and IV), and shows the
expected enhancement in sensitivity for several benchmark
oscillation analyses by comparing a scenario with and
without the additional strings (Secs. V and VI).

II. THE ICECUBE UPGRADE DETECTOR

A. Geometry

The IceCube Upgrade will consist of seven new strings
deployed within the DeepCore fiducial volume, as shown
in Fig. 2. The existing spacing between strings in the
DeepCore fiducial volume is about 40–70 m. With the
IceCube Upgrade, the typical inter-string spacing in this
region will be reduced to about 20–30 m. In addition, the
new modules will be more closely spaced in depth. On the
IceCube strings, the modules are spaced 17 m apart
vertically spanning depths of about 1450 to 2450 m below
the surface. The modules on the DeepCore strings are
spaced 7 m apart and are concentrated in the deepest part of
the ice from 2100 to 2450 m, where the ice has the best
optical properties. The modules on the upgrade strings will

FIG. 2. The IceCube Upgrade will consist of 7 new strings, to be deployed in 2025–2026, at the locations shown in the top view in red.
The current IceCube array optimized for TeV neutrinos is shown in blue, while the existing low-energy extension known as DeepCore is
shown in green. The side view shows the distribution of module types on the new strings. The main optical modules listed in Table I are
shown. The modules shown in yellow and black correspond to the R&D optical modules described at the end of Sec. II B and the
calibration modules described in Sec. II C. Most of the modules in the IceCube Upgrade are located in the deepest part of the ice, but
there are some modules in the upper portion of IceCube that will primary be used for calibration.
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be spaced 3 m apart, with most of the modules concentrated
between 2160 m and 2430 m.
To improve our understanding of the optical properties of

the ice, there will also be modules between 1300 m and
1900 m as well as below 2450 m which will be used for
calibration purposes. The existing IceCube plus DeepCore
configuration is referred to as “IC86.” The configuration
including the new IceCube Upgrade strings is referred to
as “IC93.”

B. Optical modules

The IceCube Upgrade strings will be equipped with new
types of optical modules. Two different sensor types form
the majority of the approx. 700 new optical modules that
will be deployed. There will be 280 “D-Eggs” (Dual optical
sensors in an Ellipsoid Glass for Gen2) [10] each contain-
ing two 8-inch R5912-100-70 PMTs, and 400 “mDOMs”
(multi-PMT Digital Optical Module) [11–13] each con-
taining 24 3-inch R15458-02 PMTs [14]. The distribution
of the new modules across the detector is shown in Fig. 2.
Photographs of the modules are shown in Fig. 3.
Both modules have several advantages over the existing

IceCube and DeepCore modules with only one 10-inch
PMT each. The multiple-PMT configuration provides for a
more uniform solid angle coverage, increases the photo-
cathode area per module, and offers an intrinsic directional
resolution. D-Egg and mDOM PMTs were selected to have
low dark noise rates, high quantum efficiency, and excellent
charge/timing resolution. Key parameters of these modules
are summarized in Table I.
D-Eggs and mDOMs have fast, low-power electronics

that digitize PMTanalog signals at 240 MHz and 120MHz,
respectively, to achieve nanosecond precision. The readout

system has no dead time using internal 2 GB DDR3 RAM
for continuous data acquisition. The high noise rates from
multiple PMTs, however, would saturate the communica-
tion bandwidth of each string’s cable. Microcontrollers
inside the modules partially mitigate this effect through
lossless compression, feature extraction of single photon
events, and in-module local coincidence.
Both module types incorporate several calibration devi-

ces. Each module has LEDs that produce nanosecond
pulses pointing at various orientations which will be used
for PMT gain calibration and ice property inspection using
neighboring modules [15]. They are also equipped with
fisheye cameras and illumination LEDs to monitor the
refrozen ice surrounding the strings [16], as well as
environmental sensors to monitor pressure, temperature,
magnetic field, and acceleration.
Each module’s components are housed in a pressure-

tolerant glass vessel. The PMTs are optically coupled to the
vessels using silicone gel for increased photon transparency
and mechanical support. The vessels and the gels were
selected based on their UV transparency, greatly enhancing
the transmittance at shorter wavelengths compared to the
existing modules, as well as their low radioactivity. For the
D-Egg, the overall high UV transparency, together with the
increased photocathode area and the higher quantum
efficiency of the PMTs, leads to the Cherenkov-averaged
photon sensitivity about 2.8 times higher than the existing
IceCube DOMs [10]. The D-Egg and mDOM glass vessels
have diameters of 300 mm and 356 mm without the metal
harnesses for installation, respectively, comparable to the
existing 330 mm DOMs.
In addition to D-Eggs and mDOMs, some other types of

optical modules will be deployed for R&D purposes. These
modules include pDOMs (DeepCore-like single PMT
DOMs), WOMs (wavelength-shifting optical modules),
LOMs (long optical modules), FOMs (fiber optic module).
pDOMs each contain one high quantum efficiency PMT
and a muon-tagging assembly. WOMs [17] use wave-
length-shifting paint in a transparent tube to increase the
photon detection rate at short wavelengths. LOMs [18,19]
are a hybrid between the D-Egg and mDOM each con-
taining 16 or 18 4-inch PMTs with a narrower diameter
than the existing IceCube modules. The FOM uses flores-
cent optical fibers to guide photons to a PMT. The R&D
modules are not included in the sensitivity calculations that
follow.

FIG. 3. Photographs of the modules: IceCube DOM (left), D-
Egg (middle), and mDOM (right).

TABLE I. Key parameters of the two main upgrade detectors D-Egg and mDOM compared with the existing IceCube DOM.

