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Lecture 1: 
Early stuff – history

Atmospheric 𝜈 Anomaly
Elements of the Experiment

Lecture 2:
Resolution of the Anomaly

Current results
Future experiments

Atmospheric 
Neutrinos
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50000 tons of water (22.5 kton fiducial)
11000 50-cm PMTs
Outer detector (1900 smaller PMTs from IMB)

Energy threshold (solar) ∼ 5 MeV
10 atmospheric neutrinos per day
7.5x1033 protons, 6x1033 neutrons

Several upgrades (+ one destructive accident)

Super-Kamiokande
© David Fierstein, originally published in Scientific American, August 1999

IMB and Kamiokande collaborations merged
(plus, new collaborators added)
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FIG. 5. Data and MC comparisons for the entire Super-K data divided into 19 analysis samples. Samples with more than one
zenith angle bin (c.f. Table II) are shown as zenith angle distributions (second through fifth column) and other samples are
shown as reconstructed momentum distributions (first column). Lines denote the best fit MC assuming the normal hierarchy.
Narrow panels below each distribution show the ratio of the data to this MC. In all panels the error bars represent the statistical
uncertainty. In this projection each bin contains events of all energies, which obscures the di↵erence between the hierarchies. If
the inverted hierarchy MC were also drawn it would lie on top of the normal hierarchy line and for this reason it is not shown
here. Figure 10 provides a better projection for comparing the hierarchies.
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SK Collaboration in 2012

1st Super-K paper – March 1998 

NUSEX Frejus IMB
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25.5 kton yr (414 days data)
Sub-GeV only
Two independent analyses
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2nd Super-K paper – May 1998
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hard to imagine counting half as many of the right compared to the left
7



Discovery of Neutrino Oscillations

2015 Nobel Prize: 
Takaaki Kajita
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<latexit sha1_base64="W0gjXDx3UaKd1XL/80hIvVrFdAs="></latexit>

P (⌫↵ ! ⌫�) = sin2 2✓ sin2
1.27�m2L

E
km and GeV or
m and MeV

1-Slide Review: Two Flavor Neutrino Oscillations

sin!2𝜃
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no evidence for electron neutrino appearance

3rd Super-K paper – August 1998

Note: lepton direction is not assumed to be neutrino direction
Monte Carlo is supposed to model the data as perfectly as possible 12



3rd Super-K paper – August 1998
Mark Messier lecture

Long-Baseline Experiments must adapt to low Δ𝑚!
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Thru En ∼ 100 GeV

Stop En ∼ 10 GeV

December 1998 and August 1999

4th and 5th papers – Upward Going Muons

confirmed oscillations parameters with statistically and systematically different data set
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Independent Confirmation – MACRO upward-𝜇

crushed rock absorber

scintillator tanks
streamer tube planes
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fit oscillation parameters of the analysis described in Sec. V.
The dotted histograms are the fitted background qs-rock con-
tribution. It can be seen that both the azimuth and zenith
angular distributions for the e-flavor events !Figs. 4"a# and
4"c#$ are consistent with the unoscillated MC prediction up
to a 10–15% normalization of the overall flux. On the other
hand, the %-flavor zenith angle distribution !Fig. 4"b#$ shows
a 50% deficit at large zenith angles "large L) but little deficit
for downward going events "small L), confirming the obser-
vation of similar effects in the Super-K experiment. Note that
at the high magnetic latitude of Soudan the azimuth angle
distribution of both flavors !Figs. 4"c# and 4"d#$ is predicted
and observed to be flat, unlike the distribution at Kamioka
where there is a pronounced East-West asymmetry.
Figure 5 shows the log10L/E distributions for the HiRes

e-flavor and %-flavor samples. The double peaked structure
is a geometrical effect, reflecting the spherical shape of the
Earth. The peak at lower log10L/E consists predominantly of
downward-going neutrinos from the atmosphere above the
detector, while the peak at higher log10L/E contains upward-
going neutrinos from the other side of the Earth. Again the
e-flavor sample follows well the MC prediction, up to a nor-
malization factor, indicating that within the errors of this
experiment there is no evidence for &e oscillations. The
%-flavor sample shows a deficit of events above a log10L/E

value of around 1.5. Below this value there is little, if any,
loss of events. This implies an upper limit on the value of
'm2 of about 0.025 eV2 which is reproduced in the detailed
fits described in Sec. V.

