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Outline

• What it the neutrino mass hierarchy (MH) problem, and how to solve it.


• Current experiments’ status.


• Next-generation experiments.


• Summary



• Neutrino oscillations indicate non-zero neutrino mass, contradicts SM prediction.

• Remaining questions about the neutrino mass: 

• Absolute mass scale?

• Mass origin (Majorana or Dirac)?

• Which is the lightest neutrino mass state (the sign of Δm31 or Δm32)? 
• Normal hierarchy (NH): m1<m2<m3

• Inverted hierarchy (IH):  m3<m1<m2

Introduction to the MH problem

484.2 kiloton-years. Measurements of the neutrino oscillation parameters Δm2
32, sin

2 θ23, sin2 θ13, δCP, and
the preference for the neutrino mass ordering are presented with atmospheric neutrino data alone, and with
constraints on sin2 θ13 from reactor neutrino experiments. Our analysis including constraints on sin2 θ13
favors the normal mass ordering at the 92.3% level.

DOI: 10.1103/PhysRevD.109.072014

I. INTRODUCTION

Neutrino oscillations in the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) paradigm are parametrized by
three mixing angles, two squared-mass differences, and a
CP-violating phase [1,2]. Experiments measuring neutri-
nos of different flavors, energies, and baselines have
constrained many of the PMNS parameters with increasing
levels of precision. However, the octant of the mixing angle
θ23, the phase δCP, and the sign of the larger of the two
squared-mass differences, Δm2

32, which determines the
neutrino mass ordering, are all presently unknown. To
date, the long-baseline accelerator neutrino experiments
T2K [3] and NOvA [4] have made the world’s most precise
measurements of θ23, Δm2

32, and δCP, but they have yet to
definitively resolve the remaining questions.
Atmospheric neutrinos are an independent and natural

counterpart to accelerator neutrinos for studying neutrino
oscillations. Neutrinos created in the Earth’s atmosphere
span a range of energies and baselines that make their
oscillations sensitive to the θ23 mixing angle and the
magnitude of the Δm2

32 squared-mass difference. Addi-
tionally, atmospheric neutrinos which pass near or through
the dense core of the Earth experience matter effects which
alter their oscillation probabilities. An observation of these
modified oscillation probabilities in either atmospheric
neutrino or antineutrino data would provide important
information toward resolving the neutrino mass ordering.
In this work, we analyze 6511.3 live days of atmospheric

neutrino data from the Super-Kamiokande (SK) detector.
This analysis improves upon the previous work [5] in three
major ways: We use the number of tagged neutrons to
enhance the separation of neutrino events from antineutrino
events, we enhance the efficiency of classifying multi-ring
events using a boosted decision tree (BDT), and we add
48% exposure by analyzing events from an expanded
fiducial volume and from 1186 additional live days,
including data collected after a major detector refurbish-
ment in 2018. In addition to the atmospheric-only analysis,
we present an analyses of SK data with an external
constraint on the mixing angle θ13 from the average
measurements of the reactor neutrino experiments Daya
Bay [6], RENO [7], and Double-Chooz [8].
The paper is organized as follows: Section I presents an

overview of neutrino oscillation phenomenology relevant
to atmospheric neutrino oscillations. Section II provides a
description of the Super-Kamiokande detector and its

capabilities for reconstructing neutrino interactions.
Section III describes the simulation used to model atmos-
pheric neutrinos interactions at SK. Section IV describes
the analysis methodology and presents the results of the
analyses without external constraints and with constraints
on sin2 θ13. We provide an interpretation and summary of
the results in Sec. V.

A. Neutrino oscillations

Neutrinos are produced as flavor eigenstates of the weak
interaction, which may be treated as superpositions of mass
eigenstates via the PMNS matrix:

jναi ¼
X3

i¼1

U"
αijνii; ð1Þ

where α is a label for each lepton flavor—one of e, μ, or τ—
and Uαi is an element of the PMNS matrix. The PMNS
matrix is parametrized by three mixing angles and a phase,
and it factorizes into three submatrices which describe
rotations by each mixing angle from the neutrino mass
basis into the neutrino flavor basis:

U ¼

0

B@
1 0 0

0 c23 s23
0 −s23 c23

1

CA

0

B@
c13 0 s13e−iδCP

0 1 0

−s13eiδCP 0 c13

1

CA

×

0

B@
c12 s12 0

−s12 c12 0

0 0 1

1

CA: ð2Þ

In Eq. (2), the sines and cosines of the mixing angles are
written as cos θij ≡ cij and sin θij ≡ sij, respectively, and
the phase δCP changes sign for the antineutrino case. The
probability of a neutrino of one flavor jναi oscillating to a
different flavor jνβi after some time t—or, equivalently,
along a baseline L—is found by computing the amplitude
jhνβjναij2. The probability is nonzero for the case α ≠ β if
the mass states have nonzero mass differences given by the
signed quantity Δm2

ij ¼ m2
i −m2

j.
In the simplest case, neutrinos oscillate in a vacuum, and

oscillation probabilities may be computed by propagating
neutrino states according to their vacuum Hamiltonian,
written here in the mass basis:
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This leads to oscillation probabilities of the form

Pα→β ¼ δαβ − 4
X

i>j

ReðU$
αiUβiUαjU$

βjÞ sin2Δij

% 2
X

i>j

ImðU$
αiUβiUαjU$

βjÞ sin 2Δij; ð4Þ

where Δij ¼ 1.27Δm2
ijL=E. Here, Δm2

ij is expressed in
units of eV2, L is the oscillation baseline in kilometers, and
E is the neutrino energy in GeV. Experiments have
measured all mixing angles and squared-mass differences
to be significantly different from zero, while the value of
the phase δCP is still unknown.1 In addition, solar neutrino
oscillation experiments observe evidence for matter effects
in the Sun which imply that the Δm2

21 squared-mass
difference is positive, establishing an ordering for two of
the neutrino masses, m2 > m1 [9–12]. However, current
experiments are consistent with either the normal ordering,
m3 ≫ m2; m1, or the inverted ordering, m2; m1 ≫ m3.
Consequently, the sign of the squared-mass difference
between m3 and the next-most-massive neutrino, given
by either Δm2

32 or Δm2
31, is not known. We use the notation

Δm2
32;31 or simply Δm2 for this squared-mass difference

where the ordering is not explicitly specified.
Numerically, Δm2

32;31 has been measured to be approx-
imately 30 times larger thanΔm2

21, such thatΔm2
32 ≈ Δm2

31.
The difference in magnitude between Δm2

21 and Δm2
32;31

also implies that the terms in Eq. (4) containing one or the
other squared-mass differences dominate for different
ranges of L=E. For long-baseline beam and atmospheric
neutrinos, where neutrino baselines range from tens of
kilometers to several thousand kilometers, and typical
neutrino energies range from MeV to several GeV, the
Δm2

21 terms are subdominant, leading to approximate flavor
oscillation probabilities of the form

Pðνμ ↔ νeÞ ≈ sin2 θ23 sin2 2θ13 sin2
!
1.27

Δm2L
E

"
;

Pðνμ → νμÞ ≈ 1 − 4 cos2 θ13 sin2 θ23ð1 − cos2 θ13 sin2 θ23Þ

× sin2
!
1.27

Δm2L
E

"
;

Pðνe → νeÞ ≈ 1 − sin2 2θ13 sin2
!
1.27

Δm2L
E

"
: ð5Þ

The approximate oscillation probabilities in Eq. (5) are
primarily functions of the mixing angles and the absolute
value of the squared-mass difference Δm2. The phase δCP,
and the neutrino mass ordering—i.e., the sign of the
squared-mass difference—are subleading effects which
make them challenging experimental signatures.
Neutrino oscillations in matter enhance the dependence

of oscillation probabilities on the neutrino mass ordering.
In matter, due to an increased forward scattering amplitude,
electron-flavor neutrinos experience a larger potential
relative to μ and τ flavors, which modifies the vacuum
Hamiltonian via an additional term,

HMatter ¼ HVacuum þ U†

0

B@
a 0 0

0 0 0

0 0 0

1

CAU; ð6Þ

where a ¼ %
ffiffiffi
2

p
GFNe. Here, GF is the Fermi constant, Ne

is the electron density, and U is the PMNS matrix. The sign
of a is positive for neutrinos and negative for antineutrinos.
Propagating the neutrino states according to the matter
Hamiltonian leads to an effective squared-mass difference
and mixing angle:

Δm2
M ¼ Δm2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 2θ13 þ ðΓ − cos 2θ13Þ2

q
;

sin2 2θ13;M ¼ sin2 2θ13
sin2 2θ13 þ ðΓ − cos 2θ13Þ2

; ð7Þ

where Γ≡ 2aE=Δm2. Equation (7) shows that the effective
quantities depend on the sign of Δm2. In particular, for
neutrinos in the normal ordering, Γ ≈ cos 2θ13 maximizes
the effective mixing angle sin2 θ13;M. A maximum also
occurs for antineutrinos in the inverted ordering. This
maximum effective mixing angle predicts a resonant
enhancement of muon-to-electron flavor conversions for
either neutrinos or antineutrinos according to the neutrino
mass ordering.

