PHYSICAL REVIEW LETTERS 129, 011804 (2022)

Editors' Suggestion

Strong Constraints on Neutrino Nonstandard Interactions from
TeV-Scale v, Disappearance at IceCube

R. Abbasi,17 M. Ackermann,61 1. Adams,18 JLA. Aguilar,12 M. Ahlers,22 M. Ahrens,51 J.M. Alameddine,23 C. Alispalch,28
A. A. Alves, Jr.,31 N. M. Amin,43 K. Andeen,m T. Anderson,58 G. Anton,26 C. Argl’jelles,]4 Y. Ashida,39 S. Axani,15 X. Bai,47
A. Balagopal,39 A. Barbano,28 S.W. Barwick,30 B. Bastian,61 V. Basu,39 S. Baur,12 R. Bay,8 J.J. Beatty,m21 K.-H. Becker,60
J. Becker Tjus,'" C. Bellenghi,”” S. Benda,” S. BenZvi,” D. Berley,"” E. Bernardini,®"" D.Z. Besson,”* G. Binder,*’
D. Bindig,60 E. Blaufuss,w S. Blot,61 M. Boddenberg,1 F. Bontempo,31 J. Borowka,1 S. Béser,40 0. Botner,59 1. B(ittcher,1
E. Bourbeau,22 F. Bradascio,61 1. Braun,39 B. Brinson,6 S. Bron,28 J. Brostean—Kaiser,61 S. Browne,32 A. Burgman,59
R. T Burley,2 R.S. Busse,42 M. A. Campana,46 E.G. Carnie—Bronca,2 C. Chen,6 Z. Chen,52 D. Chirkin,39 K. Choi,53
B. A. Clark,24 K. Clark,33 L. Classen,42 A. Coleman,43 G.H. Collin,15 J.M. Conrad,15 P. Coppin,13 P. C0r1rea,13
D.E Cowen,5 B R. Cross,49 C. Dappen,1 P. Dave,6 C.De Clercq,13 J.J. DeLaunay,5 °D. Delgado Lc’)pez,14 H. Dembinski,43
K. Deoskar,”' A. Desai,” P. Desiati,”” K. D. de Vries,"” G. de Wasseige,”® M. de With,'” T. DeYoung,** A. Diaz,"
J.C. Dl’az—Vélez,39 M. Dittmer,42 H. Dujmovic,3 M. Dunkman,5 M. A. DuVernois,3 °E. Dvorak,47 T. Ehrhardt,40 P. Eller,27
R. Engel,31’32 H. Erpenbeck,1 I Evans,19 P. A. Evenson,43 K. L. Fan,lg A.R. Fazely,7 A. Fedynitch,55 N. Feigl,lo
S. Fiedlschuster,26 A.T. Fienberg,58 K. Filimonov,8 C. Finley,51 L. Fischer,61 D. Fox,57 A. Flranckowiatk,1 Lol g Friedman,19
A. Fritz,40 P Fiirst,1 T. K. Gaisser,43 J. Gallagher,3 8 E. Ganster,1 A. Garcia,14 S. Garlralppa,(’l L. Gerhardt,9 A. Ghadimi,56
C. Glaser,59 T. Glauch,27 T. Glijsenkamp,% J.G. Gonzalez,43 S. Goswami,56 D. Grant,24 T. Grégoire,58 S. Griswold,49
C. Giinther,' P. Gutjahr,” C. Haack,”’ A. Hallgren,”® R. Halliday,”* L. Halve,' F. Halzen,” M. Ha Minh,”” K. Hanson,”
J. Hardin,39 A A. Hamisch,24 A. Haungs,31 D. Hebecker,lo K. Helbing,60 F Henningsen,27 E.C. Hettinger,24 S. Hickford,60
J. Hignight,” C. Hill,'® G. C. Hill,” K. D. Hoffman," R. Hoffmann,” K. Hoshina,™’ F. Huang,”® M. Huber,”” T. Huber,’'
K. Hulthist,51 M. Hl'innefeld,23 R. Hussalin,39 K. Hymon,23 S. In,53 N. Iovine,12 A. Ishihalra,16 M. Jansson,51
G.S. Japaridze,” M. Jeong,” M. Jin," B.J.P. Jones,® D. Kang,”’ W. Kang,”® X. Kang,"® A. Kappes,** D. Kappesser,"’
L. K.alrdum,23 T. Karg,()1 M. Kalrl,27 A. Karle,39 U. Katz,26 M. Kauer,39 M. Kellermann,l J.L. Kelley,3 ’A. Kheirandish,58
K. Kin,' T. Kintscher,” J. Kiryluk,” S. R. Klein,*’ R. Koirala,” H. Kolanoski,'® T. Kontrimas,”’ L. Képke,* C. Kopper,**
S. Kopper,56 D.J. Koskinen,22 P. Koundal,31 M. Kovacevich,46 M. Kowalski,lo’61 T. Kozynets,22 E. Kun,11 N. Kurahashi,46
N. Lad,61 C. Lagunas Gualda,61 J.L. Lanfranchi,58 M. Larson,19 F. Lauber,60 J.P. L21zar,14’39 J.W. Lee,53 K. Leonard,39
A. Leszczyr’lska,32 Y. Li,58 M. Lincetto,ll Q.R. Liu,39 M. Liuba.rska,25 E. Lohﬁnk,40 C.J. Lozano Mzal.riscall,42 L. Lu,39
F. Lucarelli,28 A. Ludvvig,24’35 W. Luszczak,39 Y. Lyu,g’9 W.Y. Ma,61 J. Madsen,39 K.B.M. Mahn,24 Y. Makino,3 o
S. Mancina,39 I.C. Man'§,12 1. Malrtinez—Solelr,14 R. Malruyama,44 S. M(:Calrthy,39 T. M(:Elroy,25 F. McNally,37 J.V. Mead,22
K. Meagher,39 S. Mechbal,61 A. Medina,21 M. Meier,16 S. Meighen—Berger,27 J. Micallef,24 D. Mockler,12 T. Montaruli,28
R. W. Moore,” R. Morse,” M. Moulai,”” R. Naab,®' R. Nagai,'® U. Naumann,” J. Necker,”' L. V. Nguy&n,**