V. NEUTRINO OSCILLATION ANALYSIS

An extended maximum likelihood analysis assuming two-
flavor &%→&( oscillations has been used to obtain estimates
of the neutrino oscillation parameters. The significance of the
result and the confidence intervals on the oscillation param-
eters are determined using the unified method advocated by
Feldman and Cousins !9$.

A. The likelihood function

The likelihood function used to describe the qs-data as-
sumes that the sample is composed of neutrino interactions,
represented by the Monte Carlo events, and qs-rock back-
ground events, represented by the rock sample. Each sample
is divided into %-flavor, e-flavor and NC plus ambiguous
events. Since neither &e or NC events are assumed to oscil-
late they can be considered as a single category. For short-
hand in the following they are combined under the heading
of e flavor.
The L/E distribution of the %-flavor events is examined

for evidence of oscillations. The total number of events, %
flavor plus e flavor, provides the normalization of the Monte

FIG. 4. Angular distributions for HiRes e-flavor events !plots "a#
and "c#$ and %-flavor events !plots "b# and "d#$. Plots "a# and "b#
show the cosine of the zenith angle and plots "c# and "d# the azi-
muth angle. The points with error bars are the qs-data. The dashed
histograms are the sum of the predicted unoscillated neutrino dis-
tribution plus the fitted qs-rock contribution. The solid histograms
are the same but with the neutrino distribution weighted by the
oscillation probability predicted by the best fit parameters from the
analysis described in Sec. V. The dotted histograms are the contri-
bution of the qs-rock background. Downward going events have
cos)z!"1.0. Note the depletion of %-flavor events at all but the
highest value of cos )z .

FIG. 5. The HiRes log10L/E distribution for e-flavor events
"top# and %-flavor events "bottom#. The points with errors are the
qs-data. The dashed histograms are the prediction of the unoscil-
lated Monte Carlo plus the fitted qs-rock contribution. The solid
histograms are the same but with the Monte Carlo weighted by the
best fit oscillation parameters from the analysis described in Sec. V.
The dotted histograms are the contribution of the qs-rock back-
ground. A depletion of %-flavor events above values of log10L/E of
approximately 1.5 can be seen.

MEASUREMENT OF THE L/E DISTRIBUTIONS OF . . . PHYSICAL REVIEW D 68, 113004 "2003#

113004-7

in the main calorimeter and thus identified background
events, either produced directly by the muons or initiated by
secondary particles coming from muon interactions in the
rock walls of the cavern.
Calibration of the calorimeter response was carried out at

the Rutherford Laboratory ISIS spallation neutron facility
using test beams of pions, electrons, muons, and protons
!12". Spatial resolutions for track reconstruction and for ver-
tex placement in anode, cathode, and drift time coordinates
are of the same scale as the drift tube radii, #0.7 cm.
Soudan 2 has several advantages over water Cherenkov

detectors. Very detailed images of events are obtained. Event
vertices are determined with centimeter resolution and indi-
vidual particle tracks are well separated. Ionizing particles
having nonrelativistic as well as relativistic momenta are de-
tected via their energy loss in the gas. Protons are readily
distinguished from $! and %! tracks by their ionization and
lack of multiple Coulomb scattering. Muons from &%
charged current 'CC( reactions are prompt tracks without
secondary scatters. Prompt e! showers from &e CC reactions
are distinguished from photon showers on the basis of their
proximity to the primary vertex. Since Soudan 2 has no mag-
netic field and thus only limited charge identification, & and
&̄ reactions are not separated.
Two examples of the event definition provided by the de-

tector are shown in Fig. 1. The event on the left is a quasi-
elastic &e interaction producing a short proton and an elec-
tron which travels approximately one radiation length before
showering. The event on the right is an inelastic &% interac-

tion. The long noninteracting muon track is accompanied by
a hadronic shower, including a charged pion and at least two
gamma showers.
The excellent imaging and particle identification offer

good determination of the energy and direction of the inci-
dent neutrino and thus the path length from its production
point in the atmosphere. Especially advantageous is the re-
construction of quasielastic reactions, where the recoil pro-
ton is observed with approximately 40% efficiency, and com-
plicated multiprong topologies. The correlation of the
outgoing lepton direction and energy with the incident neu-
trino direction and energy is poor at low energies. Improve-
ments in the resolution of neutrino path length divided by
energy, L/E , by factors of 2 and 3 are readily obtained by
reconstructing both the lepton and the hadronic final state.