Name
No. of
modules

Diameter
(mm)

PMT size
(inch)

No. of
PMTs

No. of
flasher LEDs

No. of
cameras

D-Egg 280 300 8 2 12 3
mDOM 400 356 3 24 10 3
IceCube DOM 5160 330 10 1 12 0
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C. Calibration modules

The IceCube Upgrade strings will also feature a suite of
about 50 new calibration devices aimed at improving the
characterization of our detection medium, the glacial
Antarctic ice. The precision optical calibration modules,
or “POCAMs” [20,21], are isotropic light sources provid-
ing nanosecond light pulses that can be used for optical
calibration. “Pencil beam”modules [22] produce a laserlike
beam that can be pointed in almost any direction, allowing
for more precise directional and anisotropy calibrations.
Acoustic modules [23] will be used for the precise
calibration of the positions of the optical sensors, and
camera systems [16] will observe the optical properties of
the ice. In addition, seismometers [24] allow for a broad
spectrum of Earth science studies.

III. SIMULATION

A. Particle interaction and propagation

The tools used to produce Monte Carlo (MC) simulation
for the IceCube Upgrade are similar to those used for
previous IceCube DeepCore measurements [8]. The simu-
lation chain has been improved since the previous IceCube
Upgrade public data release [25]. It now includes a more
realistic detector response and improved reconstruction and
processing.
The simulation chain consists of three steps: primary

particle interaction, photon (and other particle) propaga-
tion, and detector response. We simulate three different
types of events: signal neutrino events and backgrounds
from atmospheric muon events and pure noise events. The
latter arise from random coincidences of PMT noise.
Neutrino events are generated using GENIE version

2.12.8 [26,27] following an E−2.5 energy spectrum.
Future iterations of this work will use a more modern
generator and tune, and the impact of additional relevant
cross section systematic uncertainties will be tested. They
are produced throughout a cylindrical volume surrounding
the DeepCore region, which also includes the new upgrade
strings. We simulate all three neutrino flavors, neutrinos
and antineutrinos, charged current (CC), and neutral current
(NC) interactions. Neutrino events are weighted to a
nominal atmospheric neutrino flux from Honda et al.
[28] plus a three-flavor oscillation probability including
matter effects.
Atmospheric muons are simulated using MuonGun (based

on [29]) which produces muons on the surface of a cylinder
surrounding IceCube and then weighted to CORSIKA [30].
Computation time is reduced by requiring that the muon
reaches an inner cylinder surrounding the DeepCore/
upgrade region. The energy and zenith angle (the angle
between the muon direction and the Earth’s axis) of the
generated muons are biased to prioritize muons that are
most likely to survive the later stages of the event selection,
following the procedure introduced in [31]. The muon

events are reweighted accordingly to avoid bias in the final
event distributions.
After the primary particle interaction, muons from νμ CC

interactions and atmospheric muons are propagated using
PROPOSAL [32]. All other particle types are propagated
and decayed using Geant4 [33]. The charged particles from
these interactions with sufficiently high energy will emit
Cherenkov radiation. The resulting Cherenkov photons are
then propagated through the ice using CLSim [34] according
to the ice model described in [35].
Muons travel about 4.5 m per GeV in ice and therefore

muons detected by the IceCube Upgrade can travel several
tens of meters. In contrast, other leptons and hadrons travel
much shorter distances. As a result, the distribution of light
in the detector looks different depending on whether a
muon was present or not. Consequently, νμ CC interactions
as well as atmospheric muons produce an elongated event
topology which we refer to as “tracks,” while all other
interaction types will produce rather spherical events,
denoted “cascades.” Neutrinos and antineutrinos are not
distinguished in the detector on an event-by-event basis;
only the sum of both contributions is observed.

B. Detector response

Once a simulated photon reaches the surface of a new
module, the following detector response is applied. First,
the photon detection probability is determined based on the
module angular acceptance [36] and quantum efficiency. If
the photon is detected, it is converted into a photoelectron
(PE). In addition to these signal PEs, noise PEs from PMT
thermal dark noise and radioactive decays in the glass
pressure housing and PMT glass are added. PEs that are
closer in time than 0.2 ns are merged since these would not
be resolved separately by readout electronics. Then, the
PEs are given to a PMT response simulation which outputs
“pulses” that have a charge and a time value assigned. The
charge is randomly drawn from a Gaussianþ exponential
PMT charge distribution [6], while the time is the first PE
time smeared by the PMT transit time spread. Pulses with a
charge of less than 0.25 of the average single PE charge are
removed because such pulses would not be distinguishable
from noise in the electronics. Finally, a Gaussian smearing
with a width of 1 ns is applied to the time of each pulse to
account for the readout timing resolution. A second
Gaussian smearing with a width of 1 ns is applied to all
pulses in a module simultaneously to emulate the synchro-
nization timing resolution.
In contrast to this simplified detector response, for the

existing IceCube DOMs the actual waveform is simulated
and unfolded to extract pulse information (see Sec. 4 in
[37]). The detector response of the new modules will be
updated to reach the same level of detail in the future.
Random pure noise triggers are simulated as well. Since

they do not involve a primary particle nor a photon
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propagation step, pure noise events only go through the
detector response step and only involve noise PEs.

IV. SIMULATED DATA PIPELINE

A. Event trigger

Once the pulses are recorded, a trigger is used to look for
spatial and temporal coincidences to determine whether an
event occurred, and if so, which pulses belong to it. Two
different triggers are used and events are kept if either one
or both of them fired. One is the DeepCore simple majority
trigger “SMT3” described in [7] which only uses existing
IceCube and DeepCore strings, while the second uses the
new upgrade strings and is described in the following.
Pulses that are near each other in space and time are used

to establish “local coincidence” (LC), indicating that they
could be causally connected. Different coincidence criteria
are used for checking multiple PMTs on the same optical
module and for multiple optical modules on the same
string. For the first case, a pair of pulses are defined as
coincident if they are on same module but on different
PMTs and their time difference is less than 10 ns. Two
pulses are also coincident if the modules are close to each
other on the string, defined as �8 modules (∼24 m), and if
their time difference is less than 250 ns. This corresponds
approximately to the speed of light in ice. The pulses with
“local coincidence” are then used to check for triggers. If 8
or more LC pulses occur within a 1750 ns window, the
trigger fires. All pulses from 4 μs before to 6 μs after the
trigger condition is met are read out. The dominant event
types triggering the detector are atmospheric muons
Oð100 HzÞ and pure noise eventsOð10 HzÞ. Further levels
of processing are necessary to reduce these backgrounds,
and are described in Sec. IV D.