H. Niederhausen,24 M. U. Nisa,24 S.C. Nowicki,24 A. Obertacke Pollmann,60 M. Oehler,31 B. Oeyen,29 A. Olivas,19
E. O’Sullivan,59 H. Pandya,43 D.V. Pankova,58 N. Park,33 G. K. Parker ,4 E.N. Paudel,43 L. Paul,“ C. Pérez de los Heros,s9
L. Peters,' J. Peterson,3 ’s. Philippen,] S. Pieper,60 M. Pittermann,32 A. Pizzuto,39 M. Plum,‘” Y. Popovych,40 A. Porcelli,29
M. Prado Rodriguez,3 °P.B. Pn'ce,8 B. Pries,24 G.T. Plrzybyls.ki,9 C. Raab,12 J. Rack—Helleis,40 A. Raissi,18 M. Rameez,22
K. Rawlins,’ . C. Rea,”’ Z. Rechav,” A. Rehman,* P. Reichherzer,'' R. Reimann,' G. Renzi,'” E. Resconi,”’ S. Reusch,®!

W. Rhode,23 M. Richman,46 B. Riedel,39 E.J. Roberts,2 S. Rober“[son,g’9 G. Roellinghoff,53 M. Rongen,40 C. Rott,so’53
T. Ruhe,23 D. Ryckbosch,29 D. Rysewyk Cantu,24 1. Safa,M’39 J. Saffer,32 S. E. Sanchez Herrera,24 A. Sandrock,23
M. Santander,56 S. Sarkar,45 S. Sarkar,25 K. Satalecka,61 M. Schaufel,l H. Schieler,31 S. Schindler,26 T. Schmidt,19

A. Schneider,39 J. Schneider,26 F.G. Schr(ider,3 43 Schumacher,27 G. Schwefer,l S. Sclafani,46 D. Seckel,43

S. Seunarine,”® A. Sharma,” S. Shefali,”> N. Shimizu,'® M. Silva,” B. Skrzypek,"* B. Smithers,* R. Snihur,”
J. Soedingrekso,23 D. Soldin,43 C. Spannfellner,27 G. M. Spiczak,48 C. Spiering,61 J. Stachurska,61 M. Stamatikos,21