III. EVENT CLASSES AND PROCESSING

A. Containment classes

Events are divided into two containment classes.
'1( Events that are fully contained within the detector

(FCE). Containment is defined by the requirement that no
portion of the event approaches closer than 20 cm to the
exterior of the detector and that no particle in the event could
enter or escape the detector through the space between mod-
ules. The containment criterion limits high energy &% events
to those with a muon of energy less than around 1 GeV.

'2( Events that are partially contained, in which only the
produced lepton exits the detector (PCE). These events re-

FIG. 1. Two neutrino interactions in Soudan 2. The event on the left is a quasielastic &e interaction producing a proton and an electron.
The electron travels about one radiation length before showering. The proton is easily recognizable by its heavy ionization 'large symbols(
and its lack of Coulomb scattering. The event on the right has a long noninteracting muon track, which shows typical Coulomb scattering,
and a hadronic shower at the vertex. The shower contains a charged pion and at least two electromagnetic showers.

SANCHEZ et al. PHYSICAL REVIEW D 68, 113004 '2003(

113004-2

Corrugated
Steel Sheet

Cathode
Pads

Honeycomb lattice
geometry

Anode Wires

Veto Shield

Independent Confirmation – Soudan 2

𝜇/e double ratio resolves iron target issue from 1980’s
Later: zenith angle dependence

Soudan mine (Minnesota)
high geomagnetic latitude
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2006

2004

2000
no matter effect suppression for E > 15 GeV    &    no NC disappearance
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FIG. 2. The 68%, 90%, and 99% confidence intervals are
shown for sin2 2u and Dm2 for nm $ nt two-neutrino oscil-
lations based on 33.0 kton yr of Super-Kamiokande data. The
90% confidence interval obtained by the Kamiokande experi-
ment is also shown.

case overlapped at 1 3 1023 , Dm2 , 4 3 1023 eV2

for sin2 2u ≠ 1.
As a cross-check of the above analyses, we have re-

constructed the best estimate of the ratio LyEn for each
event. The neutrino energy is estimated by applying a
correction to the final state lepton momentum. Typi-

cally, final state leptons with p , 100 MeVyc carry 65%
of the incoming neutrino energy increasing to ,85% at
p ≠ 1 GeVyc. The neutrino flight distance L is esti-
mated following Ref. [18] using the estimated neutrino
energy and the reconstructed lepton direction and flavor.
Figure 4 shows the ratio of FC data to Monte Carlo for
e-like and m-like events with p . 400 MeV as a func-
tion of LyEn , compared to the expectation for nm $ nt

oscillations with our best-fit parameters. The e-like data
show no significant variation in LyEn , while the m-like
events show a significant deficit at large LyEn . At large
LyEn , the nm have presumably undergone numerous os-
cillations and have averaged out to roughly half the
initial rate.
The asymmetry A of the e-like events in the present data

is consistent with expectations without neutrino oscilla-
tions and two-flavor ne $ nm oscillations are not favored.
This is in agreement with recent results from the CHOOZ
experiment [22]. The LSND experiment has reported the
appearance of ne in a beam of nm produced by stopped
pions [23]. The LSND results do not contradict the
present results if they are observing small mixing angles.
With the best-fit parameters for nm $ nt oscillations, we
expect a total of only 15–20 events from nt charged-
current interactions in the data sample. Using the current
sample, oscillations between nm and nt are indistinguish-
able from oscillations between nm and a noninteracting
sterile neutrino.
Figure 2 shows the Super-Kamiokande results overlaid

with the allowed region obtained by the Kamiokande

FIG. 3. Zenith angle distributions of m-like and e-like events for sub-GeV and multi-GeV data sets. Upward-going particles
have cosQ , 0 and downward-going particles have cosQ . 0. Sub-GeV data are shown separately for p , 400 MeVyc and
p . 400 MeVyc. Multi-GeV e-like distributions are shown for p , 2.5 and p . 2.5 GeVyc and the multi-GeV m-like are shown
separately for FC and PC events. The hatched region shows the Monte Carlo expectation for no oscillations normalized to the data
live time with statistical errors. The bold line is the best-fit expectation for nm $ nt oscillations with the overall flux normalization
fitted as a free parameter.
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FIG. 17. 2D constant ��2 contours of neutrino oscillation
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32 and sin2 ✓23 for the normal mass ordering.
Contours are drawn for a 90% critical �2 value assuming 2
degrees of freedom, with the ��2 computed for each exper-
iment with respect to the best fit point in the normal mass
ordering. The SK contour is the result of this analysis, and
other contours are adapted from publications by T2K [45],
NOvA [46] and IceCube [44]. Best fit points are indicated
with markers for each experiment.