B. Removal of noise pulses

In the past, IceCube has been relying on cuts on the
spatial and temporal distance between pulses to remove
noise pulses from events. However, due to the increased
number of PMTs in the new modules and higher than
anticipated level of radioactivity in the mDOM PMT glass,
these cut-based methods have been insufficient for noise
removal. To address this, we have developed a new “noise
cleaning” algorithm based on graph convolutional neural
networks (GNNs). GNNs work on graphs and can be
thought of as generalized convolutional neural networks. A
graph is a collection of nodes and edges, where nodes
typically represent data points and edges denote a relation-
ship between the nodes, defining how information may
spread during convolutions [38].
We chose to represent IceCube events as point cloud

graphs, where nodes represent each PMT pulse recorded in
an event and edges are drawn to the 8 nearest neighbors of
each node based on the Euclidean distance between PMTs.
The features associated with each node are shown in

Table II. Using this graph representation, we then perform
binary classification to classify each node (pulse) in each
event as either signal or noise. We train a modified version
of DynEdge [39] from the open-source deep learning
library for neutrino telescopes GraphNeT [40]. This new
noise cleaning method produces a prediction between 0 and
1 for each pulse in an event, where 0 indicates a pulse is
likely noise and 1 indicates a pulse is likely signal. The
method is compatible with events containing any number of
pulses.
Because the output score is continuous, the amount of

cleaning can be easily tuned by changing the threshold.
Once trained on an independent sample of close to 4 million
neutrino and muon events in IceCube Upgrade, we find
that, at a threshold of 0.7, the GNN on average reduces the
amount of noise by roughly a factor 10 with only minor loss
(∼5%) in signal hits. The contamination of noise for pulses
that pass the cleaning is 6.8% using the new GNN method,
whereas for the traditional noise cleaning method applied to
the upgrade it was 70%. The previous method looks for hits
that could be causally connected and is described in [8].
The retained signal vs optical module noise rate is shown
for the GNN-based cleaning method and compared to the
traditional cleaning method in Fig. 4. As seen in Fig. 4, the
GNN cleaning method retains a higher percentage of
the signal than the traditional method, and the remaining
noise rate depends on the module type. The pulses that
remain after cleaning are referred to as the “cleaned pulse
series.”

C. Event reconstruction

Four reconstruction and classification tasks are trained
using different instances of DynEdge with a procedure
similar to that outlined in [39]. In order to mitigate class
imbalances during training, task-specific subsamples pro-
duced from the full simulation sample are used for training.
These samples differ primarily in their composition of
neutrino track (T ) events, neutrino cascade (C) events, and
muon (μ) background events, as seen in Table III. The Reco
sample contains neutrino events with at least three pulses in

TABLE II. Input features used for training pulse cleaning and
reconstruction methods.

Feature Description Dimension

Pxyz PMT position R3

Dxyz PMT orientation unit vector R3

t Estimated arrival time at PMT R
q Estimated PE charge R
rde Relative DOM efficiency R
A Area of PMT R
idx String, DOM and PMT number Z3

type DOM type Z
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the cleaned pulse series. The ν=μ sample was created by
first subsampling the whole sample to obtain an equal
number of neutrino and muon events and subsequently
requiring three pulses in the cleaned pulse series. An
identical procedure was used to construct the T =C sample,
but ντ CC events have been omitted, as around 17% of these
interactions may produce tracklike signatures, which may
affect training [39,41].
In contrast to the noise cleaning task, where each pulse is

assigned an output score, event classification and
reconstruction are run on a per-event mode, where each
model produces a single prediction for each event. The first
model is trained to estimate neutrino energy and uses the
Reco sample mentioned in Table III. Another model is
trained to estimate the zenith angle of the incoming
neutrino, along with an uncertainty estimation on the zenith

prediction. The zenith reconstruction network is also
trained using the Reco sample.
The remaining tasks are classification. For the third

event-level task an instance of DynEdge is trained to
classify events as tracklike or cascadelike using the T =C
sample. The fourth event-level task is classifying between
muon and neutrino events, which is used in the event
selection to reject background muons from the neutrino
sample. This is trained on the ν=μ sample. To mitigate
class imbalance, the ν=μ sample has a roughly equal
number of muon and neutrino events in it. Due to the
computational intensity of producing background muon
simulation, we have a relatively low number of simulated
muons, and therefore this sample is the smallest at just
about 367,000 events.
Selected performance metrics and their energy depend-

ence are shown in Fig. 5 for the zenith and energy
reconstruction models, along with the energy dependence
of the T =C classifier’s performance. Figure 5 compares the
performance metrics between IC86 and IC93. However,
because the threshold for detection by IC86 is higher than
IC93, the IC93 sample (orange) includes low-energy events
that were not detectable by IC86; these low-energy events
tend to produce only a few pulses in the detector and are,
therefore, hardest to reconstruct. In order to directly
quantify the improvement due to the new strings on the
exact same set of events, we identify a subset of events
detectable by IC86 that have at least one pulse in IC93. The
events in this subsample detectable by IC86 are then
reconstructed with and without the information on the
new strings, denoted “IC86 Subs. w/ upgrade” (green) and
“IC86 Subs.” (blue) respectively. Comparing the green and
blue thus represents the improvement on the exact same
events directly due to the inclusion of the new strings. By
contrast, the orange curve contains all events in the sample
and therefore additional effects such differences in the
sample are introduced. Additional details about these
reconstruction comparisons can be found in Appendix B.

