PHYSICAL REVIEW D 110, 072007 (2024)

Search for a light sterile neutrino with 7.5 years of IceCube DeepCore data

R. Abbasi,'” M. Ackermann,” J. Adams,'® S. K. Agarwalla,""" J. A. Aguilar,'* M. Ahlers,”” J. M. Alameddine,*
N.M. Arnin,44 K. Andeen,42 C. Argl'jelles,14 Y. Ashida,53 S. Athanasiadou,65 L. Ausborm,1 S.N. Axani,44 X. Bai,50
A. Balagopal V.,40 M. Baricevic,40 S. W. Barwick,30 S. Bash,27 V. Basu,40 R. Bay,8 J. 1 Beatty,zo’21 J. Becker Tjus,n’+
J. Beise,63 C. Bellenghi,27 C. Benning,1 S. BenZvi,52 D. Berley,19 E. Bemardini,48 D.Z. Besson,36 E. Blaufuss,19
L. Bloom,60 S. Blot,65 F. Bontempo,31 J. Y. Book Motzkin,14 C. Boscolo Meneguolo,48 S. Béser,41 0. Botner,63 1. Béttcher,1
E. Bourbeau,22 1. Braun,40 B. Brinson,6 J. Blrostean—Kaiser,65 L. Brusa,1 R. T Burley,2 D. Butterﬁeld,40 M. A. Cam ana,49
L. Caracas,”' K. Carloni,"* J. Carpio,*** S. Chattopadhyay,’™* N. Chau,'? Z. Chen,’® D. Chirkin,** S. Choi,”"*