A. The T2K Experiment1147

The T2K long baseline neutrino experiment [3] begins1148

with a 30GeV/c proton beam at the J-PARC acceler-1149

ator complex near Tokai, Japan. The protons impinge1150

on a carbon target, producing mostly pions and kaons.1151

These particles pass through a series of magnetic horns1152

which focus only particles with the desired positive or1153

negative charge while deflecting particles of the oppo-1154

site charge. The focused particles then travel through a1155

96m helium-filled volume where they decay into primar-1156

ily muons and muon neutrinos. The resulting neutrino1157

beam passes through a series of near detectors down-1158

stream of the decay volume which characterize the neu-1159

trino flux and make measurements of neutrino cross sec-1160

tions. The neutrino beam then travels along a 295 km1161

baseline directed 2.5� o↵-axis of the SK detector. The1162

o↵-axis angle narrows the energy spectrum of the neutri-1163

nos arriving at SK, and results in a peak beam energy of1164

600MeV.1165

At the T2K peak beam energy of 600MeV, the CCQE1166

process has the largest cross section. Assuming the1167

CCQE process, and utilizing the fixed beam direction,1168

one can estimate the energy of each neutrino event as:1169

ERec

QE
(pl, ✓l) =

2mN,iEl �m2

l +m2

N,f �m2

N,i

2 (mN,i � El + pl cos ✓l)
(13)1170

where mN,i and mN,f are the masses of the initial and1171

final state nucleons respectively, and ml, pl and ✓l are the1172

mass, momentum and angle with respect to the neutrino1173

direction of the final state lepton, respectively. The ini-1174

tial nucleon mass, mN,i, is an e↵ective quantity formed1175

by subtracting the energy required to free the nucleon1176

from the nucleon rest mass. The nucleon removal energy1177

is estimated to be 27MeV for an oxygen nucleus.1178

B. T2K Model1179

We created a model [39] of the T2K experiment’s runs1180

1–9 MC events and systematic uncertainties following the1181

methods from the T2K analysis published in Ref. [3]. The1182

model re-weights the existing SK atmospheric neutrino1183

MC events according to the flux and cross section models1184

in Ref. [3]. The re-weighted MC is fit to T2K data counts,1185

binned in ERec.

QE
, simultaneously with the SK atmospheric1186

neutrino bins.1187

The T2K runs 1–9 analysis places constraints on its1188

nominal flux and cross section models based on measure-1189

ments made by its near detectors. The T2K model in-1190

corporates the near detector constraints on the flux as1191

energy-dependent normalizations separately for the ⌫µ,1192

⌫̄µ, ⌫e and ⌫̄e components in both FHC and RHC mode.1193

The T2K model also incorporates the near detector con-1194

straints on cross section models by re-weighting MC1195

events of each interaction mode: Cross section normal-1196

ization constraints uniformly weight MC events of a par-1197

ticular interaction mode by a fixed factor. Constraints on1198

interaction model parameters are implemented by form-1199

ing weights from a double-di↵erential cross section ratio1200

in outgoing lepton momentum and lepton angle between1201

the constrained and nominal models.1202

The nominal cross section model for 1p1h interactions1203

di↵ers between the SK analysis and the T2K Runs 1–91204

analysis. As discussed in Sec. III, SK uses the LFG model1205

while the nominal model used by T2K in Ref. [3] is the1206

RFG model. Both experiments apply an RPA correction1207

to the nominal 1p1h models. For 1p1h MC events within1208

the T2K model, weights are formed using the double-1209

di↵erential cross section ratio between the nominal SK1210

LFG and the near detector-constrained T2K RFG model.1211

A small number of LFG events, < 1%, were found to fall1212

outside the physical region allowed by RFG model when1213

re-weighting, and therefore could not be re-weighted us-1214

ing this method. A correction is applied to ensure that1215

the event rate predicted by the total cross section of the1216

T2K near detector-constrained 1p1h model is preserved1217

when re-weighting.1218

The T2K model implements a simplified treatment of1219

T2K systematic uncertainties. The 25 flux normalization1220

uncertainties for each beam mode, used in the T2K anal-1221

ysis, are implemented as a single systematic uncertainty1222

within the T2K model. The single uncertainty varies1223

the event rate in each beam mode coherently by the1224

near-detector constrained and energy-dependent uncer-1225

tainties. T2K flux uncertainty is completely independent1226

of the SK atmospheric flux uncertainties. With the ex-1227

2023

Next: 2023 and beyond
3-flavors, matter effects, mass ordering

Long-baseline
experiments
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“Mass Ordering” a.k.a.
“Mass Hierarchy”
or sign of Dm2?