D. Event selection

At trigger level, the events are dominated by atmospheric
muons and pure noise triggers, by several orders of
magnitude compared to atmospheric neutrino rates.
Further levels of event selection are therefore required to
obtain a neutrino-dominated event sample. These levels as
well as their rates are summarized in Fig. 6.
The IC93 filter is adapted from the DeepCore filter [8] in

order to include the new strings. The filter uses a veto
region around DeepCore to eliminate muon events which
leave light in this region. For each triggered event, the
pulses are split into those occurring in the fiducial volume
and the veto region. For pulses in the fiducial region, the
center of gravity in space and time is calculated. If one of
the pulses in the veto region is causally connected to this
center of gravity, the event is rejected.

FIG. 4. Retained signal vs module noise rate. The retained
signal is the true positive rate in percent, and the optical module
noise rate is computed as the false positive rate multiplied by the
total optical module noise rate. Each curve represents different
optical module types. Crosses denote the classification threshold
of 0.7 used for this analysis. The performance of the previous
cleaning method for each module type is added as a circular dot in
the respective color for reference.

TABLE III. Overview of task-specific subsamples used for
training. “Size” here indicates the number of simulated events in
the sample. The pulse cleaning subsample uses uncleaned events,
whereas all other samples have been cleaned by the GNN-based
method.

Task Size (millions) Composition

Pulse cleaning 4.04 T ð41%Þ, Cð51%Þ, μð8%Þ
Reco 2.39 T ð46%Þ, Cð54%Þ
T =C 1.81 T ð53%Þ, Cð47%Þ
ν=μ 0.367 T ð27%Þ, Cð32%Þ, μð41%Þ
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Next, a series of simple straight cuts eliminate the most
obvious remaining background events. Cuts on five differ-
ent variables are used. Four of them are based on the
cleaned pulse series from the noise cleaning procedure
described in Sec. IV B: the number of modules with pulses,
the number of pulses in the fiducial volume, the z-position
of the first module that saw light, and the time difference
between the first and the last pulse. The fifth variable is the
time difference between the first and the last pulse before
noise cleaning. These variables were selected based on
previous experience with DeepCore samples and were also
used in [8] with similar cut values. The pure noise events
are already suppressed by these cuts by more than three
orders of magnitude, mainly by the first two cuts.
Next, a collection of machine learning classifiers is used

to identify muon background events. One classifier is the

GNN described in Sec. IV C, the other two are boosted
decision trees (BDTs) that use reconstructed quantities and
variables describing the spatial and temporal distribution of
the pulses. More details about the BDTs can be found in
[43]. Applying all three classifiers leads to a reduction of
the remaining muon background by three orders of mag-
nitude. Table IV compares the IC93 neutrino rates that we
obtain through this selection with the rates from IC86
which use a selection similar to [1] and [8]. The IC93 rates
are significantly increased with respect to IC86.
Figure 7 shows the expected event distributions by flavor

after the above-mentioned cuts are applied for the three
variables used to bin events at the analysis level: recon-
structed energy, reconstructed cos(zenith), and the GNN
track score indicating whether an event is more cascadelike
or tracklike. Note that the νe þ ν̄e component in the top
panel peaks at reconstructed energies of about 3–5 GeV.
These events are crucial in determining the neutrino mass
ordering, and the lower the energy threshold of the IceCube
Upgrade is key in achieving the increase in event rate in this
region. This a major contributing factor to the improved
NMO sensitivity described in more detail in Sec. VI C.
Finally, a few “analysis level” cuts on reconstructed

energy and zenith are made to focus on the parameter space

FIG. 5. Performance of reconstruction models on analysis sample (orange) and the IC86 subsample with and without the information
on the upgrade strings (green and blue, respectively). Left: reconstructed neutrino energy vs true neutrino energy. Bands depict the 1σ
range, and the median is shown in solid. Middle: angular resolution of the zenith reconstruction. Bands represent the 1σ range of the
residual distribution around the median shown in solid. Right: area under curve (AUC) score of T =C classifier binned in neutrino energy.
Uncertainty bands on the AUC curves result from bootstrapping and represent the expected statistical 1σ deviation. A value of 0.5
indicates random classification, and a value of 1.0 indicates perfect classification. There is a moderate improvement in energy and zenith
reconstruction, while the improvement in T =C classification is quite substantial especially around 10 GeV.

FIG. 6. Signal and background event rates for the different
levels of selection. For the noise rate at analysis level, the 90%
upper limit is shown (indicated by the dashed line and the arrow).
NuFit 5.2 [42] and the normal ordering are used to calculate the
neutrino rates.

TABLE IV. Neutrino and atmospheric muon rates after event
selection (but before final analysis level cuts) for the current
(IC86) and upgraded (IC93) detector setting.

Flavor IC86 (mHz) IC93 (mHz)

νe þ ν̄e 0.25 2.0
νμ þ ν̄μ 0.76 4.3
ντ þ ν̄τ 0.05 0.3
μatm 0.02 0.85
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where most of the oscillation signal comes from and reduce
some of the remaining muon background. This step
requires a reconstructed energy between 3 and 300 GeV,
and reconstructed cos(zenith) less than 0. At this level, the
event sample is dominated by neutrinos, as can be seen in
Fig. 6. None of our simulated pure noise events survive
after the final level cuts. Therefore, we show the 90% upper
limit of the pure noise rate based on the simulated livetime.

E. Final level sample

Figure 8 shows the final level energy distributions after
all cuts are made, and compares to the energy distribution
for the IC86 sample. The energy distribution for IC93 peaks
below 10 GeV, whereas for IC86 it peaks above 10 GeV.
Additionally, the number of expected neutrino events
increases across the entire energy range when using this
selection.