B. Atmospheric neutrinos

Atmospheric neutrinos are produced when cosmic rays
interact with nuclei in the Earth’s atmosphere. These
interactions result in hadronic showers of primarily pions
and kaons, which decay into neutrinos. The atmospheric
neutrino energy spectrum extends from a few MeV to
several TeVand has an approximate flavor ratio in the few-
GeV range of ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ ≈ 2∶1. While present,
tau neutrinos intrinsic to the atmospheric neutrino flux are
suppressed by many orders of magnitude relative to
electron- and muon-flavor neutrinos due to kinematic
restrictions on their production.
The zenith angle θz describes atmospheric neutrino

baselines. Neutrinos produced directly above a detector
are downward-going, θz ¼ 0, and are produced at an

1Recent results from T2K favor maximal CP violation, δCP ≈
−π=2 [3], while recent measurements from NOvA disfavor CP-
violating scenarios [4].
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ijL=E. Here, Δm2
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units of eV2, L is the oscillation baseline in kilometers, and
E is the neutrino energy in GeV. Experiments have
measured all mixing angles and squared-mass differences
to be significantly different from zero, while the value of
the phase δCP is still unknown.1 In addition, solar neutrino
oscillation experiments observe evidence for matter effects
in the Sun which imply that the Δm2

21 squared-mass
difference is positive, establishing an ordering for two of
the neutrino masses, m2 > m1 [9–12]. However, current
experiments are consistent with either the normal ordering,
m3 ≫ m2; m1, or the inverted ordering, m2; m1 ≫ m3.
Consequently, the sign of the squared-mass difference
between m3 and the next-most-massive neutrino, given
by either Δm2
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31, is not known. We use the notation
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imately 30 times larger thanΔm2
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also implies that the terms in Eq. (4) containing one or the
other squared-mass differences dominate for different
ranges of L=E. For long-baseline beam and atmospheric
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kilometers to several thousand kilometers, and typical
neutrino energies range from MeV to several GeV, the
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Pðνμ ↔ νeÞ ≈ sin2 θ23 sin2 2θ13 sin2
!
1.27

Δm2L
E

"
;

Pðνμ → νμÞ ≈ 1 − 4 cos2 θ13 sin2 θ23ð1 − cos2 θ13 sin2 θ23Þ

× sin2
!
1.27

Δm2L
E

"
;

Pðνe → νeÞ ≈ 1 − sin2 2θ13 sin2
!
1.27

Δm2L
E

"
: ð5Þ

The approximate oscillation probabilities in Eq. (5) are
primarily functions of the mixing angles and the absolute
value of the squared-mass difference Δm2. The phase δCP,
and the neutrino mass ordering—i.e., the sign of the
squared-mass difference—are subleading effects which
make them challenging experimental signatures.
Neutrino oscillations in matter enhance the dependence

of oscillation probabilities on the neutrino mass ordering.
In matter, due to an increased forward scattering amplitude,
electron-flavor neutrinos experience a larger potential
relative to μ and τ flavors, which modifies the vacuum
Hamiltonian via an additional term,
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is the electron density, and U is the PMNS matrix. The sign
of a is positive for neutrinos and negative for antineutrinos.
Propagating the neutrino states according to the matter
Hamiltonian leads to an effective squared-mass difference
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where Γ≡ 2aE=Δm2. Equation (7) shows that the effective
quantities depend on the sign of Δm2. In particular, for
neutrinos in the normal ordering, Γ ≈ cos 2θ13 maximizes
the effective mixing angle sin2 θ13;M. A maximum also
occurs for antineutrinos in the inverted ordering. This
maximum effective mixing angle predicts a resonant
enhancement of muon-to-electron flavor conversions for
either neutrinos or antineutrinos according to the neutrino
mass ordering.

B. Atmospheric neutrinos

Atmospheric neutrinos are produced when cosmic rays
interact with nuclei in the Earth’s atmosphere. These
interactions result in hadronic showers of primarily pions
and kaons, which decay into neutrinos. The atmospheric
neutrino energy spectrum extends from a few MeV to
several TeVand has an approximate flavor ratio in the few-
GeV range of ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ ≈ 2∶1. While present,
tau neutrinos intrinsic to the atmospheric neutrino flux are
suppressed by many orders of magnitude relative to
electron- and muon-flavor neutrinos due to kinematic
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baselines. Neutrinos produced directly above a detector
are downward-going, θz ¼ 0, and are produced at an

1Recent results from T2K favor maximal CP violation, δCP ≈
−π=2 [3], while recent measurements from NOvA disfavor CP-
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don’t know what is their exact order. We know m1<m3, but don’t know if m3 is larger than m1/m2 or smaller than m1/m2.



Importance of the MH problem

arXiv:1910.0468

arXiv:1910.04688

• Models predict different mass hierarchies. 

• Correlates with δCP and θ23 octant measurements.  

• Affects the determination of ν mass origin and absolute scale.


• IH indicates larger effective mass for 0νββ and β decay.

• Life would be easier for a lot of us if it is IH!


• This talk gives an overview of the current status and the future of 
solving the MH problem from an experimental point of view. 

2

For example, if it is inverted hierarchy the effective mass for … would be much larger than if it is normal hierarchy,  make make life easier for a lot of 

https://arxiv.org/abs/1910.04688


How to determine the MH



• Vacuum oscillation of  
disappearance,  interference 
between the  and  
terms

ν̄e

Δm2
31 Δm2

32

How to Determine MH?

• Historically, sign of  is 
determined by solar neutrinos with 
the matter effect. 

Δm2
12

• Matter effect when 
neutrinos propagating 
through the earth. 

Accelerator neutrinos

Atmospheric  
neutrinos

Reactor neutrinos

Solar neutrinos

• Maximized sensitivity by joint-analysis of different experiments with synergies.

• Note: core-collapse supernova neutrinos not included in this talk given the time limit. 

3

accelerator neutrino oscillations.  



• Matter effect: e neutrinos experience an additional 
potential while propagating through the earth though 
CC interaction with e- 

• Opposite for /  oscillations.ν ν̄

average distance of 15 km above Earth’s surface. Neutrinos
produced on the other side of the Earth from a detector are
upward-going, θz ¼ π, and travel an approximate distance
of 13 000 km through the Earth. Oscillation signatures are
most evident in upward-going atmospheric neutrinos due to
the longer baselines.
A general atmospheric neutrino baseline begins at a

production point in the atmosphere and passes through the

Earth before ending at a detector near the surface. We
model the matter effects induced by passage through the
Earth assuming a simplified version of the preliminary
reference Earth model (PREM) [13], where the Earth is
treated as a sphere with radius REarth ¼ 6371 km and
contains concentric spherical shells of decreasing densities.
Table I lists the Earth layers and corresponding densities
assumed in this work.
To compute neutrino oscillation amplitudes through

layers of different matter densities, amplitudes along steps
through matter of fixed densities are multiplied together
[14]. The general matrix form of the propagated mass
eigenvectorsX for neutrinos passing through a fixed matter
density is

X ¼
X

k

!Y

j≠k

2EHMatter −M2
jI

M2
k −M2

j

"
exp

#
−i

M2
kL

2E

$
; ð8Þ

TABLE I. Neutrino propagation layers and corresponding
densities used for calculating neutrino oscillation probabilities
in this analysis, based on a simplified PREM [13].

Layer RMin (km) RMax (km) Density (g=cm3)

Atmosphere 6371 $ $ $ 0
Crust 5701 6371 3.3
Mantle 3480 5701 5.0
Outer core 1220 3480 11.3
Inner core 0 1220 13.0

FIG. 1. Electron-to-muon flavor oscillation probabilities of atmospheric neutrinos as a function of cosine zenith angle and neutrino
energy. The top row shows the probabilities for neutrinos and antineutrinos in the normal mass-ordering scenario, and the bottom row
shows the same probabilities for the inverted mass-ordering scenario. The probabilities are calculated assuming sin2 θ23 ¼ 0.5,
sin2 θ13 ¼ 0.022, sin2 θ12 ¼ 0.307, jΔm2

32;31j ¼ 2.4 × 10−3 eV2, Δm2
21 ¼ 7.53 × 10−5 eV2, and δCP ¼ −π=2. The matter effect

resonance is visible in the normal ordering for neutrinos (upper left) or the inverted ordering for antineutrinos (lower right) between
2 GeV and 10 GeV, and for cos θz ≲ −0.5.
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How to Determine MH: Atmospheric Neutrinos  

• Degeneracies between MH, θ23 octant, and δCP .

• Better to be able to separate neutrinos and anti-neutrinos.


• Difficult given the massive detectors. 

• Still sensitivity without  separation since two have different flux and cross sectionsν/ν̄

Earth

ν
ν
ν

ν ν
ν

ν
ν

ν
ννCosmic Rays Central detector (CD)

Yue Meng, Neutrino2020 10

• 35 m diameter acrylic sphere
• Stainless steel truss
• 20,000 tons purified liquid scintillator 
• 18,000 20-inch PMTs 
• 25,600 3-inch PMTs
• Filling/Overflow/Circulation (FOC) system

Acrylic panel and lift structure Acrylic panel production

Stainless steel truss Node test

Det

• Wide range of baseline 
lengths, / / /νμ ν̄μ νe ν̄e

Sensitivity benchmarked by Δχ2 = |χ2
NO − χ2

IO |

4

When the travel through the earth, the matter effect happens because electron neutrinos experience an additional interaction potential via cc interaction 



Joint Analysis Results                               Zoya Vallari, Caltech                       Feb 16, 2024

NOvA: L=810 km, E=2.0 GeV
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Mass Ordering

Inverted 
Ordering

Normal 
OrderingdCP phase

Resolving degeneracies 20

§ T2K measurements isolate impact of CP violation while NOvA has significant sensitivity to mass 
ordering.

§ Joint analysis probes both spaces lifting degeneracies of individual experiments.

T2K: L = 295km, E = 0.6GeV

NOvA

Joint Analysis Results                               Zoya Vallari, Caltech                       Feb 16, 2024

NOvA Detectors

§ NOvA’s ND and FD are functionally identical segmented liquid scintillator 
detectors.
§ ND: ~290 t and ~100 m underground
§ FD:  ~14 kt and on the surface
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You 
are here

NOvA FD

Earth

BeamDetector
ν
ν
ν

How to Determine MH: Accelerator Neutrinos

• Need long baseline length to be sensitive to MH. 


• Both neutrino ( ) and anti-neutrino ( ) modes.


• MH and δCP can be disentangled to some level with mixing angle knowledges. 

• See talk by Veera Matilda Mikola tomorrow. 

νμ ν̄μ

Earth

5

• Matter effect: e neutrinos experience an additional 
potential while propagating through the earth though 
CC interaction with e- 

• Opposite for /  oscillations.ν ν̄

nu oscillation probalities and locate the data on this graph, the experiment has sensitivity to both IH and CPV.   
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Figure 2: Electron neutrino and antineutrino appearance oscillation probabilities as a function of the
neutrino energy E⌫ at L = 1300 km for the indicated four values of the CP phase �CP . The matter
density ⇢ and the electron fraction Ye are assumed to be 2.7 g/cm3 and 0.5, respectively. sin2

✓13, sin
2
✓12,

sin2
✓23, �m

2

31
, and �m

2

21
are assumed to be 0.0219, 0.304, 0.5, 2.4⇥10�3 eV2, and 7.65⇥10�5 eV2,

respectively. Top (bottom) two panels correspond to the normal (inverted) mass hierarchy. Left (right)
panels correspond to the neutrino (antineutrino) oscillation. In the normal (inverted) mass hierarchy,
the neutrino (antineutrino) appearance are enhanced, and the antineutrino (neutrino) appearance are
suppressed.

where Uµi are the elements of the second row of the PMNS matrix and now the angle � is

sin�µµ =
|Uµ1|2 sin 2�21p

|Uµ1|4 + |Uµ2|4 + 2|Uµ1|2|Uµ2|2 cos 2�21

, cos�µµ =
|Uµ1|2 cos 2�21 + |Uµ2|2p

|Uµ1|4 + |Uµ2|4 + 2|Uµ1|2|Uµ2|2 cos 2�21

(15)
By an accurate measurement of the survival probability and its L/E⌫ dependence, combining with

the accurate knowledge of at least some of the parameters involved, MH (the sign in front of �) can be
determined. Detailed description of the issues involved will be given again in the next section.