T. Stanev,” R. Stein,”' J. Stettner,' T. Stezelberger,” T. Stiirwald,”" T. Stuttard,”> G. W. Sullivan,'® I. Taboada,’

S. Ter—Antonyan,7 J. Thwaites,39 S. Tilav,43 F. Tischbein,1 K. Tollefson,24 C. T(Snnis,54 S. Toscano,12 D. Tosi,39 A. Trettin,61
M. Tselengidou,26 C.FE Tung,6 A. Tur(:ati,27 R. Turcotte,3] C.FE Turley,58 J.P. Twagirayezu,24 B. Ty,39 M. A. Unland
Elorrieta,42 N. Valtonen—Mattila,59 J. Vandenbroucke,39 N. van Eijndhoven,13 D. Vannerom,15 J. van Santen,61
J. Veitch-Michaelis,3 ’s. Verpoest,29 C. Walck,51 W. Wang,3 ° T.B. Watson,4 C. Weaver,24 P. Weigel,15 A. Weindl,31
M. J. Weiss,™ J. Weldert,”” C. Wendt,” J. Werthebach,” M. Weyrauch,”> N. Whitehorn,”**> C. H. Wiebusch,'

0031-9007/22/129(1)/011804(9) 011804-1 Published by the American Physical Society


https://orcid.org/0000-0003-4957-565X

PHYSICAL REVIEW LETTERS 129, 011804 (2022)

D.R. Williams,56 M. Wolf,39 K. Woschnagg,8 G. Wrede,26 J. Wulff,11 X.W. Xu,7 J.P. Yanez,25 E. Yildizci,39 S. Yoshida,]6
S. Yu,24 T. Yuan,39 Z. Zhang,52 and P. Zhelnin'*

(IceCube Collaboration)

'II. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany
2Deparz‘mem‘ of Physics, University of Adelaide, Adelaide 5005, Australia
3Department of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Dr., Anchorage, Alaska 99508, USA
4Depczrtment of Physics, University of Texas at Arlington, 502 Yates St., Science Hall Rm 108, Box 19059, Arlington, Texas 76019, USA
5CTSPS, Clark-Atlanta University, Atlanta, Georgia 30314, USA
8School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, Georgia 30332, USA
7Department of Physics, Southern University, Baton Rouge, Louisiana 70813, USA
8Department of Physics, University of California, Berkeley, California 94720, USA
’Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
O Institut fiir Physik, Humboldt-Universitdit zu Berlin, D-12489 Berlin, Germany
Y Fakultct fiir Physik & Astronomie, Ruhr-Universitit Bochum, D-44780 Bochum, Germany
2Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium
13Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium
“Department of Physics and Laboratory for Particle Physics and Cosmology, Harvard University,
Cambridge, Massachusetts 02138, USA
15Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
16Depcmment of Physics and The International Center for Hadron Astrophysics, Chiba University, Chiba 263-8522, Japan
17Department of Physics, Loyola University Chicago, Chicago, Illinois 60660, USA
18Department of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
19Department of Physics, University of Maryland, College Park, Maryland 20742, USA
2ODepartment of Astronomy, Ohio State University, Columbus, Ohio 43210, USA
21Department of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, Ohio 43210, USA
“Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark
23Department of Physics, TU Dortmund University, D-44221 Dortmund, Germany
24D.epartment of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
25Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1
26Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg, D-91058 Erlangen, Germany
27Physik—afepartment, Technische Universitdt Miinchen, D-85748 Garching, Germany
stépartement de physique nucléaire et corpusculaire, Université de Geneve, CH-1211 Geneve, Switzerland
29Department of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium
Deparment of Physics and Astronomy, University of California, Irvine, California 92697, USA
3 Karlsruhe Institute of Technology, Institute for Astroparticle Physics, D-76021 Karlsruhe, Germany
2Karlsruhe Institute of Technology, Institute of Experimental Particle Physics, D-76021 Karlsruhe, Germany
33Department of Physics, Engineering Physics, and Astronomy, Queen’s University, Kingston, Ontario K7L 3N6, Canada
34Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas 66045, USA
35Department of Physics and Astronomy, UCLA, Los Angeles, California 90095, USA
®Centre for Cosmology, Particle Physics and Phenomenology—CP3, Université catholique de Louvain, Louvain-la-Neuve, Belgium
37Depar1‘ment of Physics, Mercer University, Macon, Georgia 31207-0001, USA
38Deparl‘ment of Astronomy, University of Wisconsin—-Madison, Madison, Wisconsin 53706, USA
39Deparzment of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin—Madison, Madison,
Wisconsin 53706, USA
Olnstitute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany
41Department of Physics, Marquette University, Milwaukee, Wisconsin 53201, USA
2 nstitut fiir Kernphysik, Westfdlische Wilhelms-Universitit Miinster, D-48149 Miinster, Germany
BBartol Research Institute and Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716, USA
44Department of Physics, Yale University, New Haven, Connecticut 06520, USA
45Department of Physics, University of Oxford, Parks Road, Oxford OXI 3PU, United Kingdom
46Department of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, Pennsylvania 19104, USA
47Physics Department, South Dakota School of Mines and Technology, Rapid City, South Dakota 57701, USA
®Department of Physics, University of Wisconsin, River Falls, Wisconsin 54022, USA
49Departmem‘ of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
5ODepartment of Physics and Astronomy, University of Utah, Salt Lake City, Utah 84112, USA
' Oskar Klein Centre and Department of Physics, Stockholm University, SE-10691 Stockholm, Sweden
52Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA

011804-2



PHYSICAL REVIEW LETTERS 129, 011804 (2022)

53Department of Physics, Sungkyunkwan University, Suwon 16419, Korea
Hnstitute of Basic Science, Sungkyunkwan University, Suwon 16419, Korea
3 nstitute of Physics, Academia Sinica, Taipei 11529, Taiwan
*Department of Physics and Astronomy, University of Alabama, Tuscaloosa, Alabama 35487, USA
57Department of Astronomy and Astrophysics, Pennsylvania State University, University Park, Pennsylvania 16802, USA
58Department of Physics, Pennsylvania State University, University Park, Pennsylvania 16802, USA
59Departmem‘ of Physics and Astronomy, Uppsala University, Box 516, S-75120 Uppsala, Sweden
60Department of Physics, University of Wuppertal, D-42119 Wuppertal, Germany
' DESY, D-15738 Zeuthen, Germany

® (Received 11 January 2022; accepted 1 June 2022; published 29 June 2022)

We report a search for nonstandard neutrino interactions (NSI) using eight years of Te V-scale atmospheric
muon neutrino data from the IceCube Neutrino Observatory. By reconstructing incident energies and zenith
angles for atmospheric neutrino events, this analysis presents unified confidence intervals for the NSI
parameter €,,. The best-fit value is consistent with no NSI at a p value of 25.2%. With a 90% confidence
interval of —0.0041 < ¢,, < 0.0031 along the real axis and similar strength in the complex plane, this resultis
the strongest constraint on any NSI parameter from any oscillation channel to date.

DOI: 10.1103/PhysRevLett.129.011804

Introduction.—Neutrino oscillations are a phenomenon
indicating mechanisms beyond the current standard model
(SM) of particle physics. Experiments have measured the
mixing parameters of neutrino states to excellent precision
and confirm that at least two states have nonzero mass
[1-4]. Neutrino masses are orders of magnitude lighter than
the other SM fermion masses, further suggesting the
existence of beyond-standard-model (BSM) physics [5,6].

When the SM is treated as an effective field theory,
neutrino masses can be introduced through the addition of a
dimension-5 operator to the SM Lagrangian, with further
BSM physics expected through the addition of dimension-6
operators required for renormalizability [7-10]. One class
of these dimension-6 operators introduces neutrino non-
standard interactions (NSI), which are comprised of new
neutral-current (NC) and charged-current (CC) neutrino
interactions with charged fermions [11-28].

This Letter presents IceCube’s latest constraints on the
NC NSI parameter ¢, using eight years of muon-neutrino-
induced (“Neutrinos” refers to both neutrinos and anti-
neutrinos unless otherwise stated.) up-going track data (The
v, purity of this sample, determined from simulated
neutrino and cosmic ray event simulation, is > 99.9%
[29].), with the highest range of event energies (500 GeV to
~10 TeV) employed for a NSI analysis to date. A like-
lihood analysis is performed on the binned neutrino event
counts to search for evidence of NSI via modified coherent
forward scattering. The analysis uses the same sample of

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

neutrino events and techniques as used in the recent
IceCube search for sterile neutrinos through v, disappear-
ance, which is described in detail in Refs. [29,30].