V. ANALYSIS

A. Analysis setup

Once the additional strings are deployed there will
already be approximately 12 years of data livetime
with the current IC86 detector configuration. Therefore
we use a combined analysis strategy to incorporate the
existing years of IC86 data together with the anticipated
IC93 data. Figure 9 shows the expected event distribution
with 12 years of IC86 and with 3 years of IC93. The
events are binned in energy, cos(zenith), and particle
classification.
The two simulated datasets share almost all simulation

tools (Sec. III A) and systematic parameters (Sec. V B)
except for the efficiency of the new modules (DOM eff.
ICU (IceCube Upgrade), but differ in the noise cleaning,
reconstruction methods, event selection, and analysis bin-
ning. For IC86 we use the low-level processing described in
[8], the likelihood-based event reconstruction presented in
[44], and the analysis settings from [31]. The new tools
discussed in (Secs. III B–IV D) are applied only to IC93.
The treatment of IC86 vs IC93 datasets will be unified in
the future.
For the sensitivity projections we compare two scenar-

ios: one with no new hardware installed and data-taking
continuing as it is today (denoted as “IC86”). The other
scenario includes the combined fit between 12 years of

FIG. 7. Expected event distributions by flavor for the three
variables used to bin events in the analysis: energy (top),
cosðθzenÞ (middle), and particle identification score (bottom).
In the bottom panel, a value of 1 indicates more tracklike events
and the gray lines correspond to the boundaries used for particle
classification.

FIG. 8. Comparison of the true energy distribution for simu-
lated neutrino events in the IC86 and IC93 samples. The addi-
tional strings significantly increase the number of neutrinos
detected.
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IC86 with additional years using the extra seven strings of
the IceCube Upgrade from 2026 onward (denoted as
“IC86 ð12 yrÞ þ IC93”).
To cover different possible scenarios, we show sensitiv-

ities at two different injection points. NuFit 5.2 with and
without Super-Kamiokande (SK) data. We perform an
Asimov analysis [45] meaning that no pseudotrials are
generated to calculate sensitivities, but rather the expected
neutrino counts in each analysis bin are used. This means
that all sensitivities presented in this paper represent the
median sensitivity. A modified χ2, which takes into account
uncertainties from MC statistics, is used as the test statistic

χ2mod ¼
Xbins

i

ðni − μiÞ2
μi þ σ2i

þ
Xsyst

j

ðŝj − sjÞ2
σ2j

: ð1Þ

Here ni is the measured number of events in bin i, μi
is the expected number of events, and σi is the MC

uncertainty. The second term represents the prior penalties
for the systematic parameters j which have Gaussian
priors σj.

B. Systematics treatment

Atmospheric neutrino oscillation experiments have sev-
eral major categories of systematic uncertainties that are
incorporated as nuisance parameters in analyses. They arise
from uncertainties in the atmospheric neutrino flux, the
neutrino interaction cross sections, and the detector itself.
All systematics that were found to be important for the
analyses presented in this paper are summarized in Table V.
These systematic uncertainties are informed by previous
IceCube/DeepCore oscillation analyses.
Flux: The baseline atmospheric neutrino flux spectrum is

the model by Honda et al. [28]. Atmospheric neutrinos are
created in hadronic decays after cosmic-ray interactions in
the atmosphere. The uncertainty on the primary cosmic-ray

FIG. 9. Distribution of events in the analysis binning used in this study. The top panel shows the events expected with 12 years of the
current configuration (IC86), and the bottom panel shows the events expected with 3 years with the additional strings (IC93). Events are
binned in energy, cos(zenith), and particle classification. The binning used in the top panel is the same configuration as existing IceCube
DeepCore analyses, while the binning used for IC93 has been reoptimized for the new sample. The number of low energy events is
increased with IC93 compared to IC86, even though it assumes fewer years of exposure. The sensitivities presented in this paper
combine both of these datasets.
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spectrum is modeled with a power-law correction EΔγν

[46]. To incorporate uncertainties on the hadronic inter-
actions, the MCEq package [47], which computes fluxes of
atmospheric leptons, was used to calculate correction
gradients that resemble the sources of systematic uncer-
tainty from [46]. Depending on the primary energy and the
fraction of energy taken by the secondary meson, different
uncertainties are used. While there are 17 parameters for the
variations of the yields of π� and K�, only 7 were found to
be important for the analyses presented in this paper. They
are listed in Table V.

Cross section: We simulate neutrinos with energies
ranging from 1 GeV up to 500 GeV. Above ∼20 GeV,
deep inelastic scattering (DIS) is the dominant interaction
type. We use GENIE [27] and Cooper-Sarkar-Mertsch-
Sarkar (CSMS) [48] to calculate the DIS cross section
and interpolate between the results. We use the para-
metrization described in [8], where DIS CSMS ¼ 0 means
that the GENIE value is used, and DIS CSMS ¼ 1 would
approximate the CSMS prediction. At lower energies,
resonance production (RES), quasielastic scattering
(QE), and coherent scattering (coh) become more

TABLE V. The parameters included in each of the analyses as physics and/or systematic nuisance parameters, along with the priors
assumed for each. Parameters with Gaussian priors list the�1σ range and parameters with uniform priors list the full allowed range. The
last two columns indicate if the parameter is fit as a nuisance parameter in a given analysis (✗ for fixed, ✓ for free). A ✓(poi) indicates
that the free parameter is the physics parameter of interest. The atmospheric oscillation parameters (θ23;Δm2

32) and tau neutrino
normalization (ντ) analyses use the same list of free/fixed nuisance parameters, whereas the neutrino mass ordering (NMO) analysis has
its own set.

Parameter Nominal Prior θ23;Δm2
32 ντ NMO

Detector:
DOM efficiency IC86 1.0 �0.1 ✓ ✓ ✓
DOM efficiency ICU 1.0 �0.05 ✓ ✓ ✓
Ice absorption 1.0 �0.05 ✓ ✓ ✓
Ice scattering 1.0 �0.1 ✓ ✓ ✓
Relative efficiency p0 0.10 ½−0.6; 0.5� ✓ ✓ ✓
Relative efficiency p1 −0.05 ½−0.15; 0.05� ✓ ✓ ✓