“Octant”: is q23
different from 45˚?

±0.06 (2.4%)
±0.17 (2.3%)

±0.017 (5.7%)

±0.0012 (5.5%)}
0 $ 2⇡ at 1�

+8%
�5%
+5%
�9%

rough 1s
uncertainty

CP violation?

From 2016 RPP by PDG, based on 1601.07777 (Bari group)

The Three Unknowns of 3-flavor 𝜈 Oscillation

We can investigate all of these with atmospheric neutrinos 19



Three Flavor Neutrino Oscillation in Matter

CP conserving

for anti-neutrinos
sign of x and 
sign of sin dcp
is changed

� =
�m2

21

�m2
31
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�m2
31 = m2

3 �m2
1

> 0 normal

< 0 inverted

CP violating

Resonance condition
for 𝜈" if normal ordering
for 𝜈̅" if normal ordering

Freund, M. PRD 64 (2001) 053003
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NOvA

T2K

Try it out!
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Matter effect 
resonance in 
n for normal ordering

If inverted ordering, 
top/bottom plots
exchange and the
resonance is in anti-n

Oscillograms
Remember:
Statistics is lower at high energy
Pointing is better at high energy
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SK IV-V fully contained single ring samples 
with neutron tagging selection

~6,000 Multi-GeV - or -like events 

Normal MC signal: ~200  

Inverted MC signal: ~50 

νe ν̄e
νμ → νe
νμ → νe

Preliminary

Red contributions are electron neutrinos
Select categories with higher energy
and good pointing

Contribution from 𝝂𝒆	appearance:
200 events (normal ordering)
  50 events (inverted ordering)

Blue contributions are muon neutrinos
Drives 2-3 parameter determination
Normalizes flux and cross section
Built-in “near detector”)

Super-K I-V data set
finely binnedT. Wester
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Neutrino – Antineutrino in Water Cherenkov 

T. Wester
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Results: Mass Ordering & δCP
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Super-K I-V Results
2-3 Parameters shown earlier this talk

Mass Ordering and 𝛿𝐶𝑃:
Prefer Normal ordering ~ 2-sigma level*
Result exceeds sensitivity

* See upcoming paper for precise statement
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• Un-oscillated atmospheric 

neutrino flux is approximately 

symmetric 

• Excess upward-going multi-GeV 

νe events are expected in normal 

ordering 

• Observe excesses in a several 

bins where sensitivity is expected

Super-K I-V Results
2-3 Parameters shown earlier this talk

Mass Ordering and 𝛿𝐶𝑃:
Prefer Normal ordering ~ 2-sigma level*
Result exceeds sensitivity

* See upcoming paper for precise statement
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1980 1985 1990 1995 2000 2005

IMB

Kamiokande

Soudan 2

Frejus

2015 2020 2025 2030 20352010

Super-K 
(22.5-27 kT)

Hyper-K
(189 kT)

JUNO
(20 kT)

DUNE
(20 kT)

Third Generation Large Underground Detectors
Interest in neutrino oscillation has motivated a
third generation of massive underground detectors.

Off scale in mass: IceCube, KM3Net
but higher energy threshold (10 GeV-ish)
and limitations in detailed event identification
(i.e. not proton decay capable)

1st generation

2nd generation

3rd generation
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Conceptual Design Report JUNO Collaboration

Figure 1.1: Location of the JUNO site. The distances to the nearby Yangjiang NPP
and Taishan NPP are both 53 km. Daya Bay NPP is 215 km away. Huizhou and
Lufeng NPPs have not been approved yet. Three metropolises, Hong Kong, Shenzhen,
and Guangzhou, are also shown.

be shielded from natural radioactivities from the surrounding rock and air. The water
pool is equipped with PMTs to detect the Cherenkov light from muons. On top of the
water pool, there is another muon detector to accurately measure the muon track.

Figure 1.2: A schematic view of the JUNO detector.

It is crucial to achieve a 3%/

Ò
E(MeV) energy resolution for the determination of

the MH. A Monte Carlo simulation has been developed based on the Daya Bay Monte
Carlo. The photoelectron yield has been tuned according to the real data of Daya Bay.
The required energy resolution can be reached with the following improvements from
Daya Bay [11]:

• The PMT photocathode covergage Ø 75%.