B. A. Clark,19 A. Coleman,63 G. H. Collin,15 A. Connolly,zo’21 J.M. Conrad,15 R. Corley,53 D.E Cowen,m’62 P. Dave,6
C. De Clercq,13 J.J. DeLaunay,60 D. Delgado,14 S. Deng,1 A. Desai,40 P. Desiati,40 K.D. de Vries,13 G. de Wassei§e,37
T. DeYoung,24 A. DiaZ,15 J.C. DiaZ-VéleZ,40 P. Dierichs,1 M. Dittmer,43 A. Domi,26 L. Draper,53 H. Dujmovic, 0
D. Durnford,25 K. Dutta,41 M. A. DuVernois,40 T. Ehrhardt,41 L. Eidenschink,27 A. Eimer,26 P. Eller,27 E. Ellinger,64
S. El Mentawi,1 D. Els’aisser,23 R. Engel,3L32 H. Erpenbeck,40 J. Evans,19 P. A. Evenson,44 K.L. Fan,19 K. Fan ,40
K. Farrag,16 A.R. Fazely,7 A. Fed%/nitch,59 N. Feigl,10 S. Fiedlschuster,26 C. Finley,55 L. Fischer,65 D. Fox,6
A. Franckowiak,11 S. Fukami,65 P. Fiirst, J. G21lla§h(=,r,39 E. Ganster,1 A. Garcia,14 M. Garcia,44 G. Gar: ,40’i E. Genton,M’37
L. Gerhardt,” A. Ghadimi,®® C. Girard-Carillo,”" C. Glaser,’ T. Gliisenkamp,”*® J. G. Gonzalez,” S. Goswami,**
A. Granados,” D. Grant,” S.J. Gray," O. Gries,' S. Griffin,”’ S. Griswold,”* K. M. Groth,”> D. Guevel,” C. Giinther,'
P. Gutjahr,23 C. Ha,54 C. Haack,26 A. Hallgren,63 L. Halve,1 F. Halzen,40 H. Hamdaoui,56 M. Ha Minh,27 M. Handt,1
K. Hanson,40 J. Hardin,15 A.A. Harnisch,24 P. Hatch,33 A. Haungs,3 Ly, H'ziuf?)lelr,1 K. Helbing,64 J. Hellrung,11
1. Hermannsgabner,1 L. Heuermann,1 N. Heyer,63 S. Hickford,64 A. Hidvegi,55 . Hignight,66 C. Hill,16 G.C. Hill,2
K.D. Hoffman,19 S. Hori,40 K. Hoshina,“o’§ M. Hoster‘[,14 W. Hou,31 T. Huber,31 K. Hulthist,55 M. Hl'jnnefeld,23
R. Hussain,40 K. Hymon,23’5 PA. Ishihara,16 W. Iwakiri,16 M.J acqiuart,40 S.J ain,41 0.] anik,26 M.J ansson,5 5G.S.] aparidze,5
M. Jeong,53 M. Jin,"* B.J. P. Jones,* N. Kamp,14 D. Kang,3 W. Kang,57 X. Kang,49 A. Kappes,43 D. Kappesser,41
L. Kardum,23 T. Karg,65 M. Karl,27 A. Karle,40 A. Katil,25 U. Katz,26 M. Kauer,40 J.L. Kelley,40 M. Khanal,53
A. Khatee Zathul,40 A. Kheirandish,34’35 J. Kiryluk,56 S.R. Klein,g’9 A. Kochocki,24 R. Koirala,44 H. Kolanoski,lo
T. Kontrimas,27 L. K(Spke,41 C. Kopper,26 D.J. Koskinen,22 P. Koundal,44 M. Kovacevich,49 M. Kowalski,lo’65
T. Kozynets,22 J. Krishnamoorthi,‘m’]t K. Kruiswijk,37 E. Kru czak,24 A. Kumar,65 E. Kun,11 N. Kurahashi,49 N. Lad,65
C. Lagunas Gualda,65 M. Lamoureux,37 M. Laurson,1 S. Latseva,1 F. Lauber,64 J.P. Lazar,37 J.W. Lee,57
K. Leonard DeHolton,62 A. Leszczyﬁska,44 J. Liao,6 M. Lincetto,11 Y. T Liu,62 M. Liubarska,25 C. Love,49 L. Lu,40
F. Lucarelli,28 W. Luszczak,m21 Y. Lyu,g’9 W. Y. Ma,67 1. Madsen,40 E. Magnus,13 K.B.M. Mahn,24 Y. Makino,40
E. Manao,27 S. Mancina,‘m’48 W. Marie Sainte,40 I.C. Mari§,12 S. Marka,46 Z. Marka,46 M. Marsee,60 I Martinez—Soler,14
R. Maruyama,45 F. Mayhew,24 F. McNally,38 J.V. Mead,22 K. Meagher,40 S. Mechbal,65 A. Medina,21 M. Meier,16
Y. Merckx,13 L. Merten,11 J. Micallef,24 J. Mitchell,7 T. Montaruli,28 R.W. Moore,25 Y. Morii,16 R. Morse,40 M. Moulai,40
T. Mukherjee,3 'R, Naab,65 R. Nagai,16 M. Nakos,40 U. Naumann,64 J. Necker,65 A. Negi,4 L. Neste,55 M. Neumann,43
H. Niederhausen,24 M. U. Nisa,24 K. Noda,16 A. Noell,1 A. NOVikOV,44 A. Obertacke Pollmann,16 V. O’Dell,40 B. Oeyen,29
A. Olivas,19 R. Orsoe,27 1. Osborn,40 E. O’Sullivan,63 V. Palusova,41 H. Pandya,44 N. Park,33 G.K. Parker,4 E.N. Paudel,44
L. Paul,50 C. Pérez de los Heros,63 T. Pemice,65 J. Peterson,40 A. Pizzuto,40 M. Plum,50 A. Pontén,63 Y. Popovych,41
M. Prado Rodriguez,40 B. Pries,24 R. Procter—Murphy,19 G.T. Przyb lski,g C. Raab,37 J. Rack—Helleis,41 M. Ravn,63
K. Rawlins,3 Z. Rechav,40 A. Rehman,44 P. Reichherzer,11 E. Resconi,2 S. Reusch,65 W. Rhode,23 B. Riedel,40 A. Rifaie,1
E.J. Rober“ts,2 S. Robenson,g’9 S. Rodan,57’5 8 G. Roellinghoff,57 M. Rongen,26 A. Rosted,16 C. Rott,53’57 T. Ruhe,23
L. Ruohan,27 D. Ryckbosch,29 I Safa,40 J. Saffer,32 D. Salazar—Gallegos,24 P. Sampathkumar,31 A. Sandrock,64
M. Santander,60 S. Sarkar,25 S. Sarkar,47 . Savelberg,1 P. Savina,40 P. Schaile,27 M. Schaufel,1 H. Schieler,31 S. Schindler,26
L. Schlickmann,41 B. Schh’jter,43 F. Schh’jter,12 N. Schmeisser,64 T. Schmidt,19 J. Schneider,26 F. G. Schr'c)de:r,31’44
L. Schumacher,”® S. Sclafani,'® D. Seckel,** M. Seikh,*® M. Seo,”’ S. Seunarine,” P. Sevle Myhr,”’ R. Shah,* S. Shefali,*
N. Shimizu,16 M. Silva,40 B. Skrzypek,8 B. Smithers,4 R. Snihur,4o 1. Soedingrekso,23 A. qugaard,22 D. Soldin,53 P. Soldin,1
G. Sommani,"' C. Spannfellner,27 G. M. Spiczak,5 'c. Spiering,65 M. Stamatikos,”' T. Stanev,* T. Stezelbelrger,9
T. Stijrwald,64 T. Stuttard,22 G. W. Sullivan,19 I. Taboada,6 S. Ter—Antonyan,7 A. Terliuk,27 M. Thiesmeyer,1
W. G. Thom son,14 J. Thwaites,40 S. TilaV,44 K. Tollefson,24 C. Tbnnis,57 S. Toscano,12 D. Tosi,40 A. Trettin ,65
R. Turcotte,” J.P. Twagirayezu,24 M. A. Unland Elorrieta,” A. K. Upadhyay,m’* K. Upshaw,7 A. Vaidyanathan,42
N. Valtonen—Mattila,63 1. Vandenbroucke,40 N. van Eijndhoven,13 D. Vannerom,15 J. van Santen,65 J. Vara,43 F. Varsi,32
J. Veitch—Michaelis,40 M. Venugo al,31 M. Vereecken,37 S. Vergara Carrasco,18 S. Verpoest,44 D. Veske,46 A. Vijai,19
C. Walck,55 A. Wang,6 C. Weaver, 4 p, Weigel,15 A. Weindl,31 1. Welden,62 AY. Wen,14 C. Wendt,40 J. Werthebach,23

2470-0010,/2024/110(7)/072007(12) 072007-1 Published by the American Physical Society


https://orcid.org/0000-0003-0350-3597

R. ABBASI et al. PHYS. REV. D 110, 072007 (2024)

M. Weyrauch,31 N. Whitehorn,24 C.H. Wiebusch,1 D.R. Williams,60 L. Wit‘[haus,23 A. Wolf,] M. Wolf,27 G. Wrede,26
X. W. Xu,7 J.P Yanez,25 E. Yildizci,40 S. Yoshida,16 R. Young,36 S. Yu,53 T. Yuan,40 Z. Zhang,56 P. Zhelnin,14
P. Zilberman,40 and M. Zimmerman*’

(IceCube Collaboration)