Flux:
Δγν 0.0 �0.1 ✓ ✓ ✓

Δπ� yields D 0.0 �0.3 ✗ ✗ ✓

Δπ� yields G 0.0 �0.3 ✓ ✓ ✓

Δπ� yields H 0.0 �0.15 ✓ ✓ ✓

Δπ� yields I 0.0 �0.61 ✓ ✓ ✓

ΔKþ yields W 0.0 �0.4 ✓ ✓ ✓
ΔKþ yields Y 0.0 �0.3 ✓ ✓ ✗

ΔKþ yields Z 0.0 �0.122 ✗ ✗ ✓

Cross section:
MCCQE

A (in σ) 0.0 �1.0 ✓ ✓ ✓

MCCRES
A (in σ) 0.0 �1.0 ✓ ✓ ✓

MNCRES
A (in σ) 0.0 �1.0 ✓ ✓ ✓

Mcoh
A (in σ) 0.0 �1.0 ✗ ✗ ✓

DIS CSMS 0.0 �1.0 ✓ ✓ ✗
ντ x-sec scale 0.0 ½−1.0;þ1.0� ✗ ✗ ✓

Normalization:
Aeff scale 1.0 [0.1, 2.0] ✓ ✓ ✓

Atmospheric muons:
Atmospheric μ scale 1.0 [0.1, 3.] ✓ ✓ ✓

Oscillations:
θ13 NuFit 5.2 0.11 ✗ ✗ ✓
θ23 NuFit 5.2 None ✓ (poi) ✓ ✓

Δm2
32

NuFit 5.2 None ✓ (poi) ✓ ✓

ντ normalization 1.0 None ✗ ✓ (poi) ✗
Mass ordering Normal Not applicable ✗ ✗ ✓ (poi)
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important. In GENIE it is possible to reweight the cross
sections of these interactions based on a change in the axial
mass (MA).
For the neutrino mass ordering analysis (see

Sec. VI C), we also include a parameter that scales
between different ντ cross section models. A value of 0
indicates that the GENIE value is used; a nonzero value
indicates a correction has been applied to reweight events
using a band that covers a range of models from [49]. This
parameter is not included in the ντ-norm study (see
Sec. VI B) because the ντ normalization can itself be
interpreted as cross section measurement; instead, the
parameter is fixed to GENIE.
We have also studied the effect of differential DIS cross-

section corrections to GENIE to better describe NuTeV data
[50]. These corrections are applied to the event weights,
modeled as ax−b where x is the Bjorken-x, and a and b are
fit to the data. This was done independently for neutrinos
and antineutrinos. The effective parameters were extracted
using the NuTeV dataset at Eν ¼ 35 GeV. Since a fit to the
Eν ¼ 65 GeV NuTeV dataset yielded compatible param-
eter values, we assume no energy dependence. The cor-
rections were found to have only a minor impact on the
physics parameters and were mostly absorbed by our
existing GENIE and flux systematics, and were therefore
not explicitly included in the study.
In addition, we tested a similar procedure to model the

impact of changes to the DIS Bodek-Yang correction [51].
Here the functional form ax−by−c was used where x is the
Bjorken-x and y is the Bjorken-y or inelasticity. This
parametrization showed similarly small impact on the
physics parameters.
Detector: Uncertainties in the modeling of the optical

properties of the ice and the efficiency of the optical
modules have the greatest impact on our analyses. Our
baseline ice model is described in [35]. Two scaling factors
are used to vary the strength of the photon absorption and
scattering in the ice, respectively. The optical properties of
the refrozen ice in the immediate vicinity of the strings,
which are altered by air bubbles and other impurities, are
modeled following [36]. This leads to two additional
parameters (p0, p1) describing the modified angular
efficiency of the optical modules. Note that this is only
modeled for existing DOMs. During the deployment of the
upgrade, a modified drilling process is used to reduce air
bubbles and other impurities. This is expected to improve
the clarity of the refrozen ice surrounding the new modules.
The uncertainty on the overall optical efficiency of the
existing models (DOM eff. IC86) as well as the new
modules (DOM eff. ICU) is taken into account. All new
modules share the same efficiency scale, which has a tighter
constraint than the one for the existing DOMs. Thanks to
the new calibration devices, we assume the new modules to
be calibrated with higher precision; the new modules have
an uncertainty of 5% and the existing modules have an

uncertainty of 10% as indicated in Table V. To implement
the effect of the detector systematics, for IC86 we use the
“hypersurface” method described in [8], while for IC93 we
use the likelihood-free inference method from [52]. In
future studies, both detector configurations will use the
same method.
Normalization: An overall normalization is applied to

the neutrinos (Aeff scale) and the atmospheric muon back-
ground (Atm. μ scale) separately.
Earth model: For the matter density profile of the Earth,

the preliminary reference Earth model [53] is used. For
simplification, we assume 12 radial layers of fixed density,
which does not lead to any additional free nuisance
parameters.
There are more systematics that are being targeted as part

of the upgrade ice calibration, such as the exact geometry/
position of the modules after deployment, the optical
properties of the refrozen ice directly surrounding the
modules, uncertainties on the depth and direction-depen-
dent photon scattering function. They are not considered in
this paper, but will be studied after the deployment using
the calibration devices mentioned in Sec. II C.

VI. EXPECTED SENSITIVITIES

A. Sensitivity to θ23 and Δm2
32

The mixing between neutrino states is very strong, with
θ23 being close to maximal mixing. This makes it important
to measure the neutrino oscillation parameters, especially
θ23, because they can reveal structure in the weak flavor
mixing of leptons. To obtain the expected constraints on the
atmospheric oscillation parameters Δm2

32 and θ23, we
follow a similar analysis procedure as for the existing
IceCube measurements [1,8].
Figure 10 shows the sensitivity at the 90% confidence

level with 3 years of IC93 plus 12 years of IC86 data. To
illustrate the sensitivity gain from the additional strings, we
also show a scenario with 15 years of data from the current
detector configuration (IC86, dotted lines). The left plot
assumes NuFit 5.2 [42] (w/o SK data) as injected truth, while
the right plot uses NuFit 5.2 (w/ SK).
Thanks to the additional strings, IceCube’s 90% CL

region for Δm2
32 and θ23 shrinks by about 70% (w/o SK)

and 55% (w/ SK). IceCube’s ability to rule out maximal
mixing or determine the octant strongly depends on the true
value of θ23 and how far away it is from maximal. As seen
in Fig. 10, for an injected truth given by the NuFit 5.2 w/o SK
value in which θ23 is farther from maximal, we could
exclude maximal mixing at the 90% confidence level, and
the addition of the IceCube Upgrade strings could allow us
to rule out the lower octant. However, for other injected
truth values like NuFit 5.2 w/ SK value, the octant is not
resolved and maximal mixing is not able to be rejected at
the 90% confidence level. However this study was not
specifically optimized for resolving the octant or rejecting