Neutrino oscillations in Earth with nonstandard
interactions.—Neutrino oscillations in matter are influ-
enced by both material density and composition [8—
10,31,32]. For SM CC coherent scattering, the potential
in the flavor basis at position x is represented by [33]

10
Hypo(x) = Vee(x) [ 00 (1)
0 0

o O O

with H,, — —H, for antineutrinos, and the SM matter
potential Vc(x) = v2GpN,(x), where G is the Fermi
constant and N, (x) is the electron number density [34,35].
To include NSI from a mediator of an unknown energy
scale, the collection of flavor-violating and flavor-
conserving parameters €,; are introduced, with indices a
and S corresponding to neutrino flavors e, u, and z. These
parameters are defined through the contributions of elec-
trons and nucleons: gy & €55 + €5 + Ve, with Y =
(N,(x)/N,(x)) where N,(x) and N,(x) are the particle
number densities at matter depth x for electrons and
neutrons, respectively. To good approximation, this is
constant through Earth, having Y® ~ 1.051 [2]. From these
generalized NSI parameters, the combined matter + NSI
Hamiltonian is

1+€ee €y €er

Hmat+NSI = VCC ()C) 6?;4 € €ur | (2)
€er 6‘;7 €t
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where €* is the complex conjugate of ¢ and the diagonal
parameters are real valued. Past analyses from IceCube
have set constraints on each parameter with a maximum
reconstructed energy of 100 GeV [36].

In this Letter, the parameter of interest is solely ¢, as the
atmospheric neutrino flux is primarily v, and ,,, which for
energies > 20 GeV predominantly oscillate to v, and 7,
due to v, decoupling [37,38]. As a result, the atmospheric
neutrino sample used in this analysis is most suitable for
constraining u — 7 flavor-changing NSI. To verify that ¢,
may be constrained independently, atmospheric fluxes were
simulated with each NSI parameter injected at the boundary
values presented by Refs. [36,39]. Non-¢,, parameters,
except for €., were found to induce < 0.2% neutrino
disappearance at all sample energies and zenith angles,
whereas €,, = 0.0031 [analysis 90% CL (confidence level)
right bound] induced ~3.2% neutrino disappearance. While
for large €, the constraints on ¢, and e, become
correlated, strong €., IceCube constraints [36] imply the
€,, limit generated at €., = 0 is accurate over the allowed
parameter space. Thus, the results of this Letter present a
standalone constraint on €,,,.

u—7 NSI in IceCube.—The IceCube Neutrino
Observatory is a neutrino detector located at the
Geographic South Pole, occupying 1 km? of ice at depths
1450-2450 m under the Antarctic surface [40]. Five
thousand one hundred sixty digital optical modules
(DOMs) [41], each consisting of a photomultiplier tube
encased in a pressurized glass sphere, are distributed in a
hexagonal grid along 78 60-DOM strings spaced 125 m
laterally with a vertical DOM spacing of 17 m. An 8-string
array of high quantum efficiency DOMs called DeepCore
[42] is placed near the center of the detector at the depth
where the ice is clearest. The DeepCore string’s lateral
spacing ranges from 42 to 72 m, with a DOM vertical
spacing of 7 m. Data from the full array are used for event
selection and reconstruction of relevant observables.

Cosmic-ray(CR)-induced air showers produce high-
energy muons and neutrinos that comprise the majority
of IceCube events. While muons produced in the southern
hemisphere [“down-going, ” cos(6;"¢) > 0] often penetrate
the detector volume and are a background to muon neutrino
signals, muons produced in the northern hemisphere
[cos(8;"°) < 0] are absorbed by the Earth, eliminating
the muon background to “up-going” muon neutrino sig-
nals. A CC v, interaction will produce hadronic products
and a forward daughter muon with ~50-80% of the
neutrino’s energy [43].

As the muon travels it emits Cherenkov photons that are
detected by IceCube DOMs, producing a tracklike event
that can originate either inside the detector or kilometers
outside the array [44,45]. From analyzing the DOM charge
and timing data, the zenith angle and energy of the muon
are reconstructed, which determines the incident path
through Earth and energy of the neutrino. This analysis

uses a sample of 305,735 reconstructed muon tracks from
neutrino CC interactions detected between May 13, 2011
and May 19, 2019. Events are binned uniformly both
in reconstructed muon energy log(Efco) (13 bins,
Eteco € [500 GeV,9976 GeV)) and the cosine of the muon
zenith angle {20 bins, cos(@eco) € [—1.0,0.0]}.