. 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
4Deparlment of Physics, University of Texas at Arlington,
502 Yates Street, Science Hall Rm 108, Box 19059, Arlington, Texas 76019, USA
CTSPS, Clark-Atlanta University, Atlanta, Geogia 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
©Institut fiir Physik, Humboldt-Universitiit zu Berlin, D-12489 Berlin, Germany
" Fakultit 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
14Department of Physics and Laboratory for Particle Physics and Cosmology, Harvard University,
Cambridge, Massachusetts 02138, USA
15Deparl‘ment of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
16Department of Physics and The International Center for Hadron Astrophysics, Chiba University,
Chiba 263-8522, Japan
l7Department 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
“Department of Physics, TU Dortmund University, D-44221 Dortmund, Germany
24Departmem‘ of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
2 Department of Physics, University of Alberta, Edmonton, Alberta, T6G 2EI, Canada
26Erlcmgen Centre for Astroparticle Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg,
D-91058 Erlangen, Germany
27Physik-department, Technische Universitdt Miinchen, D-85748 Garching, Germany
®Département de physique nucléaire et corpusculaire, Université de Genéve,
CH-1211 Geneve, Switzerland
29Depan‘mem‘ of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium
3ODepartment of Physics and Astronomy, University of California, Irvine, California 92697, USA
S 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
33Departmem‘ of Physics, Engineering Physics, and Astronomy, Queen’s University,
Kingston, Ontario K7L 3N6, Canada
34Department of Physics & Astronomy, University of Nevada, Las Vegas, Nevada 89154, USA
¥Nevada Center for Astrophysics, University of Nevada, Las Vegas, Nevada 89154, USA
36Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas 66045, USA
T Centre for Cosmology, Particle Physics and Phenomenology - CP3, Université catholique de Louvain,
Louvain-la-Neuve, Belgium
38Deparl‘ment of Physics, Mercer University, Macon, Georgia 31207-0001, USA
39Department of Astronomy, University of Wisconsin—Madison, Madison, Wisconsin 53706, USA
4oDepartment of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin—
Madison, Madison, Wisconsin 53706, USA

072007-2



SEARCH FOR A LIGHT STERILE NEUTRINO WITH 7.5 ... PHYS. REV. D 110, 072007 (2024)

 Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany
42Department of Physics, Marquette University, Milwaukee, Wisconsin 53201, USA
B Institut fiir Kernphysik, Westfilische Wilhelms-Universitdt Miinster, D-48149 Miinster, Germany
*Bartol Research Institute and Department of Physics and Astronomy, University of Delaware,
Newark, Delaware 19716, USA
4SDepartment of Physics, Yale University, New Haven, Connecticut 06520, USA
Columbia Astrophysics and Nevis Laboratories, Columbia University, New York, New York 10027, USA
47Department of Physics, University of Oxford, Parks Road, Oxford OXI 3PU, United Kingdom
48Dipartimem‘o di Fisica e Astronomia Galileo Galilei, Universita Degli Studi di Padova,
1-35122 Padova PD, Italy
49Department of Physics, Drexel University,
3141 Chestnut Street, Philadelphia, Pennsylvania 19104, USA
50Physics Department, South Dakota School of Mines and Technology,
Rapid City, South Dakota 57701, USA
51Department of Physics, University of Wisconsin, River Falls, Wisconsin 54022, USA
52Departmem‘ of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
53Department of Physics and Astronomy, University of Utah, Salt Lake City, Utah 84112, USA
54Department of Physics, Chung-Ang University, Seoul 06974, Republic of Korea
>Oskar Klein Centre and Department of Physics, Stockholm University, SE-10691 Stockholm, Sweden
56Department of Physics and Astronomy, Stony Brook University,
Stony Brook, New York 11794-3800, USA
57Department of Physics, Sungkyunkwan University, Suwon 16419, Republic of Korea
BInstitute of Basic Science, Sungkyunkwan University, Suwon 16419, Republic of Korea
P mistitute of Physics, Academia Sinica, Taipei, 11529, Taiwan
60Department of Physics and Astronomy, University of Alabama, Tuscaloosa, Alabama 35487, USA
61Department of Astronomy and Astrophysics, Pennsylvania State University,
University Park, Pennsylvania 16802, USA
62Deparz‘mem‘ of Physics, Pennsylvania State University, University Park, Pennsylvania 16802, USA
63Departmenl of Physics and Astronomy, Uppsala University, Box 516, SE-75120 Uppsala, Sweden
64Department of Physics, University of Wuppertal, D-42119 Wuppertal, Germany
SDeutsches Elektronen-Synchrotron DESY, Platanenallee 6, D-15738 Zeuthen, Germany
66Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E]
Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, 15738 Zeuthen, Germany

® (Received 2 July 2024; accepted 8 September 2024; published 15 October 2024)

We present a search for an eV-scale sterile neutrino using 7.5 years of data from the IceCube DeepCore
detector. The analysis uses a sample of 21,914 events with energies between 5 and 150 GeV to search for
sterile neutrinos through atmospheric muon neutrino disappearance. Improvements in event selection and
treatment of systematic uncertainties provide greater statistical power compared to previous DeepCore
sterile neutrino searches. Our results are compatible with the absence of mixing between active and sterile
neutrino states, and we place constraints on the mixing matrix elements |U,4|* < 0.0534 and |U,4|* <
0.0574 at 90% CL under the assumption that Am3, > 1 eV?2. These null results add to the growing tension
between anomalous appearance results and constraints from disappearance searches in the 3 4 1 sterile
neutrino landscape.
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I. INTRODUCTION

While the three-neutrino oscillation framework has been
remarkably successful in explaining most observations of
neutrino flavor transitions, several anomalies have emerged
from various experiments that cannot be reconciled within
this paradigm. Notably, the LSND and MiniBooNE experi-
ments have reported an excess of electron-neutrinolike
events in muon neutrino beams [1,2], which could be
explained by the existence of a fourth, sterile neutrino
species with a mass splitting of approximately 1 eV?
relative to the three active neutrino flavors. This interpre-
tation is further supported by the long-standing Gallium
anomaly [3], a deficit of electron-neutrinos observed in
radioactive source experiments that has been recently
confirmed by the BEST and SAGE experiments [4,5].
These intriguing anomalies have motivated extensive
efforts to search for sterile neutrinos in the eV mass range.

