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Overview

• Current 3-flavor picture


• Example: T2K → SK+T2K joint


• Future prospects for 3-flavor


• Sterile neutrinos
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Neutrino oscillation
• Production / detection of neutrinos, via charged current in 

association with charged leptons  
→ flavor eigenstates


• Mass/phase evolution of neutrinos controlled by 
complex Yukawa couplings with Higgs (or any other mechanism) 

→ diagonalize to get Hamiltonian eigenstates

e, μ, τ
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Why do neutrinos oscillate?
• Production/detection of neutrinos with

charged leptons e, μ, τ
→ association by weak interaction

= flavor eigenstate
• Mass/phase-evolution of neutrinos comes from 

complex Higgs couplings (or any other mechanism)

→ diagonalize to get Hamiltonian eigenstates

• Neutrinos rarely interact
→ preserve coherence over millions of km.

Flavor “oscillates” in L� ΔE ~ Δm2 L/E 12

Flavor 
Eigenstate

Hamiltonian
Eigenstate
ν1, ν2, ν3

Superposition
(Unitary transf.)

This is how we 
know neutrinos 
have mass.

Key idea:
underlying mechanism 
of interaction and mass 
generation is different

coherence

• Neutrinos are very light and also barely interact. 
Coherence preserved over millions of km.

L × ΔE ∝
Δm2L

E

→ flavor oscillates in 

← only exists if  is introduced 
(coupling of  and )

νR
L νR
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|pi | = E2 − m2
i ≈ E −

m2
i

2E

Perfect plate
Slightly deformed

(E2 ≫ m2
i )

L × ΔE ∝
Δm2L

E

→ flavor oscillates in 
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Typical parametrization

• Two mass scales: 
 (solar, reactor)                    typically 32 km / 1 MeV 
 (atmospheric, accelerator) typically 1000 km / 1 GeV


• Three mixing angles: 
 (solar, long-baseline reactor) 
 (atmospheric, accelerator  disappearance) 
 (short-baseline reactor , accelerator  appearance)


• One CP-violating phase:  (if Majorana two more, but no effect on oscillation)

Δm2
21

Δm2
32

θ12
θ23 νμ → νμ
θ13 νe → νe νμ → νe

δCP
12

CHAPTER 1. PHYSICS 11

a phase-convention invariant measure of CP violation. In the standard parametrization
of the PMNS matrix

U =




1 0 0
0 c23 s23
0 −s23 c23








c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13








c12 s12 0
−s12 c12 0
0 0 1



 (1.1.30)

cij ≡ cos θij (1.1.31)

sij ≡ sin θij (1.1.32)

this is proportional to sin δCP (and sines and cosines of the three mixing angles θ12, θ23,
θ13). Since this CP violation term is just the last term in the oscillation formula (1.1.22),
it is in principle possible to constrain δCP without preparing an anti-neutrino beam, by
measuring the energy-dependency of the appearance probability.

CP violation in neutrino oscillation demands three neutrino flavors as can be shown
by counting the number of CP violating complex phases (evidently J = 0 if U is real).
The PMNS matrix U is an element of U(N), which has N2 degrees of freedom (N2 − 1
from the traceless hermitian generators and one overall U(1) phase). U(N) contains the
(real) orthogonal matrices O(N) with N(N − 1)/2 degrees of freedom. This leaves us
with N(N + 1)/2 complex phases. We can now try to write U as a sandwich product of
2N diagonal phases and an O(N) core:

Uαi
?
= exp(iφα)Rαi exp(iψi) (R ∈ O(N)) (1.1.33)

where the equality holds if the number of independent degrees of freedom is N2. Such
diagonal phases are CP conserving (in fact have no effect on neutrino oscillation at all):

U∗
αiUβiUαjU

∗
βj = RαiRβiRαjRβj ∈ R. (1.1.34)

So we may think the number of CP violating phases for U(N) is max{N(N + 1)/2− 2N, 0}
(0, 0, 2, 5, . . . for N = 2, 3, 4, 5, . . .), requiring N ≥ 4 generations for CP violation. How-
ever, one overall phase of φα and ψi commutes with R (it’s just a c-number) and is thus
degenerate. The number of independent complex diagonal phases is therefore reduced by
1. This means the number of CP violating phases really is