Furthermore, there is a possibility of determining MH based on the observation of core-collapse
supernovae. There are at best only a handful of the galactic core-collapse supernovae per century and
their neutrino emission and detection is a complicated matter. On the other hand, neutrino sky coverage
by the su�ciently large detectors has been on for about three decades already, and will continue in the
foreseeable future. There is, therefore, a good chance that a high statistics SN neutrino sample will
eventually become a reality and that the neutrino mass hierarchy can be deduced from its analysis. It is
possible, perhaps even likely, that the SN neutrino spectra are not universal; they might depend on the
progenitor mass, accretion or rotation. Nevertheless, some general features exist. Only recently it has

7

X, Qian, arXiv:1505.01891v3 

Z. Vallari, JETP Seminar, Fermilab



How to Determine MH: Reactor Neutrinos

• Vacuum oscillation utilizing small differences in  and  for different MH. 


• Independent from θ23 octant and δCP .

• Made possible by the relatively large θ13 value.

• Need really good energy resolution and statistics.

|Δm2
31 | |Δm2

32 |
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-310×

Figure 2-4: (left panel) The effective mass-squared difference shift ∆m2
φ [73] as a function of

baseline (y-axis) and visible prompt energy Evis ≃ Eν − 0.8MeV (x-axis). The legend of color
code is shown in the right bar, which represents the size of ∆m2

φ in eV2. The solid, dashed, and
dotted lines represent three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1
MeV, respectively. The purple solid line represents the approximate boundary of degenerate mass-
squared difference. (right panel) The relative shape difference [56, 57] of the reactor antineutrino
flux for different neutrino MHs.

explained in the models with the discrete or U(1) flavor symmetries. Therefore, MH is a
critical parameter to understand the origin of neutrino masses and mixing.

The Jiangmen Underground Neutrino Observatory (JUNO) is designed to resolve the neutrino
MH using precision spectral measurements of reactor antineutrino oscillations. Before giving the
quantitative calculation of the MH sensitivity, we shall briefly review the principle of this method.
The electron antineutrino survival probability in vacuum can be written as [60,73,88]:

Pν̄e→ν̄e = 1− sin2 2θ13(cos
2 θ12 sin

2∆31 + sin2 θ12 sin
2 ∆32)− cos4 θ13 sin

2 2θ12 sin
2 ∆21 (2.1)

= 1− 1

2
sin2 2θ13

[
1−

√
1− sin2 2θ12 sin2 ∆21 cos(2|∆ee| ± φ)

]
− cos4 θ13 sin

2 2θ12 sin
2 ∆21,

where ∆ij ≡ ∆m2
ijL/4E, in which L is the baseline, E is the antineutrino energy,

sinφ =
c212 sin(2s

2
12∆21)− s212 sin(2c

2
12∆21)√

1− sin2 2θ12 sin2 ∆21

, cosφ =
c212 cos(2s

2
12∆21) + s212 cos(2c

2
12∆21)√

1− sin2 2θ12 sin2∆21

,

and [89,90]

∆m2
ee = cos2 θ12∆m2

31 + sin2 θ12∆m2
32 . (2.2)

The ± sign in the last term of Eq. (2.1) is decided by the MH with plus sign for the normal MH
and minus sign for the inverted MH.

In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the atmo-
spheric mass-squared difference manifests itself in the energy spectrum as the multiple cycles.
The spectral distortion contains the MH information, and can be understood with the left panel
of Fig. 2-4 which shows the energy and baseline dependence of the extra effective mass-squared
difference,

∆m2
φ = 4Eφ/L , (2.3)

34

Central detector (CD)
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• 35 m diameter acrylic sphere
• Stainless steel truss
• 20,000 tons purified liquid scintillator 
• 18,000 20-inch PMTs 
• 25,600 3-inch PMTs
• Filling/Overflow/Circulation (FOC) system

Acrylic panel and lift structure Acrylic panel production

Stainless steel truss Node test

Medium baseline maximizing 
the interference amplitude. 

  

                                      

P(ν̄e → ν̄e) = 1 − sin2 2θ13(cos2 θ12 sin2 Δ31 + sin2 θ12 sin2 Δ32)
−cos4 sin2 2θ12 sin2 Δ21

ν̄e
ν̄e
ν̄e

6
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• Most of the current sensitivity if from SuperK. 

• Rejection of IH by 92.3% confidence level. 

Atmospheric Neutrino Experiments: Super-Kamiokande

edges. Higher-momentum particles produce more light, so
the charge contained within the ring provides an estimate of
the particle’s momentum. Figure 2 shows an example of the
Cherenkov light patterns observed in SK following a
neutrino candidate interaction, and their fitted properties.
The event contains multiple ring patterns, each correspond-
ing to a different particle.

In addition to Cherenkov rings, SK identifies electrons
from muon decays. Decay electrons are found by scanning
for time-clustered hits following a primary neutrino inter-
action trigger. A hit-time-based fitter estimates the decay
electron vertex for each candidate hit cluster, and candi-
dates are accepted if there are 50 or more hits within a 50 ns
time window. The overall decay electron tagging efficiency
is estimated to be 96% for μþ and 80% for μ− in the SK IV
and SK V periods. The reduced efficiency for μ− is due to
μ− capture in the water, in which no decay electron is
produced.
Neutrons in the SK detector are captured on hydrogen,

producing deuterium in an excited state. The decay of the
excited deuterium produces a 2.2 MeV γ, which results in a
few time-coincident and spatially clustered PMT hits.
These γ emissions from neutron captures are identified
using a two-step process. In the first step, a sliding 10 ns
hit-time window finds candidate neutron captures from
clusters of 7–50 hits with fewer than 200 hits in a
surrounding 200 ns window. The lower bound of the hit
range suppresses spurious coincidences from noise, while
the upper bound avoids tagging decay electrons. In the
second step, variables which quantify the isotropy, like-
lihood of single-vertex origin, and the time spread of the
hits are calculated for each candidate cluster. A neural
network classifies candidates as either signal or background
based on these variables. When applied to SK IV–V
atmospheric neutrino MC events, the neural network has
an average neutron-tagging efficiency for neutron capture
on hydrogen of 26% with a background rate of 0.016 false
neutrons per event. The uncertainty on the neutron-tagging
efficiency is evaluated using an americium-beryllium
(AmBe) source embedded in a scintillating box placed
at various locations throughout the detector, and is esti-
mated to be 9%. A detailed description of the neutron-
tagging algorithm and its development may be found
in Ref. [22].
In the SK detector, the charges of particles—and there-

fore neutrino and antineutrino interactions—cannot be
differentiated on an event-by-event basis. However, stat-
istical separation is possible. For example, in the process
ν̄μ þ p → pþ μþ þ π−, in which an antineutrino interacts
with a proton, the outgoing negatively charged pion is more
likely to be captured by an 16O nucleus before decaying
than is a positively charged pion produced in the equivalent
νμ interaction. Captured pions do not produce decay
electrons, so requiring one or more decay electrons
preferentially selects more neutrino than antineutrino
events for this process. The statistical separation can be
further improved by also considering the number of
neutrons, which will be described in Sec. II B 2.

A. Calibration

Calibration ensures an accurate and consistent response
of the detector to particle interactions. Calibration studies

TABLE II. Super-Kamiokande data-taking phases. An elec-
tronics upgrade at the start of SK IV enabled neutron tagging on
hydrogen (H), utilized in the SK IV and SK V phases. During
2020, gadolinium (Gd) was added to the detector’s water to
increase the neutron-tagging efficiency. At the time of this
writing, SK Gd is ongoing, and data from the SK Gd phase
are not included in this analysis.

Phase Dates
Live time
(Days)

Photo-coverage
(%)

Neutron
tagging

SK I 1996–2001 1489.2 40 " " "
SK II 2002–2005 798.6 19 " " "
SK III 2006–2008 518.1 40 " " "
SK IV 2008–2018 3244.4 40 H
SK V 2019–2020 461.0 40 H

SK Gd 2020–Present " " " 40 Hþ Gd

μ-like

e-like

FIG. 2. Event display of a multi-ring atmospheric neutrino
cadidate event in SK V data. Hit ID PMTs are displayed on an
unrolled view of the cylindrical detector, with the color and radius
of each hit PMT corresponding to the detected charge. The
reconstruction algorithm APFIT identifies three Cherenkov rings,
indicated by dashed outlines: one bright μ-like ring, with
pμ ≈ 1010 MeV=c, and two fainter e-like rings, each with
pe ≈ 320 MeV=c.
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1 km rock overburden
(2,700 m.w.e)

50 kT water

The Super-Kamiokande Detector
In Gifu, Japan

𝐃 × 𝐇 = 𝟑𝟗. 𝟑 𝐦 × 𝟒𝟏. 𝟒 𝐦

Inner Detector

Outer Detector

Cherenkov radiation

20 inch PMTs • Water Cherenkov detector, 22.5 kton 
fiducial mass.


• Updated analysis with neutron tagging 
(26% efficiency) for  separation ν/ν̄

Figure 15 shows a projection of the multi-GeV e-like
samples as an up-down asymmetry

Asymmetry ¼ Up − Down
Upþ Down

; ð12Þ

where “Up” is the number of upward-going
(cos θz < −0.6) events, and “Down” is the number of
downward-going (cos θz > 0.6) events in each sample.
The figure plots the asymmetry for these data as a function
of reconstructed energy and the expected asymmetry for the
normal and inverted ordering scenarios, assuming the best-
fit oscillation parameters from the fit to all atmospheric
neutrino data. The νe-enhanced samples, multi-GeV νe-like
and multi-ring νe-like, have the largest excesses relative to
either ordering, and drive the preference for the normal
mass ordering in the analysis.