Although the sterile neutrinos do not directly interact via
the weak force, they can mix with the active neutrino flavor
eigenstates in a way that influences their oscillation
behavior. The simplest mathematical description of the
effect is the so-called 3 + 1 model, in which a fourth mass
eigenstate with mass splitting Am2, and a noninteracting
flavor eigenstate v is added to the standard three-flavor
model. The PMNS matrix [6] is extended by a fourth row
and column, such that

Uel Ue2 Ue3 Ue4
U3l Uﬂl Uﬂ2 Uﬂ3 Uﬂ4
PMINS U‘r 1 U7:2 U73 U‘r4

Us 1 Us2 Us?a Us4

(1)

The matrix elements U, determine the amount of mixing
between the neutrino flavor # and the fourth mass eigen-
state. In this paradigm, the v, — v, flavor transition
probability for short baseline experiments such as LSND
and MiniBooNE is approximately proportional to the
product |U,4|*|U.4|? while the v, survival probability
measured in Gallium experiments depends only on the
value of |UJ? [7].

The landscape of experimental tests of this model
currently shows a highly conflicted picture. While the
aforementioned anomalies are statistically highly signifi-
cant, the mixing amplitudes |U 4| and |U 4| that would be
necessary to explain them are in strong tension with the
combined nonanomalous measurements of the disappear-
ance channels v, — v, and v, — v,, which favor standard
three-flavor neutrino mixing [7,8]. This includes previous
measurements performed by IceCube DeepCore using
atmospheric muon neutrinos, which to date have seen no
significant sterile neutrino signal [9-11]. Measurements of
the electron neutrino spectrum at the MicroBooNE experi-
ment, a liquid argon time projection chamber targeted

by the same neutrino beam as MiniBooNE, also failed to
reproduce an anomalous low-energy excess [12,13]. Other
measurements from accelerator neutrino sources that are
compatible with the absense of sterile neutrino mixing were
performed by NOvA [14] and MINOS/MINOS+ [15].
Several reactor neutrino experiments that use a near and far
detector setup to cancel uncertainties of the initial neutrino
flux also find no evidence for nonstandard neutrino
oscillations [16-20]. Global constraints on the unitarity
of the PMNS matrix derived from nonanomalous results
furthermore limit the magnitudes of |U,[* and |U4|* to
O(1073) and O(1072), respectively [21]. The amplitude
|U.4|? is currently only constrained to O(0.1). Furthermore,
the number of relativistic neutrino species and the sum of
neutrino masses can be constrained from cosmological
observations. Sterile neutrinos could travel long distances
unimpeded and therefore wash out the formation of
structures at small scales in the early universe, which in
turn would influence the power spectrum of the CMB
and the formation of large structures. Recent constraints
from the Planck Collaboration for these parameters are
Negr =2.99(17) and Y m, < 0.1 eV, and strongly disfa-
vor the existence of sterile neutrinos within the standard
ACDM paradigm [22].

The tension between highly significant anomalies in
some experiments and strong exclusions from others is one
of the most pressing problems in the field of neutrino
physics. Its resolution necessitates the combination of
independent and complementary measurements from vari-
ous experiments probing different oscillation channels and
energy ranges that are affected by different systematic
uncertainties. This work uses atmospheric muon neutrinos
to constrain the mixing amplitudes |U,4|* and |U.4|* under

the assumption that Am3, > 1 eV?. This is done by probing
the v, — v, oscillation channel through an analysis of
tracklike events detected in IceCube DeepCore. The dataset
used for this analysis, described in [23], incorporates
numerous improvements over previous DeepCore studies
in the event selection techniques and the modeling of
systematic uncertainties, culminating in a greater statistical
power and robustness than earlier results [11].

II. ATMOSPHERIC MUON NEUTRINO SAMPLE

This study uses a dataset representing 7.5 years of
livetime from the IceCube DeepCore detector. IceCube
consists of 5160 downward-facing digital optical modules
(DOMs) that are deployed at depths between 1450-2450 m
and distributed over 86 vertical cables [24]. The main array
consists of 78 vertical cables that are arranged on a
hexagonal lattice with a horizontal spacing of ~125 m
between cables and a vertical spacing of 17 m between
DOMs. The remaining eight cables are located in the center
of IceCube’s footprint with a tighter horizontal separation,
between 40 m and 70 m. They contain DOMs with
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approximately 35% higher quantum efficiency compared to
the main array and are vertically spaced 7 m apart. This
central region of the detector forms the DeepCore sub-
array with a fiducial volume of approximately 10 Mt
water equivalent. DeepCore is optimized for the obser-
vation of atmospheric neutrinos at energies > 5 GeV and
uses the surrounding main array as a veto against muons
originating from atmospheric showers that are the most
significant background of this analysis [25]. The data
acquisition of DeepCore is triggered when a sufficient
number of adjacent DOMs within the DeepCore volume
record coincident signals that are within a 2.5 ps time
window as described in [26].

The triggered events are passed through a series of cuts
that reduce the background from random coincidences
arising from detector noise and atmospheric muons while
keeping most of the atmospheric neutrinos. This analysis
uses the same event selection as a previous three-flavor
atmospheric v, disappearance analysis described in [23].

A first online filter at the South Pole vetoes events that
are consistent with muons entering DeepCore from outside
the detector based on hits recorded in the main IceCube
array. Additional cuts of increasing complexity applied
offline reduce the amount of background by approximately
three orders of magnitude [23].