4

arXiv:1508.07166v2 JUNO Jiangmen Underground Neutrino Observatory

3” PMTs and 20” PMTs

20 kton liquid scintillator detector

Mariam Rifai MMTE 2023
machine learning
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Three Generations of Water Cherenkov Detector 
in Kamioka Japan

Hyper-Kamiokande
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Three Generations of Water Cherenkov Detector 
in Kamioka Japan

Hyper-Kamiokande



Super-Kamiokande IV

18-02-07:23:43:29

Inner: 5653 hits, 22493 pe

Outer: 5 hits, 5 pe

Trigger: 0x07

D_wall: 430.2 cm

Evis:   3.9 GeV

 

Charge(pe)
    >26.7
23.3-26.7
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14.7-17.3
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 8.0-10.0
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    < 0.2
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CC 𝜈$ Monte Carlo

Same event
simulated appearance
in Hyper-K

Roger Wendell

20% B&L PMT coverage
+ equivalent light collection from mPMT
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230 III.1 NEUTRINO OSCILLATION
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FIG. 149. Neutrino mass hierarchy sensitivity (left) and octant sensitivity (right) as a function of the true

value of sin2✓23 for a single detector after 10 years. (a 1.9 Mton·year exposure). In both figures the blue

(red) band denotes the normal (inverted) hierarchy and the uncertainty from �CP is shown by the width of

the band.

ability to resolve the ✓23 octant improves with the combination as shown in Figure 151. While

atmospheric neutrinos alone can resolve the octant at 3 � if |✓23�45| > 4�, in the combined analysis

it can be resolved when this di↵erence is only 2.3� in ten years.
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FIG. 150. Expected sensitivity to the mass hierarchy as a function of time assuming sin2 ✓23 = 0.4

(triangle), 0.5 (circle), and 0.6 (square) from a combined analysis of atmospheric and accelerator neutrinos

data at Hyper-K. Blue (red) colors denote the normal (inverted) hierarchy.

However, it is not just the atmospheric neutrinos that benefit from combined measurements.

Sensitivity: 10-year Hyper-K atmospheric neutrinos
https://arxiv.org/pdf/1805.04163.pdf

3𝜎

Determination of mass ordering Measurement of sin! 𝜃!%

normal

inverted

normal

inverted

Width of bands reflects unknown 𝛿𝐶𝑃

sin! 𝜃!%sin! 𝜃!%

3𝜎
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Chapter 2: Introduction to LBNF and DUNE 2–25

Figure 2.1: LBNF/DUNE project: beam from Illinois to South Dakota.

Figure 2.2: Underground caverns for DUNE FD and cryogenics systems at SURF, in South Dakota.
The drawing, which looks towards the northeast, shows the first two far detector modules in place.

DUNE Physics The DUNE Technical Design Report

DUNE (Deep Underground Neutrino Experiment)

1.5 km deep in SURF (South Dakota)
modular … up to 4 x 10 kt total fiducial mass
Neutrino beam from Fermilab
Sensitive to 𝜈" from supernova

Liquid Argon Time 
Projection Chamber
(LArTPC)

Event displays courtesy S. Zeller
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𝑃!
𝑃"

𝑃#$%

𝑃& = 𝑃" + 𝑃#$% + 𝑃! = (𝐸&	, 𝑝⃗&)

4-vectors

Tarak Thakore
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DUNE: Resolution of Oscillation Pattern

Binned quantity is reconstructed neutrino direction (not lepton direction as in SK/HK)
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J. Phys. G: Nucl. Part. Phys. 48 (2021) 060501 Major Report

Figure 2. Schematic drawing of the IceCube-Gen2 facility including the optical array
(blue shaded region) that contains IceCube (red shaded region) and a densely instru-
mented core installed in the IceCube Upgrade (green shaded region). A surface array
covers the footprint of the optical array. The stations of the giant radio array deployed at
shallow depths and the surface extend all the way to the horizon in this perspective.