#CPV = max

{
N(N − 3)

2
+ 1, 0

}
(1.1.35)

(#CPV = 0, 1, 3, 6, . . . for N = 2, 3, 4, 5, . . .) and CP violation in neutrino oscillation
becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
very small mixing angles unlike the PMNS matrix. This causes a very small value of the
Jarlskog constant J = (3.18± 0.15)× 10−5 [13]. When studying the impact on the size of
the baryon asymmetry of the universe (BAU) we get additional factors of squared mass
differences (m2

t −m2
c)(m

2
t −m2

u)(m
2
c −m2

u)(m
2
b −m2

s)(m
2
b −m2

d)(m
2
s −m2

d) ∼ m4
tm

4
bm

2
cm

2
s

normalized by the 12th power of the electroweak symmetry breaking scale ∼ 100GeV

Credit: JUNO Collaboration / JGU-Mainz

atmospheric reactor solar



Atmospheric neutrinos
• Production in atmosphere 

 
 
then 

 



• At few-GeV expect 
 

but  about half of 
expectation


• At > GeV good neutrino 
direction resolution 
→ baseline 


• Maximal  mixing 
→ 

p + A → N + A′ + π±

π± → μ + νμ
μ → e + νe + νμ

νμ : νe = 2 : 1
νμ

L

νμ ↔ ντ
θ23 ≈ 45∘

13
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energy to create a ⌧ lepton and are therefore not observed. (At high energies an appearance
of ⌫⌧ can be seen but is di�cult to separate from deep-inelastic scattering and NC interactions
due to the hadronic decay of the ⌧ .)

The data is to first order well fitted by a simple 2-flavor oscillation model of ⌫µ/⌫⌧ mixing
with amplitude sin2 2✓23 and L/E frequency / |�m

2
32|. Due to intrinsic resolution in L/E

from the detection principle, the individual oscillations as a function of L/E are not observed,
and rather the average oscillation probability hP (⌫µ ! ⌫µ)i = 1 �

1
2 sin2 2✓23 is detected with

sensitivity to |�m
2
32| from the L/E at which the first oscillation occurs (Fig. 1.6). The observed

value of hP (⌫µ ! ⌫µ)i ⇡ 1/2 suggests sin2 2✓23 = 1 or ✓23 ⇡ ⇡/4.
A full analysis with three-flavor oscillations and matter e↵ects provides several additional

insights. In particular, while the vacuum oscillations are degenerate to the mass ordering (sign
of �m

2
32), the P (⌫µ ! ⌫e) appearance at few GeV can be enhanced for neutrinos (antineutrinos)

in normal (inverted) ordering by matter resonance in the mantle and core layers. The size of
the resonance depends on sin2

✓23, thus having sensitivity to both the mass ordering and the
✓23 octant (✓23 < ⇡/4 or > ⇡/4). The overall normalization of the fast oscillating region at low
energies also has weak sensitivity to �CP if external constraints on ✓13 are applied.21 14. Neutrino Masses, Mixing, and Oscillations
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Figure 14.4: The zenith angle distributions of Super-Kamiokande atmospheric neutrino events.
A data set corresponding to 328 kton-years of exposure is used. Fully contained 1-ring e-like and
µ-like events with visible energy < 1.33 GeV (sub-GeV) and > 1.33 GeV (multi-GeV), as well as
upward stopping and upward through going µ samples are shown. Partially contained (PC) events
are combined with multi-GeV µ-like events. The blue histograms show the non-oscillated Monte
Carlo events, and the red histograms show the best-fit expectations for neutrino oscillations. (This
figure is provided by the Super-Kamiokande Collaboration)

while alternative models were strongly disfavored.
As an experimental proof of �µ-�� oscillation, an appearance signal of �� was searched for in the

atmospheric neutrino data. Because of the high energy threshold (> 3.5 GeV) of �� CC interaction
and the short lifetime of � lepton (0.3 ps), identifying the appearance of �� experimentally is
challenging. Super-Kamiokande reported evidence of tau neutrino appearance using atmospheric
neutrino data with 4.6� significance [95]. The definitive observation of �� appearance was made
by the long-baseline experiment, OPERA (See Sec.14.6.3.3), and recently IceCube also reported
the �� appearance analysis [96] using atmospheric neutrinos.
14.6.2.3 Neutrino oscillation measurements using atmospheric neutrinos