At this stage, the rate is approximately ~3 pHz and the
energy, zenith angle and flavor of each event is recon-
structed. The zenith angle reconstruction is a simple geo-
metric y?-fit of the observed data to the expectation of
Cherenkov light in the absence of light scattering as
described in [27]. The cosine of the zenith angle is used
as a proxy for the distance traveled by a neutrino between
its production in the atmosphere and its interaction in the
detector, L. The energy reconstruction is based on a
maximum likelihood reconstruction, where the expected
charge for each DOM is taken from precomputed
tables [28]. Both energy and zenith reconstructions are
performed on each event once under a tracklike event
hypothesis, indicative of v, and 7, charged current (CC)
interactions, and once under a cascadelike hypothesis,
characteristic of v, CC, most v, CC and all neutral current
(NC) interactions. For 7, CC interactions, which are the
focus of this analysis, the energy reconstruction at a
benchmark value of 20 GeV yields a bias of 07} GeV.
The zenith reconstruction at the same energy results in a
bias of 6f612 degrees. In both cases the bias is calculated as
the mean of X,.., — X and the range contains 50% of the
events around this mean. More details of the reconstruction
performance for this sample can be found in [23].

The reduced y? from both track and cascade fits, together
with the reconstructed track length and information about
the location of the event in the detector, are passed into
a boosted decision tree (BDT) to calculate a particle
identification (PID) score indicating how tracklike, i.e.
v, CC-like, an event signature appears. In this analysis, we

refer to events with PID values between 0.75 and 1.0 as
the “tracks” channel, which consists of ~93% v, + v, CC
events. Backgrounds in this channel consist mostly of
atmospheric muons and v, CC events where the z-lepton
decays to a muon with a branching ratio of ~17%. Events
with a PID between 0.55 and 0.75 are referred to as the
“mixed” channel, which still mostly consists of v, + v, CC
events. Despite a lower purity of ~65%, this channel still
enhances the sensitivity to sterile mixing due to the large
number of v, + 7, CC events, and is therefore used in the
analysis. Since we do not consider cascadelike events with
PID < 0.55 in this analysis, the number of electron neutrino
interactions in the sample is reduced to below 10%. This
reduces the influence of the v, oscillation channels, such that
|U,4|*> = 0 can be assumed without affecting the analysis.
Finally, the events are binned in the reconstructed energy
(Ereco)> the cosine of the reconstructed zenith angle
(cos(f,) « L) and split by PID channel. We use the same
binning as the three-flavor analysis in [23]. In this way, each
bin is essentially an independent measurement in L/E that
can be used to probe atmospheric neutrino oscillations.
With these criteria we select 21,914 well-reconstructed
events for the analysis. The sample contains events span-
ning a reconstructed energy range from 5 GeV to 150 GeV,
with a high purity of v, CC events and a small fraction of
atmospheric muons. The total number of events observed in
data and expected from MC in each PID channel is
provided in Table I. The rates expected from MC simu-
lation are calculated at the best fit point of the analysis.

III. ANALYSIS METHODOLOGY

This analysis employs a Monte-Carlo forward-folding
method to derive the expectation value of the event counts
in the analysis histogram. A large set of MC simulated
neutrino events corresponding to approximately 70 yrs of
detector livetime has been generated and processed through
the chain of filters previously described. These events are
weighted according to the expected flux [29] multiplied by
the oscillation probability and placed into a histogram with
the same binning as the data.

The weighting for each event can be adjusted using the
neutrino oscillation parameters as well as a number
of nuisance parameters corresponding to the systematic
uncertainties in the atmospheric neutrino flux, the neutrino
cross sections, the amount of atmospheric muon back-
ground and uncertainties of the detector properties. The
parameter values are optimized with respect to a modified
42 test statistic,

( NexP Nob%
Z €xp qlm 2 + (2)
NP4 (

i€bins * ! J Esyst ‘/

Xmod —

that takes priors on the systematic uncertainties into
account as well as the statistical uncertainty in the MC
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TABLEI. Observed and expected event rates for different types of particle interactions estimated at the best fit point of the analysis for
the individual PID bins and in total.
All PID Mixed PID Track PID

Rate Rate Rate
Event Type Events (1/10°s) Fraction (%) Events (1/10%s) Fraction (%) Events (1/10%s) Fraction (%)
v, +u, CC 17393 73.5 79 6989 29.6 65 10404 44.0 93
v, +v, CC 1902 8.0 8.6 1605 6.8 15 298 1.3 2.7
v, +1u, CC 599 2.5 2.7 439 1.9 4.1 160 0.7 1.4
Vay + Uy NC 1128 4.8 5.1 936 4.0 8.7 192 0.8 1.7
Atmospheric Muons 971 4.1 4.4 791 33 7.3 180 0.8 1.6
All MC 21993 93.0 10760 45.5 11234 47.5
Data 21914 93.1 10715 45.5 11199 47.6
prediction, ¢$™. The index i runs over every bin in the  and

analysis histogram while j runs over all nuisance param-
eters for which a Gaussian prior has been defined. The
expected and observed counts in bin i are N;'" and N9.
The variables s;, §; and U%I_ respectively denote the value of
the systematic parameter j, its mean and its standard
deviation. The total flux normalization is left unconstrained
in this analysis, meaning that only effects on the shape of
the signal are being considered.

A. Calculation of oscillation probabilities

We calculate neutrino oscillation probabilities using the
NUSQUIDS [30,31] package. This package computes state
transition probabilities in the interaction picture, where the
Hamiltonian is split into the time-independent vacuum
oscillation part, H,,, and the variable interaction part, H, (¢),
such that

H(t) = Ho + H,(1). (3)

In this picture, the probability to transition to state i after
the passage of time 7, p;(¢), can be projected out of the state
density matrix, p(z), with

pi(t) = Tr(I (1)p(1)) (4)

where fl(“>(t) is the projection operator for the flavor
state a. The state density at the time of detection is
calculated by numerically integrating

0,p(t) = —i[H, (1), p(1)]. (5)
In both equations, the overbar denotes the operator evolution

O(t) = et Qe~itht, (6)

In the mass basis, the vacuum and interaction parts of the
Hamiltonian in the 3 + 1 model can be written as