NSI signals in IceCube manifest in the form of anoma-
lous neutrino flavor transitions in detected events compared
to the SM prediction. When considering a neutrino-only
flux (no antineutrinos) and positive values of Re(e,.), there
is an appearance of v, due to modified v, transitions at
EM <1 TeV and —1 < cos(8) < —0.8, whereas for neg-
ative Re(e,,), it is a disappearance of v, in the same region.
This situation is reversed in the antineutrino case as well as
in the inverted neutrino mass ordering (I0) case [46].
IceCube cannot distinguish between neutrino and antineu-
trino signals, and thus the exact v, /7, sample ratio in the
analysis sample is unknown. (From improved hadronic
models and cosmic ray measurements, the predicted ratio
of atmospheric v,:7, is ~2:1 [47].) For equal rates of
neutrinos and antineutrinos, the combined NSI effects
result in NSI signals > 50% weaker than what is predicted
for a pure-neutrino or antineutrino sample. An example of
this is shown in Fig. 1, in which the NSI effect is largely an
energy-independent disappearance in the up-going direc-
tion. The inability of IceCube to discriminate between
neutrinos and antineutrinos also requires an independent fit

V. 7, 1.01
5
. T
- <
% =
Q &
£ =
5) N
= T
= <
=,
Re(e,r) = 0.0031
In = [
m(€ur) = 0.0 99
—0.8 —0.4 0.0
cos(6me)
FIG. 1. Muon neutrino oscillogram—an example of how NSI

modify predicted neutrino fluxes. Shown here is the probability
ratio of NSI-modified oscillations to the SM prediction for
atmospheric neutrinos [chosen value is Re(e,,) = 0.0031,
Im(e,;) = 0.0, the 90% CL bound on positive Re(e,,)]. Effects
include flux disappearance at energies of 1 TeV and above for
events crossing the largest Earth baselines [cos(6) = —1] and flux
enhancement at ~100 GeV. Note that the neutrino true energy
range corresponds to the stated muon proxy energy range, and that
the maximum disappearance for this value of ¢, is ~3.4%.
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FIG. 2. Real-only result. Top: the —2ALLH profile from the fit
to data. Blue-shaded regions correspond to the CL regions
determined from the —2ALLH values. Bottom: comparison of
the 90% CL limits from this analysis to IceCube’s previous real-
only €,, search [38] and the Super-Kamiokande experiment’s
inaugural constraints [48].

to the IO model, which is reported in addition to the normal
ordering (NO) results (Fig. 2).

Analysis.—This analysis considers a complex-valued €,
parameter with oscillation probabilities calculated for
neutrinos crossing the Earth using the nuSQuIDS [49]
software package. For illustration, we briefly review the
origin of the observed parameter degeneracies using an
approximate treatment with small deviations present at the
lowest energies, though notably these approximations are
not used in the analysis but rather the full 3-neutrino mixing
model including matter effects. From Ref. [37], the
atmospheric neutrino oscillation probability may be
approximated for £, > 100 GeV as

2/I\2
(5) ®

where 6,3 and Am3, are standard neutrino mixing para-
meters [50,51], E, is the neutrino energy, L is the matter
baseline, and V, is the constant potential induced by down
quarks (fermion contributions to €, are normalized to the
down quark density, with N; = 3N, and N; ~ N, in Earth
[37]). Changing the mass ordering alters the sign of Am3;,
inverting the result across €,, = 0. For complex ¢, there is
a degeneracy in the complex plane at all energies

Am3,
2E,

P(IJM - UT) = sin(2923) + 2Vd€ln

P(e,; = a + bi) = P(e,

T:a_bi)’ (4)

3 95% CL Region 90% CL Sensitivity
EE 90% CL Region % Data Best-Fit
0.0041 I 68% CL Region
0.0021
;s
=
N
0.0001
E
—0.002
—0.004
—0.004 —0.002 0.000 0.002  0.004
Re (€ur)
FIG. 3. Complex result. Confidence level regions for complex

€, in blue-shaded regions, with the analysis 90% CL sensitivity
in green and the red cross marking the data’s best fit.