2. Results with reactor constraints on sin2 θ13
Figure 16 shows the 1DΔχ2 profiles for the fitted neutrino

oscillation parameters, assuming the constraint sin2 θ13 ¼
0.0220% 0.0007 from reactor antineutrino disappearance
experiments [31]. The constraint on sin2 θ13 is incorporated
by introducing an additional systematic uncertainty for this
fit, where the 1σ effect is defined as the change induced by
varying sin2 θ13 by its measured 1σ uncertainty.
The best-fit value of δCP in both the normal and inverted

orderings for the fit with sin2 θ13 constrained is −1.75,
which is consistent with the atmospheric-only analysis at
the 1σ level. This fit also finds improved constraints on δCP
in the inverted ordering for values near π=2: The constraint
on sin2 θ13 fixes the effect size of the mass ordering, such
that the separate modifications to νe appearance from δCP
are more readily resolved.
In this fit, the preference for the normal ordering

increases to Δχ2I:O:−N:O: ¼ 5.69. This improvement is con-
sistent with the observed preference for smaller values of
sin2 θ13 in the inverted ordering fit with sin2 θ13 free: The χ2

value in the inverted ordering increases with the added
constraint, while the χ2 value in the normal ordering
remains similar to the result without the constraint.
Figure 17 shows the constraints on sin2 θ23 andΔm2

32 from
the θ13-constrained analysis of SK atmospheric neutrino data
compared with the constraints from MINOS/MINOS+ [53],
NOvA [4], T2K [3], and IceCube [54]. The SK atmospheric
neutrino data are consistent with the other experiments at the
90% level.While the atmospheric neutrino data find a best-fit
value of sin2 θ23 in the lower octant, we note that the previous
publication found a best-fit value in the upper octant [5], and
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FIG. 16. 1DΔχ2 profiles of oscillation parameters in the analysis with sin2 θ13 constrained. Solid lines correspond to the data fit result,
while dashed lines correspond to the MC expectation at the data best-fit oscillation parameters, cf. Table IV. Dotted lines show critical
values of the χ2 distribution for 1 degree of freedom corresponding to 68%, 90%, 95%, and 99% probabilities.
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Normal ordering, 90% C.L.
MINOS/MINOS+ 2020
NOvA 2020
T2K 2023
IceCube 2023
Super-K

FIG. 17. 2D constant Δχ2 contours of neutrino oscillation
parameters Δm2

32 and sin2 θ23 for the normal mass ordering.
Contours are drawn for a 90% critical χ2 value assuming 2 degrees
of freedom, with the Δχ2 computed for each experiment with
respect to the best-fit point in the normal mass ordering. The
Super-K contour shows the result of this analysis, and other
contours are adapted from publications by MINOS+ [53], NOvA
[4], T2K [3], and IceCube [54]. Best-fit points are indicated with
markers for each experiment.
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Super-K + T2K

• Simultaneous fit of Super-K and T2K published data.

• Correlated systematic uncertainties. 


• Prefer NH with Δχ2 = 8.9
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1 km rock overburden
(2,700 m.w.e)

50 kT water

The Super-Kamiokande Detector
In Gifu, Japan

𝐃 × 𝐇 = 𝟑𝟗. 𝟑 𝐦 × 𝟒𝟏. 𝟒 𝐦

Inner Detector

Outer Detector

Cherenkov radiation

20 inch PMTs

for Δm2
32. The quadrature sum of the observed biases,

4.1 × 10−5 eV2 c−4, was added as an additional uncertainty
on Δm2

32 using the method described above. The effect of
the systematic parameters on the predicted event rates on
each SK event sample, including the additional NRE
uncertainty, is shown in Table XIII. The effect of the prior
uncertainties on the (typically marginalized) oscillation
parameters sin2 θ12, Δm2

21 and sin2 θ13 is also shown.

XIV. OSCILLATION ANALYSIS RESULTS

Following the recommendations in [94], we produce
results using different statistical approaches, both frequent-
ist and Bayesian (with analysis of sensitivity to prior) and
test the frequentist properties of our Bayesian methods
when possible. Using the three far detector analyses
described previously, point and interval estimations are
made for the parameters sin2 θ23, δCP and Δm2

32 (normal
ordering) or Δm2

13 (inverted ordering). Two types of
intervals are produced: confidence intervals (with approxi-
mate coverage based on the constant Δχ2 method in most
cases and with exact coverage using the Feldman-Cousins
unified approach for δCP) and credible intervals. The mass
ordering was studied using mainly Bayesian hypothesis
testing, with additional frequentist checks.

A. Measurements of the parameters of the three-flavor
oscillation model

1. Δχ 2 and frequentist results

Intervals based on the constantΔχ2 method are produced
for the different parameters using analyses A and C
(analysis B can produce similar intervals for comparison
purpose, although its main results are the credible intervals
described in Sec. XIVA 2). As their results are in good
agreement, only the results obtained with analysis A are
shown in this section, unless otherwise indicated. The best-
fit values and 1σ confidence intervals obtained for the
different parameters in both mass ordering scenarios are
summarized in Table XIV and in Table XV with and
without using the results of reactor experiments to constrain
sin2 θ13, respectively. The global best fit was found to be for
the NO, and the data show a preference for the upper octant.
These preferences will be quantified in Sec. XIV C. The
Δχ2 ¼ −2 ln ðL=LmaxÞ functions obtained for δCP with and
without using the results of reactor experiments to constrain
sin2 θ13 are displayed in Fig. 54. The favored and disfa-
vored values of δCP are similar between the two cases, but
the constraint on δCP becomes stronger when the reactor
experiments results are used. The obtained 90% confidence
regions for ðsin2 θ23; δCPÞ are displayed in Fig. 55. The
largest parts of the confidence regions are located in the
upper octant, especially when the constraint from reactor
experiments is used, but the results are still compatible with
maximal mixing. For the atmospheric parameters, the

obtained normal ordering 90% confidence region for
ðsin2 θ23;Δm2

32Þ is shown in Fig. 56 together with the
measurements from other neutrino oscillation experiments.
Good agreement is seen between all of the experiments.
Section XII demonstrated that analyses A, B and C have

similar sensitivities (Fig. 47); their data fit results are now
compared for δCP vs sin2 θ13 in Fig. 57 and Δm2 vs sin2 θ23

3− 2− 1− 0 1 2 3
 (Radians)CPδ

0

5

10

15

20

25

2 χ
∆

Normal - T2K + reactor
Inverted - T2K + reactor
Normal - T2K-only
Inverted - T2K-only

FIG. 54. The observed Δχ2 function of δCP, with and without
the reactor constraint. The Δχ2 is computed with respect to the
best fit over the two mass orderings, and separate best-fit points
are used for the T2K-only and the T2Kþ reactor cases.

TABLE XIV. The measured oscillation parameter best-fit and
the %1σ intervals, shown for the T2K-only (without reactor
constraint) fit and for normal and inverted hierarchies with
respect to the hierarchy best fit. The %1σ interval corresponds
to the values for which Δχ2 ≤ 1.

Best-fit and 1σ interval

Parameter NO IO

δCP −2.14þ0.90
−0.69 −1.26þ0.61

−0.69
sin2θ13=10−3 26.8þ5.5

−4.3 30.0þ5.9
−5.0

sin2 θ23 0.512þ0.045
−0.042 0.500þ0.050

−0.036
Δm2

32=10
−3 eV2 c−4 2.46þ0.07

−0.07
jΔm2

13j=10−3 eV2 c−4 2.43þ0.07
−0.08

TABLE XV. The measured oscillation parameter best-fit and
the %1σ intervals, shown for the T2Kþ reactor fit and for normal
and inverted hierarchies with respect to the hierarchy best fit. The
%1σ interval corresponds to the values for which Δχ2 ≤ 1.

Best-fit and 1σ interval

Parameter NO IO

δCP −1.89þ0.70
−0.58 −1.38þ0.48

−0.55
sin2 θ23 0.532þ0.030

−0.037 0.532þ0.029
−0.035

Δm2
32=10

−3 eV2 c−4 2.45þ0.07
−0.07

jΔm2
13j=10−3 eV2 c−4 2.43þ0.07

−0.07

K. ABE et al. PHYS. REV. D 103, 112008 (2021)

112008-44

PHYS. REV. D 103, 112008 (2021) 

2022/06/02 Linyan WAN @ NEUTRINO 2022 12

Oscillation Measurements (SK+T2K)

1020 bins 𝝌𝟐 𝜹𝐂𝐏 sin𝟐𝜽𝟐𝟑 𝚫𝐦𝟐𝟑
𝟐

SK+T2K NO 1086.33 4.54 0.53 2.4 × 10−3 eV2

SK+T2K IO 1095.25 4.71 0.53 2.4 × 10−3 eV2

SK + external T2K 
constraints favor:

• maximal mixing
• 𝛿CP ≈ −𝜋

2
• NO (Δ𝜒2 = 8.9)

*Results from both 
experiments exceed 
sensitivity.

Preliminary

Preliminary

Preliminary
sin2𝜃13 = 0.0220 ± 0.0007
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Oscillation Measurements (SK only)

930 bins 𝝌𝟐 𝜹𝐂𝐏 𝐬𝐢𝐧𝟐𝜽𝟐𝟑 𝚫𝐦𝟐𝟑
𝟐

SK NO 1000.42 4.71 0.49 2.4 × 10−3 eV2

SK IO 1006.19 4.71 0.49 2.4 × 10−3 eV2

SK atmospheric 
neutrino data 
favors:

• maximal mixing
• 𝛿CP ≈ −𝜋

2
• NO (Δ𝜒2 = 5.8)

*Results on MO and 
𝛿𝐶𝑃 exceed sensitivity.

sin2𝜃13 = 0.0220 ± 0.0007

Preliminary

Preliminary

at data best-fit
at data best-fit

at data best-fit

Preliminary

L. Wan, Neutrino2022

L. Wan, Neutrino2022
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• 14 kton segmented LS detector. 

• 810 km baseline. 

• 290 ton ND for systematic cancellation. 

• Favors NH by 1.0 σ. 

Accelerator-based Experiments: NOvA

Mayly Sanchez - ISU

T H E  N O VA  E X P E R I M E N T  I N  A  N U T S H E L L
• Upgraded NuMI beam of muon 

neutrinos or antineutrinos at 
Fermilab running at 700kW. 

• Highly active liquid scintillator  
14-kton detector off the main axis 
of the beam. 

• Functionally identical detectors: 
Near Detector (ND) site at 
Fermilab and Far Detector (FD) 
810 km away at Ash River, MN. 

• NOvA observes disappearance of 
muon neutrinos and 
antineutrinos, appearance of 
electron neutrinos and 
antineutrinos and potential 
suppression of neutral current 
interactions. 

!5

baseline

NOνA Far Detector

NOνA Near Detector

longest
←                      →

Joint Analysis Results                               Zoya Vallari, Caltech                       Feb 16, 2024

NOvA Detectors

§ NOvA’s ND and FD are functionally identical segmented liquid scintillator 
detectors.
§ ND: ~290 t and ~100 m underground
§ FD:  ~14 kt and on the surface

23

You 
are here

NOvA FD

contained within the corresponding NOvA allowed region.
This outcome reflects in part the circumstance that T2K
observes a relatively more pronounced asymmetry in νe
versus ν̄e oscillations.