1
Hy = °F diag(0, Am3,, Am3,, Amg,)) (7)

1 )
— UM diag(2V e (1), 0,0, Ve (1) USRS,

\/E 341
(8)

Hy(1) =

respectively. The appearance of a nonzero neutral-current
potential V¢ in the interaction part of the Hamiltonian is a
consequence of the fact that the sterile flavor state does not
feel any potential. Therefore, the neutral-current interaction
Hamiltonian is no longer diagonal and leads to nontrivial
modifications of the neutrino propagation through matter.
This method of calculating neutrino oscillation probabilities
allows us to apply low-pass filters to the right hand side of
Eq. (5) as well as the projection operator in Eq. (4) to greatly
improve the efficiency of the calculation. In both cases, the
filter replaces sin(w?) and cos(wr) terms that appear in the
evaluation of the operator evolution Eq. (6) by zero if
the frequency = Am? /(2E) lies above a given threshold.

Oscillation lengths in the presence of an eV-scale mass
splitting can be on the order of a few kilometers in the
energy range relevant to this analysis. Therefore, we must
take care of the assumed neutrino production height in
the atmosphere. This is done by averaging the oscillation
probability over a range of production heights by replac-
ing the sine and cosine terms in Eq. (4) by their integral
over the distance traveled by the neutrino. As a baseline
we consider production heights between 10 km and 30 km
of altitude. To minimize the effect of this approximation
on the analysis, we do not consider events coming from
more than ~6° above the horizon. As a cross-check,
we also varied the range of production height averaging
to be between 1 and 20 km and found a negligible impact
on the analysis.

In our chosen parametrization,

USMNS — R34 (034) Rya (024, 624)R14(014. 814)Ra3(023)
X Ri3(013,813)R12(012). )
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where R;; (R; ;) represents a (complex) rotation in the
ij-plane. The contribution from v, events is small enough
that |U,4|*> can be neglected without impacting the con-
straints on the parameters of interest. Therefore, the para-
metrization of the mixing matrix simplifies to

|U,44|2 = sin’ (024) (10)
|Una? = sin? (834)cos? (624). (11)

In contrast to an earlier DeepCore measurement [28], we
marginalize over the sterile CP-violating phase 6,4, and
therefore test a more complete model, similar to [32].
Figure 1 shows the fractional change in the bin counts that
would be produced in each bin of the track channel for
different combinations of sterile oscillation parameters,
where the null-hypothesis is the standard three-flavor
oscillation scenario assuming NuFit 4.0 [33] global best
fit parameters. In the energy range relevant for this analysis,
between 5 and 150 GeV, the observable effect of |U4|? is
an overall disappearance of muon neutrinos except for the
region of maximum disappearance between 15 GeV and
35 GeV as shown in the top row of Fig. 1.

The sensitivity of this analysis to |U4|?* comes from the
matter effects on neutrinos crossing the dense core of
the Earth, where a nonzero value of |U|* leads to less
disappearance of muon neutrinos between 15 GeV and

0.0 |Uw|2=0.3 1 1Uu2=03
D |Uwa?=0 |Uza|>=0
% —0.5 0624=0" 4 622=180°
(9]
_1.0 T T T T
0.0 |Uu4|2=0 1 |Uu4|2=0
d [Una|?=0.3 |Ura]*=0.3
§—0.5-524=0° 4 624=180"
[}
-1.0 T T T T
0.01 |U4|>=0.25 1 |Upal? =0.25
> |Uza]? = 0.25 |Uza]? = 0.25
% —0.5 624=0" 4 622=180°
[}
_1,0-H_ B R e
10t 102 10t 107
Ereco (Gev) EFECO (Gev)
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
fractional change in event rate
FIG. 1. Sterile oscillation signal in the track channel of the

analysis histogram for different combinations of |U,4|?, |U4?,
and 6y4. The fractional change is (Ny, — Ny, )/Ny,, where Ny,
is the bin count for the sterile hypothesis and N, the bin count of
the null hypothesis without sterile neutrinos.

50 GeV as can be seen in the middle row in Fig. 1. The
ability to exploit this matter effect is a unique feature of
atmospheric oscillation experiments and is what allows this
measurement to be highly sensitive to |U,4|> when com-
pared to other types of neutrino oscillation experiments.
The signal strength is greatest when both matrix elements
|U,4| and |U 4| are nonzero, as correlations between them
give rise to a signal that is more significant than a simple
sum of the individual signals as can be seen in the bottom
row of Fig. 1.

The energy resolution of the detector is not sufficient to
resolve the rapid oscillation pattern that is produced by the
heavy mass eigenstate at the assumed mass-splitting of
1 eV2. The signal shown in Fig. 1 is the result of these
oscillation patterns being effectively averaged out in each
bin. As a result of this averaging, the analysis is not
sensitive to the precise value of the mass splitting between
the sterile and active states and the constraints acquired
from this measurement are valid for any mass splitting
value > 1 eV? up to approximately 100 eV?, at which point
the heavy and active states begin to decohere [34]. This also
simplifies the fit procedure because we can keep Am3,
fixed to 1 eV2.

B. Systematic uncertainties

The treatment of systematic uncertainties in this analysis
follows a similar approach as [23]. Here we provide
an overview, highlighting the differences specific to this
analysis. A summary of all systematic uncertainties and
prior constraints, where applicable, is provided in Table II.

The baseline neutrino flux model [29] is adjusted
to account for uncertainties in the primary cosmic ray
spectral index [35,37], as well as pion and kaon production
uncertainties in air showers outlined in [35] using the
MCEq [38] package. Of the subdivisions of the pion
and kaon kinematic phase space described in [35], we
include two parameters to account for pion uncertainties:
Az [A-F] which modifies mostly low energy (< 10 GeV)
neutrino fluxes; and Az* [I] to account for higher
energy pion production uncertainties. A single parameter,
A K™ [Y], is used to account for kaon production uncer-
tainties. Variations in other parts of the kaon and pion phase
space were found to be insignificant for this analysis.