so all contours, such as in Fig. 3, are symmetric in the
imaginary dimension. Equation (3) also contains a further
degeneracy: CL boundary contours are circular in the €,,
complex plane with the center of the circle approach-
ing the origin as E, — oo. The final 2D contour includ-
ing contributions from all energies is also found to
closely resemble a circle with a slight offset from
Re(e,,) = Im(e,,;) = 0. 90% CL contours from pseudoex-
periments adhered sufficiently to a circular form such that
accurate results could be obtained by testing hypotheses
along the real axis only {201 uniformly distributed
pointsinRe(e,.) € [-0.01,0.01] withIm(e,,) = 0}  and
extrapolating the circular contour into the complex plane.
The results were verified from testing 361 uniformly
distributed hypotheses in the full complex space in addition
to the aforementioned set, with Re(e,.).Im(e,,) €
[-0.01,0.01]. The likelihood threshold [26] for 90% CL
contours was evaluated using the Feldman-Cousins pre-
scription [52] and found to be consistent with Wilks’
theorem [25,26] at 1 degree of freedom, as expected in
the presence of the these degeneracies.

Systematic uncertainties.—Systematic uncertainties are
incorporated into the analysis through a collection of
nuisance parameters that reweight Monte Carlo (MC) event
sets through continuous parametrizations. The dominant
sources of uncertainty derive from the shape and normali-
zation of the atmospheric and astrophysical neutrino fluxes,
optical properties of South Pole glacial ice, the local DOM
environment, and neutrino interaction cross sections. Other
sources of systematic uncertainty were investigated and
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determined to be inconsequential within the overall stat-
istical uncertainty [29,30].

The conventional (Conventional flux refers to neutrinos
produced from 7z and K meson decays in the atmosphere,
which is meant to distinguish from the prompt atmospheric
flux, referring to neutrinos produced from the decay of
atmospheric charmed mesons.) atmospheric v, and 7, flux
is modeled through pion and kaon decay in the MCEq
cascade equation solver [53,54] with the SIBYLL2.3c
hadronic interaction model [55]. The spectra of CR
primaries relevant to this sample follows an approximate
energy dependence of E=26°, CR spectral index uncertain-
ties are implemented via the nuisance parameter Ay,
[56-59]. Uncertainties from meson production due to CR-
atmosphere and subsequent interactions are accommodated
through reweighting fluxes partitioned by incident parent
energy and outgoing secondary energy, presented in
Ref. [60]. The atmospheric density, relevant to cascade
formation, is profiled across the zenith through temperature
data collected by the AIRS satellite [61]. The correspond-
ing nuisance parameter, atm. density, is introduced through
simulated air showers in randomly perturbed density
profiles within the provided uncertainty ranges. Kaon
energy losses via interaction with atmospheric nuclei are
accounted for through the total kaon-nucleus cross section
uncertainty [62]. Uncertainties from charged pion produc-
tion and interaction are found to be negligible [29,30].
Lastly, the total conventional atmospheric v, and 7, flux
has an overall normalization uncertainty [53] quantified by
the @, parameter.

The astrophysical neutrino spectrum uncertainties are
quantified through the normalization (®,,,) and spectral
index (Ay,u,) nDuisance parameters with correlated
Gaussian priors informed by a confidence region encom-
passing recent IceCube astrophysical flux measurements
[63-68], modeled with a v,:7, ratio of 1:1 assuming a
single-power energy law [29,30].

The optical properties of the bulk glacial ice result from
depth-dependent impurity concentrations [22—24]. To min-
imize the number of relevant parameters and their uncer-
tainties, the absorption and scattering coefficients collected
for each 10 m layer are reparametrized into a Fourier series
up to a finite cutoff, with modes ordered from the greatest to
weakest effects on the propagation of light in the glacial ice.
The SnowStorm software implements an efficient method of
sampling the Fourier parameter space by perturbing a
single central MC set rather than generating multiple
MC sets [69]. Two energy-dependent basis functions are
inferred from correlations between perturbed modes, and
the amplitudes of these functions ultimately serve as the
nuisance parameters for the bulk ice uncertainties. These
nuisance parameters have a bivariate Gaussian prior.

After deployment, the water in the sensor bore-
hole refreezes with optical impurities inhomogeneously
distributed relative to the DOM axis, termed ‘“hole ice”

[27,70]. The consequence of hole ice is the effect on the
angular sensitivity in photon detection. This contribution to
the angular efficiency has been modeled empirically with
two additional parameters, p; and p,. References [29,30]
found only one parameter (p,) has a significant contribu-
tion to the uncertainty from hole ice such that variations in
po cover any effects seen in shifts of the negligible
parameter (p;).