Figure 14.4 shows the zenith angle distributions of atmospheric neutrino data from Super-
Kamiokande. For a wide range of neutrino energy and path length, the observed distributions
are consistent with the expectation from neutrino oscillation. Atmospheric neutrinos in the en-
ergy region of a few to �10 GeV provide information for the determination of the neutrino mass
ordering [97].

The neutrino telescopes primarily built for high-energy neutrino astronomy such as ANTARES
and IceCube can also measure neutrino oscillations with atmospheric neutrinos. ANTARES consists
of a sparse array of PMTs deployed under the Mediterranean Sea at a depth of about 2.5 km to
instrument a 105 m3 volume. IceCube is a detector deployed in ice in Antarctica at the South

1st December, 2021
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Figure 1.6: (left) Number of atmospheric neutrino events observed by the Super-Kamiokande
experiment (SK, c.f. Sect. 2.1) compared to the unoscillated prediction (cyan line) and the best
fit prediction with neutrino oscillations (red line). (right) The same SK data (however the plot
is older so less statistics) plotted as a function of L/E and normalized by the expected number
of events without oscillation. The solid red line shows the best 2 flavor ⌫µ $ ⌫⌧ oscillation
fit result, whereas the dashed navy and dotted green lines show the best fits under alternative
theories that were initially proposed for atmospheric neutrino disappearance (neutrino decay
and neutrino decoherence). The raw 2 flavor P (⌫µ ! ⌫µ) oscillation probability (i.e. without
smearing by detector resolution) is overlaid for context, which shows how the oscillations beyond
the first oscillation maximum are averaged out by the L/E detector resolution. Figures by SK
Collaboration taken from Ref. [26] and Ref. [27] respectively. Annotations and overlaid raw
oscillation probability plot are mine.

Solar neutrinos: ✓12 (�m
2
21)

The nuclear fusion processes powering the sun generate a large number of electron neutrinos
in the core with energies of a few MeV. The oscillation phenomenology can be described by a
two-flavor oscillation between ⌫e and ⌫X (⌫X being some mixture of ⌫µ and ⌫⌧ ) parametrized
by ✓12 and �m

2
21, but depends strongly on the matter e↵ect inside the sun, known as the

Plots from PDG review, drawings and osc. prob mine



Accelerator 
neutrinos

• Accelerate protons and produce pions in fixed target 



• Pions decay in flight to produce 


• “Disappearance” of 


• Fixed  + can reconstruct energy because of known 
 direction

p + A → π± + ⋯

π± → νμ + μ

νμ → νμ

L
ν 14

The NOvA Experiment
• Long-baseline	neutrino	
oscillation	experiment

• NuMI beam:	νμ or	ν̅μ
• 2	functionally	identical,	tracking	
calorimeter	detectors
– Near:	300	T	underground
– Far:	14	kT on	the	surface
– Placed	off-axis	to	produce	a	
narrow-band	spectrum

• 810	km	baseline
– Longest	baseline	of	current	
experiments.

Take a tour 
in VR!

A. Himmel, 
Neutrino 2020

K2K→T2K

MINOS→NOvA

Reconstructed neutrino energy

Morgan Wascko, Neutrino 2018 
DOI: 10.5281/zenodo.1286752 

(sorry old plot)



Atmospheric oscillation 
parameters

• Accelerator 
experiments most 
precise, but all 
very consistent


• IceCube will 
significantly 
improve results 
soon
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νμ → νμ

sin2 2θ23 ≈ 1

Δm2
32



Long-baseline reactor 
experiments

• KamLAND


• Few-MeV  from 
nuclear reactors 
( -chain)


• 


• 1000 t liquid scintillator, 
inverse beta decay 




•  and 

νe

β

L ≈ 100 km

νe + p → e+ + n

θ12 Δm2
21

17

https://doi.org/10.1016/
j.nuclphysb.2016.04.014

180 km

Gando et al. Reactor On-Off Antineutrino Measurement with KamLAND. Phys. 
Rev. D, 88(3):033001, 2013. doi: 10.1103/PhysRevD.88.033001. arXiv: 1303.4667. 