Cross-section uncertainties for quasi-elastic and resonant
neutrino scattering are parametrized based on variations of
the respective axial masses in GENIE [39]. To account for
uncertainties in the modeling of deep inelastic scattering we
follow the same method described in [23], and include a
parameter that interpolates between GENIE and CSMS
[40] cross-sections. We also include an uncertainty of 20%
on the normalization of NC events to account for uncer-
tainties in hadronization processes at the interaction vertex.

Similar to [23], we estimate the baseline muon flux using
the cosmic ray composition and flux from [41] and the
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TABLE II. Best fit point of all free parameters of the analysis.
The significance of the deviation from the nominal point (pull) is
given for those parameters for which a Gaussian prior was defined.
Parameters with Gaussian priors are allowed to vary within their 36
range. If a uniform prior was applied to a parameter, its range is
given in brackets instead. Blocks of phase space for pion and kaon
yields denoted in brackets follow the definitions in [35]. Hole ice
parameters p, and p; are defined in [36].

Parameter Best fit point Prior Pull (o)
Detector

DOM efficiency 108% (100 £ 10)% 0.812
Hole ice, p, 0.0408 [-0.15,0.1]

Hole ice, pg —0.589 [-1.1,0.5]

Ice absorption 98.8% (100£5)%  —0.243
Ice scattering 89.5% (105+10)%  —1.546
Flux Changes with respect to Honda et al.
Ay, 0.091 0.0£0.1 0.910
An* yields [A-F] +10.6% 0£63% 0.169
An* yields [I] +44.6% 0£61% 0.731
AK™ yields [Y] —-4.01% 0+30% -0.134
Cross-section

MgcQE —0.75% 0.99 Gevffg;f —0.050
MECRES +1.9% 1.12 GeV £20% 0.095
JNC/JCC +0005 10 :t 02 0024
DIS CSMS 0.301 00+£1.0 0.301
Oscillation

04 180° [0°, 180°]

sin?(63) 0.502 [0.12, 0.88]

Am3,/eV? 248 x 1073 [2,3] x 1073

|U 4l 0.0045 [0.0, 0.72]

|U 4|2 0.0031 [0.0, 0.72]
Atmospheric muons

Atmospheric u scale 1.9 [0.0, 3.0]
Normalization

Agr scale 0.74 [0.2, 2.0]

Sibyll2.1 interaction model [42]. Given the minor contri-
bution of atmospheric muons to the dataset used in this
analysis, their uncertainty is accounted for by a simple
scaling of the muon flux normalization which is left
unconstrained in the fit.

The largest contribution to the systematic error budget of
this analysis comes from the uncertainties on the detector
properties. Just as in [23], the systematic uncertainties
related to detector calibration are parametrized by the
optical efficiency of the DOMs, the average scattering
and absorption coefficients of the natural glacial ice, and
two parameters modeling the effects of the column of
refrozen ice surrounding the strings [36]. Prior constraints
on these parameters, where applicable, are informed by
calibration studies as described in [23].

Previously, these effects were quantified on the final
histogram using linear regression through predictions from
MC sets with varied detector parameters. The downside of

this method is that the resulting linear functions are only
valid at the flux and oscillation parameters that were chosen
to calculate the histograms. For this analysis, we developed
an entirely new approach to model detector effects. The
new method uses the discrete MC sets to fit a classifier,
which estimates the posterior probability that any given
event belongs to a particular MC set, given true and
reconstructed energy and zenith angles as well as the PID.
These posterior probabilities can be used to re-weight each
MC event according to its likelihood under a different
realization of the detector properties. Because the relation-
ship between true and reconstructed quantities is indepen-
dent from the initial flux that produced the events, the
resulting weight can therefore be applied under any flux
and oscillation scenario without modification. The details
of this new method are described in [27].

In total there are 18 nuisance parameters in the fit.
Additional parameters, for example those related to the
atmospheric neutrino flux and ice model uncertainties,
were found to have a negligible impact on the analysis.
The final set of nuisance parameters that impact this
analysis is similar, though not identical, to the analysis
presented in [23]. Although the two analyses use the same
data sample and binning, there are several difference
between them, such as the signal and the modeling of
detector calibration uncertainties, which have resulted in
slight differences between the nuisance parameters incor-
porated. However, importantly, the systematic uncertainties
with the largest impact remain the same between both
analyses. These are the detector calibration uncertainties,
Ay,, and the atmospheric muon scale.

IV. RESULTS

The result of the measurement is compatible with the
absence of sterile neutrino mixing and the marginalized
constraints for the matrix elements at the 90% and
99% confidence levels are

|U,ul? < 0.0534(90% CL), 0.0752(99% CL),
U2 < 0.0574(90% CL),0.0818(99% CL). (12

In Fig. 2, we show the significance of the deviation
between the observed data and the MC prediction at the
best fit point of the analysis. Overall we observe good
agreement between data and MC, with a p-value of 22.5%.
This is also demonstrated by Fig. 3, which shows the data
from each bin projected in L/ E. For reference we show two
additional models with |U,4|* and |U 4|* individually set to
values at approximately 99% CL. The strong degeneracy
between these two parameters when one is fixed to zero is
demonstrated by the large overlap between the models. As
discussed in Sec. IIT A, the fast oscillations from a 1 eV?2
scale additional mass splitting are averaged out in this L/E
regime, and the signal is instead an overall distortion of the
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FIG. 2. Bin-wise significance of the deviations between the
observed data and the MC prediction at the best fit point of the
analysis. The values shown include the Poisson error of the data
as well as the error due to finite MC statistics.

spectrum, particularly for long baselines as previously
shown in Fig. 1.