R. ABBASI et al. PHYS. REV. D 113, 072009 (2026)

072009-14



maximal mixing so future work could improve IceCube’s
sensitivity to these questions.
Appendix A shows one-dimensional projections of these

sensitivities, as well as the two-dimensional contour for an
additional scenario where the injected truth is given by [1].
Our projected 3 year sensitivities compared to current
experimental measurements [1,2,54–57] are shown in
Fig. 11. The full χ2 maps used to produce these sensitivities
are publicly available in [58].

B. Sensitivity to ντ normalization

Wewill also measure the overall rate of ντ and compare it
to the oscillation expectation. This is done by scaling the
number of observed ντ by a normalization factor and can be
interpreted as test of the unitarity of the PMNS matrix as
well as a test of the ντ cross section. A normalization value
of 1.0 indicates the nominal expectation. Avalue other than
1.0 could hint at new physics. More information about how
IceCube measures ντ appearance can be found in [59].

Figure 12 illustrates our sensitivity to the ντ normaliza-
tion for a true value of 1.0. The left plot shows the rejection
power for different ντ normalization values assuming data
from 3 years after the planned deployment, while in the
right plot the 1σ uncertainty on ντ normalization is shown
for different detector operation times. Since the choice of
injected oscillation parameters has a negligible impact on
this analysis, we only show the results for NuFit 5.2 w/o SK.
Already after a few years the uncertainty on the ντ

normalization can be reduced by almost a factor of two
compared to the configuration without the additional
strings. A precision of 5% at 1σ is expected with 3 years
of livetime. Future studies could constrain nonunitarity
more directly by fitting the PMNS matrix elements, similar
to the method in [60].

C. Sensitivity to neutrino mass ordering

This analysis covers our sensitivity to the ordering of the
three neutrino mass eigenstates, which can either be

FIG. 10. Expected 90% confidence level sensitivity contours for the atmospheric oscillation parameters 3 years after the planned
deployment of the additional strings. A scenario w/ (solid) and w/o (dotted) the additional strings is compared in each plot. The left plot
uses NuFit 5.2 w/o SK as injected truth, while the right plot assumes NuFit 5.2 w/ SK.

FIG. 11. The expected IceCube 90% confidence level sensitivity contour with 3 years of livetime including the additional strings
compared to existing measurements of the atmospheric oscillation parameters. The left plot uses NuFit 5.2 w/o SK as injected truth, while
the right plot assumes NuFit 5.2 w/ SK. Results from several experiments are shown for comparison [1,2,54–57].

PHYSICS POTENTIAL OF THE ICECUBE UPGRADE FOR … PHYS. REV. D 113, 072009 (2026)

072009-15



“normal” or “inverted.” Recent cosmological measure-
ments of baryonic acoustic oscillations provide an upper
limit on the sum of neutrino masses that is remarkably close
to the minimum allowed value from neutrino oscillations
for the inverted ordering. Therefore, a direct measurement
of the NMO is of great importance: the inverted ordering
could be an indication of the need to adjust cosmological
models or the reconsideration of standard neutrino oscil-
lation assumptions [61].
All sensitivities refer to median sensitivities as defined in

[5]. More information about how IceCube determines the
NMO can be found in [62]. As shown in Table V, the
selection of free parameters was adjusted for this analysis,
because the signal region for this analysis is at lower
energies compared to the analyzes presented in Secs. VI A
and VI B.
Figure 13 shows the expected median NMO sensitivity

evolution as a function of the detector livetime assuming a
true normal ordering (left plot) or a true inverted ordering

(right plot). Since the NMO sensitivity of atmospheric
neutrino experiments strongly depends on the true value of
θ23, Fig. 13 does not provide a single median sensitivity but
a range (shaded areas) of possible sensitivities depending
on the assumed true value of θ23. In addition, we show
sensitivities for three example values of θ23: the value from
NuFit 5.2 w/o SK (solid line) in which θ23 is in the upper
octant, NuFit 5.2 w/ SK (dashed line) in which θ23 is in the
lower octant, and the IceCube result from [1] (dotted line).
In contrast to accelerator long-baseline experiments, a CP
violating phase δCP in the mixing matrix has negligible
impact on our NMO sensitivities. This is mainly due to the
higher energy range of atmospheric neutrinos.
The sensitivity improvement from the additional strings

can be seen by comparing the gray and red sensitivities
right of the vertical gray line, which marks the deployment
of the additional strings. The improvement in sensitivity
results from both the increase in the number of low energy
events and from the improved reconstruction resolutions.

FIG. 12. Expected sensitivity for constraining the ντ normalization scaling factor. The left plot shows a profile scan 3 years after the
planned deployment of the additional strings, while the right plot shows the 1σ width of such a scan over detector livetime. In both plots
a scenario w/ (solid) and w/o (dotted) the additional strings is compared.

FIG. 13. Livetime evolution of the median NMO sensitivity for different true values of θ23. The shaded region marks the possible
range of sensitivities for the NuFit 5.2 3σ range of θ23. The left plot is for a true normal ordering, and the right plot for a true inverted
ordering.

R. ABBASI et al. PHYS. REV. D 113, 072009 (2026)

072009-16



For a true normal ordering a detection significance of up to
3σ is possible within 5 years, while for a true inverted
ordering up to 2σ is possible.