2. IceCube and the discovery of high-energy cosmic neutrinos

IceCube was built between 2004 and 2010, !nanced by a Major Research Equipment and
Facilities Construction (MREFC) grant from the US National Science Foundation (NSF) with
contributions from the funding agencies of several countries around the world. IceCube instru-
ments one cubic kilometer of the deep glacial ice near the Amundsen-Scott South Pole Station
in Antarctica. A total of 5160 digital optical modules (DOMs), each autonomously operating a
25 cm photomultiplier tube (PMT) in a glass pressure housing [14], are currently deployed at
depths between 1450 m and 2450 m along 86 cables (‘strings’) connecting them to the surface.
The glacial ice constitutes both the interaction medium and support structure for the IceCube
array. Cherenkov radiation emitted by secondary charged particles, produced when a neutrino
interacts in or near the active detector volume, carries the information on the neutrino’s energy,
direction, arrival time, and "avor. Digitized waveforms from each DOM provide the record of
the event signature in IceCube, including the arrival time and number of the detected Cherenkov
photons (measured as charge signals in the PMTs).

IceCube records events at a rate of about 2.5 kHz, with the vast majority being muons from
CR air showers. Only about one in a million events is a neutrino, most of them produced in
the Earth’s atmosphere, also from CR air showers. Yet, an unprecedentedly large sample of
neutrinos is collected at this most remote place on Earth: ∼105 yr−1, of which ∼30 yr−1 are
identi!ed with high con!dence as having astrophysical origin. The light deposition patterns
from the recorded neutrino events fall into three main event categories. Examples for each
category are shown in !gure 3: track-like events from the charged-current interaction of muon
neutrinos; cascade-like events from all neutrino "avors; more complicated event signatures
from very high-energy tau neutrinos, such as the so-called ‘double-bang’ event shown in the
!gure, which are observed in rare cases.

IceCube has collected neutrino-induced events up to at least 10 PeV in energy, correspond-
ing to the highest-energy neutrinos ever observed and opening new scienti!c avenues not just
for astronomy but also for probing physics beyond the Standard Model of particle physics
(see, e.g., [9]). Evidence for astrophysical neutrinos comes from several independent detection
channels, including: cascade-like events [21], events that start inside the instrumented volume

9

IceCube & DeepCore & upcoming Gen2 KM3Net: ARCA and ORCA

kilometer-scale ice/water Cherenkov detectors
Huge statistics, specializing in highest energy neutrinos
Deep Core (10 Mton): high density infill to achieve 10 GeV threshold
Gen2 Upgrade (2 Mton): seven more strings with new PMT sensors
            achieve 1 GeV threshold

Kilometer-scale arrays

Mediterranean Sea
Two locations
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probability of 
interaction increases
with energy

Glashow resonance
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One event DETECTED!
https://doi.org/10.1038/s41586-021-03256-1 
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FIG. 25. The L/E distribution for the best-fit expectations
overlaid with the observed data. Background includes atmo-
spheric µ and all neutrino types besides ⌫µ + ⌫̄µ CC events.
The expectation at the best fit but without oscillations is
shown as a dashed line.

expectation shows good agreement with the data for all
observables.

We find a slight excess of events compared to MC in the
very highest energy bin, which is nevertheless consistent
within statistical fluctuations. However, this analysis ex-
tends to higher energies than previous oscillation analyses
using DeepCore data in order to better constrain system-
atic uncertainties in this o↵-signal region. Therefore as a
cross-check, we fit the data again with this last, highest
energy bin removed and observe a negligible shift of ⇠1%
in �m2

32 and ⇠0.2� in ✓23. We further performed fits to
data from each season of data-taking independently, and
find that the resulting best fit atmospheric oscillation
parameters and nuisance parameters are all statistically
compatible across each year.

Additional cross-checks are performed with simulation
to assess the robustness of the result against perturbations
to the detector model that are not parameterized by the
hypersurface treatment described in Section VIA. These
include a modification to the wavelength dependence of
the HQE PMTs to match alternative laboratory measure-
ments, an implementation of the cable that shadows part
of the photocathode for particular azimuthal angles [104],
and several di↵erent bulk ice models that were developed
after this analysis was finalized, which were found to fit
equally-well or better to the LED calibration data.

The simulation generated for each of these perturba-
tions is processed through the standard event selection
and used to generate pseudo-data that is weighted using
the best-fit values from the original fit to data, and fit with
the standard analysis procedure. No significant bias in the
fitted oscillation parameters is observed for any of these

Systematic group �(�m2
32) [%] �(sin2 ✓23) [%]

Detector -33.6 -10.6
Flux -5.4 -1.4
Cross section -6.8 -0.3
Aeff scale -1.0 -0.4
Atm. µ scale -1.8 -1.1

TABLE VI. Relative change in 1� uncertainty assuming perfect
knowledge of each group of systematic uncertainties. Relative
change is calculated from the width of the 68% C.L. assuming
Wilks’ theorem.

perturbations. We note that the largest shift observed in
the best fit point with a significance of 0.3� was found
when using simulation produced with the birefringent
ice properties incorporated in the bulk ice model [105].
While insignificant for this analysis, this points to the
potential need for an improved treatment of systematic
uncertainties related to the glacial ice optical properties
for analyses with higher statistics and more scattered
photons used in the reconstruction of neutrino properties.