Although each experiment reports a mild preference
for NO, it has been suggested that a joint fit of the two
experiments might converge on an IO solution [94]. Some
authors have also explored the possibility that the
differences in the νμ → νe and ν̄μ → ν̄e rates seen by the
experiments are explained by additional nonstandard mat-
ter effects [95,96].
In conclusion, we have presented improved measure-

ments of oscillation parameters Δm2
32, sin

2 θ23, and δCP,
including an expanded data set and enhanced analysis
techniques with respect to previous publications. These
measurements continue to favor the normal mass ordering
and upper octant of sin2 θ23, as well as values of the
oscillation parameters that do not lead to a large asymmetry
in νμ → νe and ν̄μ → ν̄e oscillation rates.
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FIG. 6. The 68% and 90% confidence level contours in sin2 θ23
vs δCP in the (a) normal mass ordering and (b) inverted mass
ordering [82]. The cross denotes the NOvA best-fit point and
colored areas depict the 90% and 68% FC corrected allowed
regions for NOvA. Overlaid black solid-line and dashed-line
contours depict allowed regions reported by T2K [89].3
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Joint NOvA-T2K Analysis

Joint Analysis Results                               Zoya Vallari, Caltech                       Feb 16, 2024

§ The 1D posterior in 
∆m&'' 	highlights the switch in 
the mass ordering 
preference when NOvA and 
T2K are combined.

§ The joint-fit enhances the 
precision of ∆m&'' 	over 
individual experiments.

Comparison with 
NOvA-only & 
T2K-only fits

61

NOvA-only
T2K-only
NOvA+T2K

Normal MOInverted MO

NOvA only T2K only NOvA+T2K

Bayes factor
2.07

Normal/Inverted
~67% : ~33% posterior

4.24
Normal/Inverted

~81% : ~19% posterior

1.36
Inverted/Normal

~58% : ~42% posterior

• Different baseline length helps to disentangle MH from δCP  

• Correlated systematics taken into account. 

• Challenging analysis: different ND-FD extrapolation strategies. 

• The joint analysis show modest preference for IH (IH/NH = 58%:42%), although each 

experiment favors NH by itself. 

Z. Vallari, JETP Seminar, Fermilab

contained within the corresponding NOvA allowed region.
This outcome reflects in part the circumstance that T2K
observes a relatively more pronounced asymmetry in νe
versus ν̄e oscillations.

Although each experiment reports a mild preference
for NO, it has been suggested that a joint fit of the two
experiments might converge on an IO solution [94]. Some
authors have also explored the possibility that the
differences in the νμ → νe and ν̄μ → ν̄e rates seen by the
experiments are explained by additional nonstandard mat-
ter effects [95,96].
In conclusion, we have presented improved measure-

ments of oscillation parameters Δm2
32, sin

2 θ23, and δCP,
including an expanded data set and enhanced analysis
techniques with respect to previous publications. These
measurements continue to favor the normal mass ordering
and upper octant of sin2 θ23, as well as values of the
oscillation parameters that do not lead to a large asymmetry
in νμ → νe and ν̄μ → ν̄e oscillation rates.
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KM3NeT/ORCA

• 7 Mton water-Cherenkov detector at the bottom of the Mediterranean Sea with 115 strings.  
•  During 2020 and 2021, an early configuration of the detector with six lines was in operation 
•  Analysis with 433 kton-years of exposure 
•  NH is prefered -2 log(LNO/LIO) = 0.9. (PoS(ICRC2023)996 ) 
•  For more details see the talk by Ekaterini Tzamariudaki. 

 ECAP NuFACT2023 Johannes Schumann / University Erlangen-Nürnberg 2023-08-22 3

The KM3NeT Detector Sites

36m

ORCA
ANTARES

ARCA

23m

9m

90m

36m

Astroparticle Research with Cosmics in the Abyss (ARCA)

● sparse instrumentation covering 1km3 instrumented volume

for TeV-PeV cosmic neutrinos

● High-energetic astrophysical neutrino sources, di9use :ux

● Positioned ~120km o9 Sicily at 3500m sea depth

● 21 strings deployed (9.1%)

Oscillation Research with Cosmics in the Abyss (ORCA)
● Dense instrumentation for few GeV atmospheric neutrinos

● Determine neutrino mass hierarchy, oscillation parameters

● 18 strings deployed (15.7%)

● Close to the former ANTARES site about 40km o9 

southern French coast near Toulon

● Sea :oor depth of the ORCA site ~2450m

PoS(ICRC2023)996

Measuring atmospheric neutrino oscillation with KM3NeT/ORCA6 V. Carretero

2. Flux: the spectral index of the neutrino flux energy distribution, as q ⇥ ⇢ B, is allowed to
vary from B = 0 with a standard deviation of 0.3. The ratio of electron neutrinos to electron
antineutrinos is allowed to vary with a 7% prior uncertainty. The ratio of muon neutrinos
to muon antineutrinos is allowed to vary with a 5% prior uncertainty. The ratio of muon
neutrinos to electron neutrinos is allowed to vary with a 2% prior uncertainty. The ratio of
vertical to horizontal neutrinos, introduced as 1 + Ah/v cos \, is allowed to vary from Ah/v = 0
with a standard deviation of 0.02.

3. The absolute energy scale of the detector is allowed to vary with a 9% prior uncertainty. The
energy scale is related to the uncertainty on water optical properties and on the knowledge of
the PMT efficiencies.

4. Results

The ORCA6 dataset has been studied to determine the neutrino oscillation parameters. Specif-
ically, the focus in this section is on constraining the oscillation parameters �<2

31 and \23.
The model is fitted to the dataset using 2-dimensional histograms on the reconstructed energy

and direction, as illustrated in figure 4. 5 shows the results of the fit transformed to the L/E (path
length over neutrino energy) ratio and normalised with respect to the "non-oscillations" hypothesis
for illustration purposes.
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Figure 4: Negative log-likelihood landscape as a function of the reconstructed cosine of the zenith angle
and energy for the three classes, High Purity Tracks (left), Low Purity Tracks (middle) and Showers (right).
Total negative log-likelihood is reported per class.

20 30 40 100 200 300 1000 2000
 Reconstructed L/E [km/GeV] 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 R
at

io
 to

 N
o-

O
sc

illa
tio

ns

 < 0.0θ-1.0 < cos
High Purity Tracks

No-Oscillations
NuFit
Best-fit
Data

KM3NeT/ORCA6 Preliminary, 433 kton-years

20 30 40 100 200 300 1000 2000
 Reconstructed L/E [km/GeV] 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 R
at

io
 to

 N
o-

O
sc

illa
tio

ns

 < 0.0θ-1.0 < cos
Low Purity Tracks

No-Oscillations
NuFit
Best-fit
Data

KM3NeT/ORCA6 Preliminary, 433 kton-years

20 30 40 100 200 300 1000 2000
 Reconstructed L/E [km/GeV] 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 R
at

io
 to

 N
o-

O
sc

illa
tio

ns

 < 0.0θ-1.0 < cos
Showers

No-Oscillations
NuFit
Best-fit
Data

KM3NeT/ORCA6 Preliminary, 433 kton-years

Figure 5: Ratio to non-oscillations as a function of the reconstructed path length over reconstructed neutrino
energy, !/⇢ , for data (black), the best-fit (blue), and NuFit (red) for the three classes: High Purity Tracks
(left), Low Purity Tracks (middle), and Showers (right). Non-oscillations and NuFit hypotheses are computed
taking the best-fit and fixing the oscillation parameters to the corresponding hypothesis.

6

PoS(ICRC2023)996 

High purity tracks Low purity tracks Shower
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IceCube DeepCore/Upgrade

 3

• IceCube transformed 1 cubic 
km of Antarctic ice into a 
Cherenkov neutrino detector 


• Optical sensors are 
embedded in the ice greater 
than 1.5 km below the surface 

• DeepCore provides visibility of 
neutrino events at lower 
energies (3 GeV - 100 GeV) 

The IceCube Neutrino Observatory

Maria Prado Rodriguez NuFACT 2023 - Seoul, South Korea

• DeepCore: 8 more strings with more PMTs. 

• 10 Mton mass.

• Lower threshold (3 - 100 GeV)


• Upgrade: 7 more strings

• 2025/2026

 21

Seven more strings will be added with smaller optical sensor spacing: 
Extend energy range down to 1 GeV

29 GeV 29 GeV

The IceCube Upgrade

Maria Prado Rodriguez NuFACT 2023 - Seoul, South Korea

Fully funded — to be deployed in 2025/2026

 22

DeepCore vs Upgrade NMO Sensitivity

Maria Prado Rodriguez NuFACT 2023 - Seoul, South Korea

• Can really see the effects of improving the event quality with the Upgrade: Much 
better reconstruction capability and PID


• Projected 2.6σ NO sensitivity after 12 years of DeepCore + 3 years of the Upgrade 
at maximal mixing of θ23 (2.3σ for IO)

Upgrade sensitivities not yet optimized (ArXiv: 2307.15295v1)M.P. Rodrigues, Nufact 2023 12



Reactor Neutrino Experiment: JUNO

•  Jiangmen Underground Neutrino Observatory (JUNO). 
•  20kton homogeneous LS detector with 78% PMT coverage. 
•  Taishan Neutrino Observatory (TAO) for flux measurement.   
• Currently under construction. Physics run to start in 2025.

The largest liquid scintillator  
detector ever built. 

13



• 2.9% @ 1 MeV energy resolution

• 3σ sensitivity by itself expected after 6 years data-taking. 

Reactor ν Experiment for the MH problem: JUNO

R. Mandujano - UCI NuFact 2023

Neutrino Mass Ordering

Fit energy spectrum under normal and 
inverted ordering hypotheses 

~3  NMO sensitivity in 6 years 

Independent of , octant of  

Complementary to accelerator 
measurement (different baseline 
and technology) 

Paper under preparation

σ
δcp θ23

8

Δχ2
min = ∣ Δχ2

min(NO) − Δχ2
min(IO) ∣

  

                                      

P(ν̄e → ν̄e) = 1 − sin2 2θ13(cos2 θ12 sin2 Δ31 + sin2 θ12 sin2 Δ32)
−cos4 sin2 2θ12 sin2 Δ21

JUNO Simulation Preliminary

and spent nuclear fuel uncertainties, discussed in the end of Section 4.3, are included in this
figure, since they affect the signal spectrum in specific energy ranges. Finally, the 6% uncertainty
on the matter density impacts the oscillation probability, as described in Section 2.2, but makes
a very small contribution to the shape uncertainty.