The best fit points of all nuisance parameters, shown in
Table II, are within prior expectations. The values of the
atmospheric neutrino oscillation parameters 6,3 and Am3,,
which are treated as free nuisance parameters in this
analysis, fit within the 1o range of the result in [23],

—— Background: 4600 — |Uua|?=0.10
V“+ljl_,, CC: 17393 |UT4|2=0'11
—— Total MC: 21993 + Data: 21914
1500 A
o
U]
£ 1000 -
[
i
500 A
0-

=
N

* ||+ |i+ i+_§|'+0!. a m+.._ i_iT

|

Ratio w.r.t
Total MC
=
o

o
o)

10? 102 103
L/ E (km/GeV)

FIG. 3. Post-fit distribution of L/E, compared to the observed
data. The background is the sum of atmospheric muon events and
all neutrino events except for charged-current v, interactions. The
legend shows the number of events in each histogram. Errors
include Poisson errors from data as well as the uncertainties due
to MC statistics. The outermost bins include overflow events.
Alternative hypotheses for |U,4|* and |U4|* are shown in blue
after marginalizing over all nuisance parameters.

although our model fits slightly closer to maximal three-
flavor mixing. This is likely due to the slight under-
fluctuation of data observed in Fig. 3 for 10> < L/E < 10°.
The atmospheric muon scale fits to a value of 1.9, almost
doubling the rate. This is likely due to a combination of
statistical fluctuations, given the small number of muons in
the sample, and an underestimation of the baseline atmos-
pheric muon flux, which has been observed in other
measurements [43,44]. Our best fit neutrino normalization
is also lower than in [23], which can be explained by
changes in several correlated parameters, which are shown
in Fig. 4. In particular, the neutrino normalization is
negatively correlated with the atmospheric muon flux
and with the spectral index of the neutrino flux and
positively correlated with the scattering coefficient of the
ice. In each of these parameters, our fit results have changed
with respect to [23] in a way that compensates for the lower
normalization.

Since 6,4 is treated as a free parameter in the fit, these
results are valid for both the normal and inverted neutrino
mass orderings due to the approximate degeneracy between
the mass ordering and the sign of cos(6,4) as described
in [32]. Compared to the previous DeepCore analysis, the
limits at 90% CL are improved by a factor of 2.1 and 2.6
for |U,4|* and |U4[*, respectively. The limit on |U4[* in
particular is competitive with limits obtained from global
unitarity constraints of the PMNS matrix [21]. The
improved sensitivity is largely due to the increase in

Ay,
L An* [A-F]

- A= [1]
L ice absorption

L AK T [Y]

- 624

- 623

- Am3,

- Ma, oe

r MA,res

- DIS

LN,

- Ny, ne

- DOM eff.

I hole ice, po
L hole ice, p;
I ice scattering
L NH

- |Ual?

I |U'r4|2
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Ar* 1] A
AK* [Y] A
624 1
623 A
NI
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FIG. 4. Pearson correlation coefficients between all free param-
eters of the analysis, calculated at the best fit point of the analysis.
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FIG. 5. Contour of the 90% CL limit of this analysis compared

to measurements from the ANTARES [32], Super-Kamiokande
[45] and NOvA [14] experiments and a recent high-energy
IceCube oscillation study [46]. Black dots along the contour
of this work indicate where coverage spot-checks were run. The
dotted line shows the expected sensitivity of this analysis. Results
shown as dashed lines assume &,4 = 0.

statistics with a larger data sample, with additional
improvements derived from improved detector calibration
and treatment of systematic uncertainties.

We performed a scan over |U 4|* and |U.4|* with respect
to the Ay* = ¥ dbest fit — Xmod.scan point €St Statistic and
estimated the 90% CL contours using Wilks’ theorem
assuming two degrees of freedom. The results are shown
in Fig. 5. We ran spot-checks of the coverage of the test
statistic distribution using 200 pseudodata trials of ran-
domly fluctuated histograms on three points along the
contour as shown in Fig. 5. We found that the 90% quantile
of the empirical test statistic distribution was lower than
the value given by Wilks’ theorem on all test points. Thus,
the contours drawn in Fig. 5 are a conservative estimate
of the correct limits. The limits obtained from the observed
data are more stringent than the expected sensitivity, which
is also shown in Fig. 5. This is due to the underfluctuation
of observed events in the oscillation region that was
also reported in [23] and deemed to be compatible with
statistical fluctuations therein. Since any nonzero sterile
mixing amplitude leads to an increase in the bin counts in
the energy range of maximal muon neutrino disappearance
as shown in Fig. 1, a statistical under-fluctuation in these
bins causes a stronger preference for the null hypothesis
and therefore explains the more stringent limits observed
in this work.

Compared to other recent 3 + 1 sterile neutrino searches
by IceCube [46,47], which leverage the MSW resonance

effect at TeV energies, our methodology investigates
sterile neutrino mixing in the 5-150 GeV energy range,
which is far from this resonance condition. In addition to
the physical effect being probed, systematic uncertainties,
especially in neutrino cross sections, vary markedly
with energy. The allowed region of phase space from
the most directly comparable high-energy IceCube search
is shown in Fig. 5. Pursuing both analysis methodologies
exploits the full energy range that is observable with the
IceCube DeepCore detector, and provides complemen-
tary approaches to investigate the 3 + 1 sterile neutrino
landscape.

In summary, the measurement described in this paper
adds a new nonobservation to the global picture of 3 + 1
fits with new competitive limits on |U,4|* and |U 4|*. This
result adds critical information to the ongoing discourse in
neutrino physics by addressing the tension between exper-
imental anomalies suggesting active-sterile neutrino mixing
and the strong exclusions from other measurements. The
sensitivity of this study to |U4|?, leveraging matter effects
in atmospheric neutrino oscillations, exemplifies the impor-
tance of diverse experimental approaches in resolving the
complex puzzle of neutrino behavior.
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