The hypersurface treatment was also validated by gen-
erating simulation using the best-fit nuisance parameter
values for detector systematics. There were no significant
chnages obtained in our results after including this set in
the analysis.

Table VI shows the relative contributions of each group
of systematic uncertainties that were considered in this
study to the total error. To determine the contributions,
we assume perfect knowledge of each group of systematic
uncertainties in the fit and calculate the relative change
in the width of the 68% CL for each oscillation parameter.
The detector systematic uncertainties contribute most
to the total uncertainty, with flux and cross-section sys-

Wilks'

FIG. 26. Contours showing the 90% C.L. allowed region for
�m2

32 and sin2 ✓23 from this study (blue) compared to previous
IceCube DeepCore results[25, 26]. All confidence intervals
shown are derived assuming Wilks’ theorem for a consistent
comparison.
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FIG. 27. Contours showing the 90% C.L. allowed region for the atmospheric neutrino oscillation parameters from this study
(blue) compared to results from MINOS [106], NOvA [107], Super-Kamiokande [108] and T2K [109]. Daya Bay also measures
�m2

32 in conjunction to ✓13, but the results cannot be displayed in the format above [6]. The DeepCore confidence interval is
derived assuming Wilks’ theorem.

tematics contributing far less to the error budget. The
atmospheric µ normalization term has little e↵ect thanks
to the very small contamination in the final sample, while
the overall normalization term for neutrinos has almost
no e↵ect on the error of the measurement. All sensitivity
to the oscillation parameters comes from the shape of the
oscillation pattern, with the total flux being relatively
unimportant for this measurement. This breakdown of
uncertainties also demonstrates that the measurement
can still be largely improved by increased statistics.

The 90% C.L. allowed region for the atmospheric oscilla-
tion parameters is shown in Fig. 26 compared to previous
measurements using IceCube DeepCore. All contours are
derived assuming Wilks’ theorem, which leads to slight
over coverage due to the physical boundary of ✓23 (see
Fig. 23). Taking into account the previously published
Feldman Cousins-corrected 1� errors [25], we observe an
improvement of 44% and 37% in the measurements of
�m2

32 and sin2 ✓23, respectively. These new results there-
fore represent the most precise measurement of these
parameters using atmospheric neutrinos to date.
Figure 27 shows the new IceCube DeepCore result in

comparison to measurements performed by other exper-
iments, using both accelerator and atmospheric neutri-
nos. MINOS [106], T2K [109] and NOvA [107] measure
these parameters using neutrinos produced in particle
accelerator facilities with energies between hundreds of

MeV to and a few GeV. Super-Kamiokande [108] uses
atmospheric neutrinos, but the bulk of their statistics are
around the 1 GeV region. With IceCube DeepCore we use
neutrinos with energies higher than any of these exper-
iments, interacting mainly via deep inelastic scattering,
and are therefore subject to di↵erent interaction uncer-
tainties. While our neutrino source is also the atmosphere
and we use the same nominal flux calculation as Super-
Kamiokande, we see a di↵erent region of the atmospheric
neutrino spectrum and we include several flux-related nui-
sance parameters in the fit to adjust for discrepancies with
data. Given the di↵erences on how these measurements
are obtained, the overlap between the results is notewor-
thy, but di�cult to rigorously quantify using individually
reported uncertainties without resimulations accounting
for both correlated and uncorrelated uncertainties. This
could be followed up with future studies using external
data releases from each experiment.

VIII. CONCLUSION

We have presented the most precise measurement of
oscillations of atmospheric neutrinos to date, using a
newly calibrated and filtered data sample from IceCube
DeepCore. The measurement was made possible thanks to

https://arxiv.org/abs/2304.12236

IceCube DeepCore 2023 Golden Sample
23000 events (10% of full data set)

41

https://arxiv.org/abs/2304.12236


Koskinen

Enormous statistics: hope to take real oscillogram
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Thanks for all your attention and questions!
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