5.3 Neutrino Oscillation Sensitivity Results
The 1σ uncertainty for ∆m2

31, ∆m2
21, sin2 θ12, and sin2 θ13 is calculated with all rate and shape

systematic uncertainties in three different regimes of data-taking time: 100 days (statistics-
dominated regime); 6 years (nominal); and 20 years (systematics-dominated regime). Consid-
ering the reactor duty cycle factor of 11/12 introduced in Sec. 4.3, these correspond to about
92 days, 2009 days, and 6696 days of data taking with full reactor power, respectively. The 1σ
limits of each parameter are obtained by marginalizing over all others, and finding the values
for which ∆χ2 changes by a unit. All analyses used 20 keV bins. This choice was the result of
optimization studies showing that, while the sensitivity to the solar parameters is largely inde-
pendent of the bin size, the sensitivity to the parameters driving the fast atmospheric oscillation
still improves slightly when reducing the bin size to this width.

The total precision obtained is summarized in Table 6. Additionally, Fig. 7 shows the ∆χ2

profiles of JUNO compared to today’s state of the art knowledge [6]. As shown there, JUNO
is expected to improve upon today’s precision by almost one order of magnitude for three
out of six neutrino oscillation parameters, measuring them to the per mille precision. In fact,
about 100 days of data taking would be enough for JUNO to dominate the world precision on
those parameters, although additional improvements are expected with more statistics. This is
particularly the case for ∆m2

31, as coarsely quantified in Table 6, but fully illustrated in Fig. 8
where the impact of the systematic uncertainties can be observed via the deviation of the total
sensitivity from the statistics-only limit.

Table 6: A summary of precision levels for the oscillation parameters. The current knowledge
(PDG2020 [6]) is compared with 100 days, 6 years, and 20 years of JUNO data taking. No
external constraint on sin2 θ13 is applied for these results.

Central Value PDG2020 100 days 6 years 20 years
∆m2

31 (×10−3 eV2) 2.5283 ±0.034 (1.3%) ±0.021 (0.8%) ±0.0047 (0.2%) ±0.0029 (0.1%)
∆m2

21 (×10−5 eV2) 7.53 ±0.18 (2.4%) ±0.074 (1.0%) ±0.024 (0.3%) ±0.017 (0.2%)
sin2 θ12 0.307 ±0.013 (4.2%) ±0.0058 (1.9%) ±0.0016 (0.5%) ±0.0010 (0.3%)
sin2 θ13 0.0218 ±0.0007 (3.2%) ±0.010 (47.9%) ±0.0026 (12.1%) ±0.0016 (7.3%)

Figure 7: Comparison of 1-d ∆χ2 distributions of oscillation parameters: Today (PDG2020,
dashed curve) v.s. projection with 6 years data taking of JUNO (solid red curve)

The breakdown of statistical and systematic uncertainties on each parameter is shown in
Fig. 9 for a nominal exposure of 6 years, allowing to identify the most important systematic ef-

18

PDG2020 100 days 6years

1.3% 0.8% 0.2%

2.4% 1.0% 0.3%

4.2% 1.9% 0.5%

3.2% 47.9% 12.1%

Δm2
31

Δm 2
21

sin2θ12
sin2θ13

Sensitivities

NMO sensitivity:  

      3  with ~6 years data 

         (Unique vacuum-driven) 
        (Synergy upon combination)

σ
Precision on ,  and : 

    ~100 days data: exceeds current precision     

      ~6 years data:   <0.5% precision

sin2θ12 Δm2
21 |Δm2

31 |

27

JUNO + TAO

More details:  

            Reactor neutrino talk by Roberto Mandujano

Ref: Chin.Phys.C 46 (2022) 12, 123001

Y.H.@Nufact23
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JUNO Atmospheric Neutrino Measurement
9

(a) ⌫µ/⌫̄µ-CC ↵ (b) ⌫e/⌫̄e-CC ↵

(c) ⌫µ/⌫̄µ-CC CC ✓⌫ (d) ⌫e/⌫̄e-CC ✓⌫

Figure 10. The ↵ (top) and ✓⌫ (bottom) resolutions shown as a function of neutrino energy E⌫ for ⌫µ/⌫̄µ-CC (left) and
⌫e/⌫̄e-CC (right) events in the three models. The resolution improves with increasing E⌫ . The ⌫µ/⌫̄µ -CC events have better
resolution than the ⌫e/⌫̄e -CC events at the same energy.
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• JUNO is also able to measure atmospheric 
neutrino oscillations

• Good directional resolution using a ML 

approach. 


• Capable of  vs  statistically with help from 
neutron captures on hydrogen.


• Sensitivity study on-going.

ν ν̄

JUNO’s directional reconstruction performance for atmospheric neutrinos

PHYS. REV. D 109, 052005 (2024) 



• Reactor and accelerator/atmospheric experiments get different  values for the wrong NH 
since they use different oscillation modes. (Vacuum oscillation vs matter effects)


• An extra  for the determination of MH.

• Larger joint sensitivity than simple sum of experiments. 

• Plot showing JUNO + NOvA + T2K sensitivity via NuFit5.0 after ~6 year of JUNO data-taking. 

Δm2
32

Δχ2

Synergy between Reactor/Accelerator/Atmospheric Neutrino Experiments

6

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5393  |  https://doi.org/10.1038/s41598-022-09111-1

www.nature.com/scientificreports/

this ambiguity as the best fitted !m2
32 values for NMO and IMO also reflect the most likely values of δCP 

maximising our predictions’ accuracy to the most probable parameter-space, as favoured by the latest world 
neutrino data [despite that !χ2

boost defined by Eqs. (15) and (16) in Appendix-C does not depend explicitly 
on the CP phase, we are implicitly using the CP phase information since the best fitted !m2

32 coming from 
the global analysis carry the informtion on δCP through the LBνBAC data used in the global analysis].

 
In brief, when combining JUNO and the LBν B experiments, the overall sensitivity works as if JUNO’s intrinsic 

sensitivity gets boosted, via the external !m2
32 information. This is further illustrated and quantified in Fig. 5, 

as a function of the precision on !m2
32 despite the sizeable impact of fluctuations. The LBν B intrinsic AC con-

tribution will be added and shown in the next section. It is also demonstrated that the DC information of the 
LBνB’s, via the boosting, play a significant role in the overall MO sensitivity. However, this improvement cannot 
manifest without JUNO – and vice versa. For an average precision on !m2

32 below 1.0%, even with fluctuations, 
the boosting effect can be already considerable. A !m2

32 precision as good as > 0.75% may be accessible by LBν
B-II while the LBνB-III generation is expected to go up to ≤ 0.5% level.

Since the exploited DC information is practically blinded to matter effects [the !m2
32 measurement of depends 

slightly on δCP , obtained via the AC information, itself sensitive to matter effects], the boosting synergy effect 
remains dominated by JUNO’s vacuum oscillations nature. For this reason, the sensitivity performance is almost 
identical for both NMO and IMO solutions, in contrast to the sensitivities obtained from solely matter effects, 
as shown in Fig. 2. This effect is especially noticeable in the case of atmospheric data. The case of T2K is particu-
larly illustrative, as its impact on MO resolution is essentially only via the boosting term mainly, given its small 
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Figure 3.  Origin of MO Boosting by LBν B for JUNO. Semi-quantitative and schematic illustration of the LBν
B JUNO MO resolution synergy is shown for the cases where the true MO is normal (left panels) or inverted 
(right panels). For each case, the true values of !m2

32 are assumed to coincide with the NuFit5.0 best fitted values 
indicated by the black asterisk symbols. For each assumed true value of !m2

32 , possible range of the false values 
of !m2

32 to be determined from LBν B DC is indicated by the yellow color bands where their width reflects the 
ambiguity due to the CP phase (see Appendix C). The approximate current 1 σ allowed ranges of ( δCP, "m2

32 ) 
from NuFit5.0 are indicated by the dashed green curve whereas the future projections assuming the current 
central values with 1% (0.5%) uncertainty of !m2

32 are indicated by filled orange (red) color. Expected 1 σ ranges 
of !m2

32 from JUNO alone are indicated by the blue color bands though the ones in the wrong MO region 
would be disfavored at ∼ 3σ confidence level (CL) by JUNO itself. When the MO which is assumed in the fit 
coincides with the true one, allowed region of !m2

32 by LBν B overlaps with the one to be determined by JUNO 
as shown in the panels I(a) and II(b). On the other hand, when the assumed (true) MO and fitted one do not 
coincide, the expected (false) values of !m2

32 by LBν B and JUNO do not agree, as shown in the panels I(b) and 
II(a), disfavouring these cases, which is the origin of what we call the boosting effect in this paper.
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Figure 6.  The combined mass ordering sensitivity. The combination of the MO sensitive of JUNO and LBν
B-II is illustrated for six difference configurations: NMO (left), IMO (right) considering the LBν B uncertainty 
on !m2

32 to 1.0% (top), 0.75% (middle) and 0.5% (bottom). The NuFit5.0 favoured value is set for sin2 θ23 with 
an assumed 2% experimental uncertainty. The intrinsic MO sensitivities are shown for JUNO (blue) and the 
combined LBνB-II (green), the latter largely dominated by NOvA. The JUNO sensitivity boosts when exploiting 
the LBνB’s !m2

32 additional information via the !χ2
BOOST term, described in Fig. 4 but not shown here for 

illustration simplicity. The orange and grey bands illustrate the presence of the boosting term prediction effects, 
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32) =1%. However, a robust ≥ 5.0σ 
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consistent delta m 2 32 values, if they do their experiments correctly. But in the case of the wrong MH, they get different values. 

Cabrera, A., Han, Y., Obolensky, M. et al.  Sci Rep 12, 5393 (2022)

This can be used as an additional delta chi2 for the determination of MH.  As a result the combined sensitivity is larger than simple sum of experiments. 



Next Generation Experiments



DUNE
in the 3σ Δχ2c value toward the lowest exposures observed in
Fig. 9. The number of throws carried out at each exposure is
indicated on each plot. The number of throws decreases as a
function of exposure because fixed computing resources
were used for each configuration, and the time for the
ensemble of fits carried out for each throw to complete
increases slightly with exposure. The final 336 kt-MW-CY
exposure has more throws because it was generated for the
analysis presented in Ref. [21], where more than one
projection was considered—requiring more throws to sam-
ple the space.
Figure 12 shows the fraction of throws which exceed

different significance thresholds at themaximal δCP violation
value of δCP ¼ −π=2, and for 50%of δCP values as a function
of exposure, with and without FC corrections, for 1–3σ
significance values. Figure 12 was produced using the same
throws used for Fig. 11, with additional points from higher
exposures used in Ref. [21], but not shown in Fig. 11 (646
and 1104 kt-MW-CY). After ≈200 kt-MW-CY, the median
significance (including FC correction) for 50% of the δCP
range is greater than 3σ. It is clear from Fig. 12 that the effect
of the FC correction is not large, and≈10% longer exposures
are required for the median expected significance to cross
each threshold than without correction, at both δCP ¼ −π=2
and for the 50% range of δCP values.
Calculating Δχ2c values above 3σ using the FC method is

challenging due to the large number of throws to explore
the tails of the Δχ2FC distribution and prohibitive computa-
tional cost. In Fig. 13, the fraction of throws that exceed
1–5σ significance calculated only with the constant-Δχ2
method is shown in order to explore DUNE’s sensitivity at
higher significance levels. All the caveats described above
relating to the constant-Δχ2 method still apply. Figure 13
shows that, although the median significance to CPV does
not exceed 5σ for δCP ¼ −π=2 until ≈336 kt-MW-CY,
there are significant fractions of throws at lower exposures
which reach 5σ significance. Figure 14 shows the fraction
of throws which exceed different significance thresholds
at the maximal CP-violating value of δCP ¼ −π=2, and for
50% of all δCP values, as a function of exposure. By
≈200 kt-MW-CY, where the median significance for 50%
of the δCP range is greater than 3σ, the sensitivity at δCP ¼
−π=2 exceeds 4σ.