The uncertainties associated with the effective sensitivity
of DOMs to photons after deployment are characterized by
the DOM efficiency nuisance parameter. Factors contrib-
uting to the efficiency include those internal to the DOM,
such as the photocathode efficiency and wavelength accep-
tance, and factors external to the DOM, including the
aforementioned hole ice and sensor cable shadow [29,30].

The neutrino cross section determines both the rate of
neutrino absorption in Earth [71,72] and of observable
interactions [73,74]. Uncertainties regarding neutrino inter-
actions at the detector were found by Refs. [75,76] to be
negligible while the uncertainties of the neutrino cross
sections on in-Earth absorption are parametrized through
linearly scaling cross sections oy, and 03, The correspond-
ing priors are fixed at the largest uncertainties found within
the sample energy range [74].

The impact of the systematic uncertainties was determined
by calculating the 90% CL sensitivity when selected nui-
sance parameters were fixed while the others were fit freely.
For these tests, the “Asimov” [77] sensitivity was employed,
following its validation against the true median sensitivity
from 1000 pseudoexperiments. The most illustrative test
fixed categories of parameters organized into three types:
hadronic, [W, Y, and Z parameters (from Ref. [60], atmos-
pheric denSity’ (Dconv’ Ayconv)]’ cosmic (q)astrov Ayastro)» and
detector [DOM efficiency, ice gradient O and ice gradient 1
(SnowStorm), p, (column ice)]. Fixed cosmic nuisance
parameters resulted in a ~—0.82% relative change in
|€,|, while fixed hadronic parameters have a relative change
of ~ — 1.63%. Lastly, the largest uncertainty contribution is
from the detector parameters, which have a ~—9.80%
relative change from the central sensitivity radius.

For a review of the systematic uncertainties treated in this
Letter, see Refs. [30] and [29]. The prior and posterior
widths for the nuisance parameters at the analysis best fit
are listed in the Supplemental Material [78].

Results.—The analysis’s real-valued best-fit
Re(e,,) = —0.0029. The strongest nuisance parameter pull
is the cosmic ray spectral index, with a shift of 0.066
(2.20), while all other systematic uncertainty best-fit values
are within 1o of their central values. Figure 2 displays the
test statistic profile for the data and the corresponding CL
regions in the top panel, followed by a comparison of
90% CL limits derived from other measurements in the
bottom panel. The analysis limits and sensitivities are a
factor of ~2 improvement beyond the leading constraints
from Ref. [38].
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FIG. 4. Global comparison. Comparison of the analysis
90% CL sensitivity and result to the DeepCore 3-year, 5.6—
100 GeV result [36]. Green and yellow regions represent 90% CL
sensitivity envelopes of symmetrically counted 68 and 95%
(respectively) regions calculated from 1000 pseudoexperiment
trials.

In Fig. 3 are the CL regions (68, 90, and 95%) in
complex €,, space. Figure 4 compares the analysis result
and sensitivity to the next-leading complex e, limits
from Ref. [36], demonstrating an improvement by a
factor of ~4. The result is found to be consistent with
expected experimental sensitivity. The best-fit LLH is
found to be —0.68 standard deviations from the distri-
bution mean, which is consistent with no NSI at a p
value of 25.2% derived from 1000 trial pseudoexperi-
ments. The best-fit €¢,, was also consistent with the
recovered pseudoexperiment best-fit locations when a
non-NSI hypothesis was assumed.

Compared to initial Re(e,,) constraints placed by
Ref. [48] and subsequent measurements (During the
revision of this manuscript, Ref. [79] released Re(e,,)
limits of comparable scale, yet with correlated ¢,, effects
on the results.) such as Refs. [38] and [36], this Letter
places the best constraints on Re(e,,) to date. Further, few
analyses constrain complex NSI parameters, such as
Ref. [36], and this analysis places the strongest constraints
on Im(e,,) to date (Fig. 4).

To conclude, 305735 up-going muon-neutrino tracks
from 500 to 9976 GeV detected by the IceCube Neutrino
Observatory have been analyzed to search for evidence of
€, NSL The best-fit point value is consistent with the
no-NSI hypothesis at a p value of 25.2%. The 90% CL
limits on real-only ¢,, are —0.0041 < ¢,, < 0.0031, rep-
resenting the strongest constraints on any NSI parameter in
any oscillation channel to date.
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