VII. CONCLUSION

Seven additional strings, hosting newly developed opti-
cal modules, will be deployed for the IceCube Upgrade in
the Polar season of 2025–2026. These strings will signifi-
cantly increase the number of GeV neutrino interactions
observed by the detector, as well as the ability to recon-
struct and classify events. These new strings will therefore
lead to significant improvement in our sensitivities to many
neutrino oscillation analyses, particularly the three analyses
considered in this paper. With three years of data from the
upgraded detector, we expect to collect about 3.3 × 105

neutrino events with the event selection presented here.
Combining the new data with the approximately 2.8 × 105

neutrinos expected from the 12 year data taken by the
current IceCube DeepCore, yields the sensitivities pre-
sented in this paper. Compared to a scenario without the
additional strings, we see an improvement of 55%–70% in
the area enclosed by the 90% CL contour for the atmos-
pheric neutrino oscillation parameters, around 40% in the
1σ range for the ντ normalization, and a factor of 2 − 3×
boost in the median NMO sensitivity.
Additional optimizations of triggers, event selection,

processing, reconstructions, analysis choices, and models
for treating systematic uncertainties are expected to further
improve the sensitivities presented here. In addition,
opportunities for future improvements in sensitivity can
be achieved through combined fits with other experiments.
For example, previous studies have shown that a combined
fit between the IceCube Upgrade and a medium baseline
reactor neutrino experiment like Jiangmen Underground
Neutrino Observatory (JUNO) [63] will significantly
increase the joint NMO sensitivity [64].
Beyond atmospheric oscillations, many additional analy-

ses will also benefit from the reduced energy threshold,
higher event rate, and improved precision of the IceCube
Upgrade. Examples for such analyses are dark matter
searches, beyond the standard model searches, and GeV
neutrino astronomy. Finally, the extensive suite of calibra-
tion devices that will be deployed in the upgrade will lead
to better knowledge of the ice properties and reduce the
impact of detector systematic uncertainty across all
IceCube analyses. The IceCube Upgrade is expected to
bring unprecedented precision to the atmospheric neutrino
sector.
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APPENDIX A: ADDITIONAL SENSITIVITIES

Figure 14 shows the 1D projections of the expected
sensitivity to the atmospheric oscillation parameters
sin2ðθ23Þ and Δm2

32. These correspond to the 2D projec-
tions shown in Figs. 10 and 11.
In addition to computing the sensitivity for scenarios

provided by global fits (Figs. 10 and 11), Fig. 15 shows the
expected sensitivity for a scenario where the true value
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FIG. 14. Expected sensitivity to the atmospheric oscillation
parameters with 3 years of livetime with the new strings. A
scenario w/ (solid) and w/o (dotted) the additional strings is
compared in each plot. The top plots use NuFit 5.2 w/o SK as
injected truth, while the bottom plots assume NuFit 5.2 w/ SK.

FIG. 15. Expected 90% confidence level contours for the
atmospheric oscillation parameters with 3 years of livetime with
the new strings, where the assumed truth is given by [1].

FIG. 16. Energy resolution per flavor type for three scenarios: the full IceCube Upgrade analysis sample (orange) and the IC86
subsample with and without the information from the IceCube Upgrade strings (green and blue respectively).
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realized in nature is the best-fit point as measured by the
most recent IceCube DeepCore measurement [1].

APPENDIX B: RECONSTRUCTION
COMPARISONS

The analysis sample presented in Sec. IV includes low
energy events that would not have been detectable by the
existing IC86 detector configuration. Therefore comparing
reconstruction resolutions for existing IC86 samples with
the new simulated IC93 sample does not offer a direct
comparison since the underlying distribution of event types
has changed. A more direct comparison of the expected
improvement in reconstruction resolutions due to the new
strings requires a subset of events from the new IC93
simulated sample that would also have been detected by the
IC86 detector configuration.
The full sample described in Sec. IV is denoted here as

“IC93 Analysis Sample.” We then identify the subsample
of events that are detectable by IC86 and could be improved
with the inclusion of the new strings, defined as events with
at least 8 pulses in the IC86 array and at least 1 pulse in the
IceCube Upgrade extension. This subsample is denoted

“IC86 Subsample.” These events are reconstructed with
and without the pulses on the new IceCube Upgrade
strings. The reconstruction methods are retrained for each
separate instance. By comparing the performance of the
reconstruction methods on the exact same events, with and
without the information from the Upgrade strings, we can
directly compare the effect of the new hardware on
reconstruction performance. Figures 16 and 17 quantify
the difference in reconstruction for the three scenarios: the
full IceCube Upgrade analysis sample (“IC93 Analysis
Sample”) and the IC86 subsample with and without the
information from the Upgrade strings (“IC86 Subs. w/
Upgrade” and “IC86 Subs.” respectively).
Compared to Fig. 5, these figures are further subdi-

vided by neutrino flavor and interaction channel. In the
top panels of Fig. 16, it can be observed that νe þ ν̄e CC
and νμ þ ν̄μ CC have both improved variance and bias
compared to NC interactions (bottom right of Fig. 16).
This difference is expected as the outgoing neutrino in
NC interaction escapes the detector with parts of the
energy of the incident neutrino, leading to a systematic
underestimation of the energy of the incident neutrino. In
general, the information about the νμ þ ν̄μ CC energy

FIG. 17. Zenith resolution per flavor type for three scenarios: the full IceCube Upgrade analysis sample (orange) and the IC86
subsample with and without the information from the IceCube Upgrade strings (green and blue respectively).
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largely comes from the length of the muon track.
Similarly, Fig. 17 contains the angular resolutions shown
in Fig. 5 subdivided into neutrino flavor and interaction
channels. By comparing the blue and green curves in
Fig. 17, it can be observed that events in the IC86
subsample have significantly improved variance in zenith

reconstructions and improved bias for up-going events for
the scenario when information from the IceCube Upgrade
strings is included in the reconstruction. For example, for
up-going neutrino events below 50 GeV, the variance (i.e.
the width of the blue/green band) is lowered by 24% from
41 degrees (blue) to 31 degrees (green).
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