V. NEUTRINO MASS ORDERING SENSITIVITY

In this section, the toy-throwing approach described in
Sec. II is used to explore the neutrino mass ordering
sensitivity as a function of exposure in detail. In all cases,
a joint NDþ FD fit is performed, and the reactor θ13
constraint is always applied, as described in Sec. II. An
equal split between FHC and RHC running is assumed
based on the results obtained in Sec. III.
Figure 15 shows the significance with which the neutrino

mass ordering can be determined for both true NO and IO,

for exposures of 66 and 100 kt-MW-CY. The sensitivity
metric used is the square root of the difference between
the best-fit χ2 value obtained using each ordering, as shown
in Eq. (4), which is calculated for each throw of the

FIG. 15. Significance of the DUNE determination of the
neutrino mass ordering, as a function of the true value of δCP,
for 66 kt-MW-CY (blue) and 100 kt-MW-CY (orange) exposures.
The width of the transparent bands cover 68% of fits in which
random throws are used to simulate systematic, oscillation
parameter and statistical variations, with independent fits per-
formed for each throw constrained by prior uncertainties. The
solid lines show the median significance. All exposures include
an assumption of 57% accelerator uptime as described in the text.

A. ABED ABUD et al. PHYS. REV. D 105, 072006 (2022)

072006-18

in the 3σ Δχ2c value toward the lowest exposures observed in
Fig. 9. The number of throws carried out at each exposure is
indicated on each plot. The number of throws decreases as a
function of exposure because fixed computing resources
were used for each configuration, and the time for the
ensemble of fits carried out for each throw to complete
increases slightly with exposure. The final 336 kt-MW-CY
exposure has more throws because it was generated for the
analysis presented in Ref. [21], where more than one
projection was considered—requiring more throws to sam-
ple the space.
Figure 12 shows the fraction of throws which exceed

different significance thresholds at themaximal δCP violation
value of δCP ¼ −π=2, and for 50%of δCP values as a function
of exposure, with and without FC corrections, for 1–3σ
significance values. Figure 12 was produced using the same
throws used for Fig. 11, with additional points from higher
exposures used in Ref. [21], but not shown in Fig. 11 (646
and 1104 kt-MW-CY). After ≈200 kt-MW-CY, the median
significance (including FC correction) for 50% of the δCP
range is greater than 3σ. It is clear from Fig. 12 that the effect
of the FC correction is not large, and≈10% longer exposures
are required for the median expected significance to cross
each threshold than without correction, at both δCP ¼ −π=2
and for the 50% range of δCP values.
Calculating Δχ2c values above 3σ using the FC method is

challenging due to the large number of throws to explore
the tails of the Δχ2FC distribution and prohibitive computa-
tional cost. In Fig. 13, the fraction of throws that exceed
1–5σ significance calculated only with the constant-Δχ2
method is shown in order to explore DUNE’s sensitivity at
higher significance levels. All the caveats described above
relating to the constant-Δχ2 method still apply. Figure 13
shows that, although the median significance to CPV does
not exceed 5σ for δCP ¼ −π=2 until ≈336 kt-MW-CY,
there are significant fractions of throws at lower exposures
which reach 5σ significance. Figure 14 shows the fraction
of throws which exceed different significance thresholds
at the maximal CP-violating value of δCP ¼ −π=2, and for
50% of all δCP values, as a function of exposure. By
≈200 kt-MW-CY, where the median significance for 50%
of the δCP range is greater than 3σ, the sensitivity at δCP ¼
−π=2 exceeds 4σ.

V. NEUTRINO MASS ORDERING SENSITIVITY

In this section, the toy-throwing approach described in
Sec. II is used to explore the neutrino mass ordering
sensitivity as a function of exposure in detail. In all cases,
a joint NDþ FD fit is performed, and the reactor θ13
constraint is always applied, as described in Sec. II. An
equal split between FHC and RHC running is assumed
based on the results obtained in Sec. III.
Figure 15 shows the significance with which the neutrino

mass ordering can be determined for both true NO and IO,

for exposures of 66 and 100 kt-MW-CY. The sensitivity
metric used is the square root of the difference between
the best-fit χ2 value obtained using each ordering, as shown
in Eq. (4), which is calculated for each throw of the

FIG. 15. Significance of the DUNE determination of the
neutrino mass ordering, as a function of the true value of δCP,
for 66 kt-MW-CY (blue) and 100 kt-MW-CY (orange) exposures.
The width of the transparent bands cover 68% of fits in which
random throws are used to simulate systematic, oscillation
parameter and statistical variations, with independent fits per-
formed for each throw constrained by prior uncertainties. The
solid lines show the median significance. All exposures include
an assumption of 57% accelerator uptime as described in the text.

A. ABED ABUD et al. PHYS. REV. D 105, 072006 (2022)

072006-18

PHYS. REV. D 105, 072006 (2022) 

978 Page 16 of 34 Eur. Phys. J. C (2020) 80 :978

Fig. 7 A simulated 2.2 GeV νe CC interaction shown in the collection
view of the DUNE LArTPCs. The horizontal axis shows the wire num-
ber of the readout plane and the vertical axis shows time. The colorscale
shows the charge of the energy deposits on the wires. The interaction
looks similar in the other two views. Reproduced from Ref. [82]

For the analysis presented here, we use the CVN score for
each interaction to belong to one of the following classes:
νµ CC, νe CC, ντ CC and NC. The νe CC score distribu-
tion, P(νeCC), and the νµ CC score distribution, P(νµCC),
are shown in Fig. 8. Excellent separation between the signal
and background interactions is seen in both cases. The event
selection requirement for an interaction to be included in the
νe CC (νµ CC) is P(νeCC) > 0.85 (P(νµCC) > 0.5), opti-
mized to produce the best sensitivity to charge parity (CP)
violation. Since all of the flavor classification scores must
sum to unity, the interactions selected in the two event selec-
tions are completely independent. The same selection criteria
are used for both FHC and RHC beam running.

Figure 9 shows the efficiency as a function of recon-
structed energy (under the electron neutrino hypothesis) for
the νe event selection, and the corresponding selection effi-
ciency for the νµ event selection. The νe and νµ efficiencies
in both FHC and RHC beam modes all exceed 90% in the
neutrino flux peak.

The ability of the CVN to identify neutrino flavor is depen-
dent on its ability to resolve and identify the charged lepton.
Backgrounds originate from the mis-identification of charged
pions for νµ disappearance, and photons for νe appearance.
The probability for these backgrounds to be introduced varies
with the momentum and isolation of the energy depositions
from the pions and photons. The efficiency was also observed
to drop as a function of track/shower angle (with respect to
the incoming neutrino beam direction) when energy deposi-
tions aligned with wire planes. The shapes of the efficiency
functions in lepton momentum, lepton angle, and hadronic
energy fraction (inelasticity) are all observed to be consistent
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Fig. 8 The distribution of CVN νe CC (top) and νµ CC scores (bottom)
for FHC shown with a log scale. Reproduced from Ref. [82]

with results from previous studies, including hand scans of
LArTPC simulations. The CVN is susceptible to bias if there
are features in the data that are not present in the simulation,
so before its use on data, it will be important to comprehen-
sively demonstrate that the selection is not sensitive to the
choice of reference models. A discussion of the bias studies
performed so far, and those planned in future, can be found
in Ref. [82].

6 Expected far detector event rate and oscillation
parameters

In this work, FD event rates are calculated assuming the fol-
lowing nominal deployment plan, which is based on a tech-
nically limited schedule:
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DUNE “Low-exposure”

NuFACT2023 - DUNE7

LArTPC technology enables E
ν
 

reconstruction over broad range

● Identify as νe CC from electromagnetic shower

● Measure Eν by summing the energy of the electron and hadrons → 

calorimetric reconstruction does not assume interaction topology

LArTPC Event Display
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• Phased construction:

• Phase I: 2 LArTPC modules (10 kton fiducial mass each, 1300 km from ν source), 1.2 MW beam, finish by 2031;

• Phase II: 2 additional modules, > 2 MW beam.


• “Low-exposure”: 3-5 years of phase I (two 10 kton LArTPC modules) 

• Ultimate sensitivity with full 40 kton far detector can resolve MH (>5σ) regardless of δCP  or other parameters. 



DUNE
in the 3σ Δχ2c value toward the lowest exposures observed in
Fig. 9. The number of throws carried out at each exposure is
indicated on each plot. The number of throws decreases as a
function of exposure because fixed computing resources
were used for each configuration, and the time for the
ensemble of fits carried out for each throw to complete
increases slightly with exposure. The final 336 kt-MW-CY
exposure has more throws because it was generated for the
analysis presented in Ref. [21], where more than one
projection was considered—requiring more throws to sam-
ple the space.
Figure 12 shows the fraction of throws which exceed

different significance thresholds at themaximal δCP violation
value of δCP ¼ −π=2, and for 50%of δCP values as a function
of exposure, with and without FC corrections, for 1–3σ
significance values. Figure 12 was produced using the same
throws used for Fig. 11, with additional points from higher
exposures used in Ref. [21], but not shown in Fig. 11 (646
and 1104 kt-MW-CY). After ≈200 kt-MW-CY, the median
significance (including FC correction) for 50% of the δCP
range is greater than 3σ. It is clear from Fig. 12 that the effect
of the FC correction is not large, and≈10% longer exposures
are required for the median expected significance to cross
each threshold than without correction, at both δCP ¼ −π=2
and for the 50% range of δCP values.
Calculating Δχ2c values above 3σ using the FC method is

challenging due to the large number of throws to explore
the tails of the Δχ2FC distribution and prohibitive computa-
tional cost. In Fig. 13, the fraction of throws that exceed
1–5σ significance calculated only with the constant-Δχ2
method is shown in order to explore DUNE’s sensitivity at
higher significance levels. All the caveats described above
relating to the constant-Δχ2 method still apply. Figure 13
shows that, although the median significance to CPV does
not exceed 5σ for δCP ¼ −π=2 until ≈336 kt-MW-CY,
there are significant fractions of throws at lower exposures
which reach 5σ significance. Figure 14 shows the fraction
of throws which exceed different significance thresholds
at the maximal CP-violating value of δCP ¼ −π=2, and for
50% of all δCP values, as a function of exposure. By
≈200 kt-MW-CY, where the median significance for 50%
of the δCP range is greater than 3σ, the sensitivity at δCP ¼
−π=2 exceeds 4σ.

V. NEUTRINO MASS ORDERING SENSITIVITY

In this section, the toy-throwing approach described in
Sec. II is used to explore the neutrino mass ordering
sensitivity as a function of exposure in detail. In all cases,
a joint NDþ FD fit is performed, and the reactor θ13
constraint is always applied, as described in Sec. II. An
equal split between FHC and RHC running is assumed
based on the results obtained in Sec. III.
Figure 15 shows the significance with which the neutrino

mass ordering can be determined for both true NO and IO,

for exposures of 66 and 100 kt-MW-CY. The sensitivity
metric used is the square root of the difference between
the best-fit χ2 value obtained using each ordering, as shown
in Eq. (4), which is calculated for each throw of the

FIG. 15. Significance of the DUNE determination of the
neutrino mass ordering, as a function of the true value of δCP,
for 66 kt-MW-CY (blue) and 100 kt-MW-CY (orange) exposures.
The width of the transparent bands cover 68% of fits in which
random throws are used to simulate systematic, oscillation
parameter and statistical variations, with independent fits per-
formed for each throw constrained by prior uncertainties. The
solid lines show the median significance. All exposures include
an assumption of 57% accelerator uptime as described in the text.
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solid lines show the median significance. All exposures include
an assumption of 57% accelerator uptime as described in the text.

A. ABED ABUD et al. PHYS. REV. D 105, 072006 (2022)

072006-18

978 Page 16 of 34 Eur. Phys. J. C (2020) 80 :978

Fig. 7 A simulated 2.2 GeV νe CC interaction shown in the collection
view of the DUNE LArTPCs. The horizontal axis shows the wire num-
ber of the readout plane and the vertical axis shows time. The colorscale
shows the charge of the energy deposits on the wires. The interaction
looks similar in the other two views. Reproduced from Ref. [82]

For the analysis presented here, we use the CVN score for
each interaction to belong to one of the following classes:
νµ CC, νe CC, ντ CC and NC. The νe CC score distribu-
tion, P(νeCC), and the νµ CC score distribution, P(νµCC),
are shown in Fig. 8. Excellent separation between the signal
and background interactions is seen in both cases. The event
selection requirement for an interaction to be included in the
νe CC (νµ CC) is P(νeCC) > 0.85 (P(νµCC) > 0.5), opti-
mized to produce the best sensitivity to charge parity (CP)
violation. Since all of the flavor classification scores must
sum to unity, the interactions selected in the two event selec-
tions are completely independent. The same selection criteria
are used for both FHC and RHC beam running.

Figure 9 shows the efficiency as a function of recon-
structed energy (under the electron neutrino hypothesis) for
the νe event selection, and the corresponding selection effi-
ciency for the νµ event selection. The νe and νµ efficiencies
in both FHC and RHC beam modes all exceed 90% in the
neutrino flux peak.

The ability of the CVN to identify neutrino flavor is depen-
dent on its ability to resolve and identify the charged lepton.
Backgrounds originate from the mis-identification of charged
pions for νµ disappearance, and photons for νe appearance.
The probability for these backgrounds to be introduced varies
with the momentum and isolation of the energy depositions
from the pions and photons. The efficiency was also observed
to drop as a function of track/shower angle (with respect to
the incoming neutrino beam direction) when energy deposi-
tions aligned with wire planes. The shapes of the efficiency
functions in lepton momentum, lepton angle, and hadronic
energy fraction (inelasticity) are all observed to be consistent
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Fig. 8 The distribution of CVN νe CC (top) and νµ CC scores (bottom)
for FHC shown with a log scale. Reproduced from Ref. [82]

with results from previous studies, including hand scans of
LArTPC simulations. The CVN is susceptible to bias if there
are features in the data that are not present in the simulation,
so before its use on data, it will be important to comprehen-
sively demonstrate that the selection is not sensitive to the
choice of reference models. A discussion of the bias studies
performed so far, and those planned in future, can be found
in Ref. [82].

6 Expected far detector event rate and oscillation
parameters

In this work, FD event rates are calculated assuming the fol-
lowing nominal deployment plan, which is based on a tech-
nically limited schedule:

123

DUNE “Low-exposure”

Eur. Phys. J. C (2020) 80 :978 Page 25 of 34 978

Fig. 16 Significance of the DUNE determination of CP-violation
(δCP ̸= [0,π ]) for the case when δCP =−π/2, and for 50% and 75%
of possible true δCP values, as a function of exposure in kt-MW-years.
Top: The width of the band shows the impact of applying an external
constraint on θ13. Bottom: The width of the band shows the impact of
varying the true value of sin2 θ23 within the NuFIT 90% C.L. region

nal constraint on θ13. CP violation can be observed with 5σ

significance after about seven years (336 kt-MW-years) if
δCP = −π/2 and after about ten years (624 kt-MW-years) for
50% of δCP values. CP violation can be observed with 3σ

significance for 75% of δCP values after about 13 years of
running. In the bottom plot of Fig. 16, the width of the bands
shows the impact of applying an external constraint on θ13,
while in the bottom plot, the width of the bands is the result
of varying the true value of sin2 θ23 within the NuFIT 90%
C.L. allowed region.

Figure 17 shows the significance with which the neutrino
mass ordering can be determined in both NO and IO as a
function of the true value of δCP, for both seven and ten

Fig. 17 Significance of the DUNE determination of the neutrino mass
ordering, as a function of the true value of δCP, for seven (blue) and ten
(orange) years of exposure. The width of the transparent bands cover
68% of fits in which random throws are used to simulate statistical varia-
tions and select true values of the oscillation and systematic uncertainty
parameters, constrained by pre-fit uncertainties. The solid lines show
the median sensitivity

year exposures, including the effect of all other oscillation
and systematic parameters using the toy throwing method
described in Sect. 8. The characteristic shape results from
near degeneracy between matter and CPV effects that occurs
near δCP = π/2 (−δCP = π/2) for true normal (inverted)
ordering. Studies have indicated that special attention must
be paid to the statistical interpretation of neutrino mass order-
ing sensitivities [99–101] because the ∆χ2 metric does not
follow the expected chi-square function for one degree of
freedom, so the interpretation of the

√
∆χ2 as the sensitivity

is complicated. However, it is clear from Fig. 17 that DUNE
is able to distinguish the mass ordering for both true NO and
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constraint on θ13. Bottom: The width of the band shows the impact of
varying the true value of sin2 θ23 within the NuFIT 90% C.L. region

nal constraint on θ13. CP violation can be observed with 5σ

significance after about seven years (336 kt-MW-years) if
δCP = −π/2 and after about ten years (624 kt-MW-years) for
50% of δCP values. CP violation can be observed with 3σ

significance for 75% of δCP values after about 13 years of
running. In the bottom plot of Fig. 16, the width of the bands
shows the impact of applying an external constraint on θ13,
while in the bottom plot, the width of the bands is the result
of varying the true value of sin2 θ23 within the NuFIT 90%
C.L. allowed region.

Figure 17 shows the significance with which the neutrino
mass ordering can be determined in both NO and IO as a
function of the true value of δCP, for both seven and ten

Fig. 17 Significance of the DUNE determination of the neutrino mass
ordering, as a function of the true value of δCP, for seven (blue) and ten
(orange) years of exposure. The width of the transparent bands cover
68% of fits in which random throws are used to simulate statistical varia-
tions and select true values of the oscillation and systematic uncertainty
parameters, constrained by pre-fit uncertainties. The solid lines show
the median sensitivity

year exposures, including the effect of all other oscillation
and systematic parameters using the toy throwing method
described in Sect. 8. The characteristic shape results from
near degeneracy between matter and CPV effects that occurs
near δCP = π/2 (−δCP = π/2) for true normal (inverted)
ordering. Studies have indicated that special attention must
be paid to the statistical interpretation of neutrino mass order-
ing sensitivities [99–101] because the ∆χ2 metric does not
follow the expected chi-square function for one degree of
freedom, so the interpretation of the

√
∆χ2 as the sensitivity

is complicated. However, it is clear from Fig. 17 that DUNE
is able to distinguish the mass ordering for both true NO and
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DUNE “Ultimate”

• Phased construction:

• Phase I: 2 LArTPC modules (10 kton fiducial mass each, 1300 km from ν source), 1.2 MW beam, finish by 2031;

• Phase II: 2 additional modules, > 2 MW beam.


• “Low-exposure”: 3-5 years of phase I (two 10 kton LArTPC modules) 

• Ultimate sensitivity with full 40 kton far detector can resolve MH (>5σ) regardless of δCP  or other parameters. 17

NuFACT2023 - DUNE7

LArTPC technology enables E
ν
 

reconstruction over broad range

● Identify as νe CC from electromagnetic shower

● Measure Eν by summing the energy of the electron and hadrons → 

calorimetric reconstruction does not assume interaction topology

LArTPC Event Display



HyperK

• 258 kton water-Cherenkov detector (8 X Super-K)

• Sensitivity to MH from atmospheric neutrinos.

• Accelerator neutrinos may boost MH sensitivity in a 

joint analysis.

• For more details see the talk by César Jesús-Valls  
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K. Abe et al.(2018), 1805.04163.  
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Summary
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• Neutrino hierarchy is important.


• Current experiments favor normal hierarchy  (by ~3σ 
according to NuFit5.3). 


• Still tensions between data. 


• Very exciting time ahead: 


• Likely that MH will be solved by joint analysis from 
multiple experiments in the next 5-6 years.


• Reactor + accelerator/atmospheric with synergy.


• DUNE will give a final answer. 
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Back up slides



Global Fitting

• Latest global fitting 
(NuFIT5.3) favors NH by ~3σ, 
driving by Super-K. 



• I am looking for postdoc candidates to work on the JUNO 
experiment, especially the reconstruction with machine learning and 
analysis of reactor and atmospheric oscillations. If you are interested 
please contact me at duyang@sdu.edu.cn

Advertisement
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