Hand-drawn text / osc prob are mine.
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FIG. 4: Allowed regions projected in the (tan2 ✓12, �m2
21) plane,

for solar and KamLAND data from the three-flavor oscillation anal-
ysis for (a) ✓13 free and (b) ✓13 constrained by accelerator and short-
baseline reactor neutrino experiments. The shaded regions are from
the combined analysis of the solar and KamLAND data. The side
panels show the ��2-profiles projected onto the tan2 ✓12 and �m2

21

axes.

by term (iv). Table II summarizes the systematic uncertainties
on �m

2
21 and the expected event rate of reactor ⌫e’s. The

overall rate uncertainties for Period 1 and for Periods 2 and 3
are 3.5% and 4.0%, respectively. Systematic uncertainties
are conservatively treated as being fully correlated across all
data taking periods. The penalty term (v) optionally provides
a constraint on the neutrino oscillation parameters from so-
lar [27–31], accelerator (T2K [6], MINOS [7]), and short-
baseline reactor neutrino experiments (Double Chooz [8],
Daya Bay [9], RENO [10]).
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FIG. 5: Ratio of the observed ⌫e spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-⌫ histogram is
the best-fit survival probability curve from the three-flavor unbinned
maximum-likelihood analysis using only the KamLAND data.

Figure 2 plots the time variation for the rates of reactor ⌫e’s,
geo ⌫e’s, and backgrounds for the three data taking periods,
assuming the best-fit oscillation parameters, and geo ⌫e fluxes
from the reference model of [17]. Also drawn are the correla-
tions between the measured and expected best-fit event rates,
which should fit to a line with unit slope and zero offset in the
absence of geo ⌫e’s. The vertical displacement of the trend
for events below 2.6 MeV is attributed to the contribution of
geo ⌫e’s.

Figure 3 shows the prompt energy spectra of ⌫e candidate
events for each period. The reduction of the 13C(↵, n)16O
background in Period 2 and of reactor ⌫e’s in Period 3 can
clearly be seen. For the three-flavor KamLAND-only anal-
ysis (�2

osci = 0), the fit oscillation parameter values are
�m

2
21 = 7.54+0.19

�0.18 ⇥ 10�5 eV2, tan2
✓12 = 0.481+0.092

�0.080,
and sin2

✓13 = 0.010+0.033
�0.034. The contours are nearly symmet-

ric about tan2
✓12 = 1, but the best-fit values for tan2

✓12 > 1
are slightly disfavored over those for tan2

✓12 < 1, with
��

2 = 0.8. Assuming CPT invariance, the oscillation pa-
rameter values from a combined analysis including constraints

TABLE II: Contributions to the systematic uncertainty in the neutrino
oscillation parameters �m2

21, ✓12, and ✓13 for the earlier / later pe-
riods of measurement, denoted in the text as Period 1 / Period 2 & 3.
The overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 & 3.

Detector-related (%) Reactor-related (%)
�m2

21 Energy scale 1.8 / 1.8 ⌫e-spectra [32] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 ⌫e-spectra [24] 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8

Figure 1.8: Anti-neutrino events observed by the KamLAND experiment divided by the ex-
pected number of events under no-oscillation hypothesis. The corresponding prediction with
their best 3-flavor oscillation fit result is drawn as the blue histogram. Figure taken from
Ref. [30]. For context, I added the raw ⌫e ! ⌫e oscillation probability (i.e. without smearing
by detector resolution) with current global best-fit 3-flavor oscillation parameters in pale blue.
Annotations are mine.

where a strong cosmic background suppression can be achieved via delayed-coincidence tagging
on the prompt e

+ + e
� annihilation gamma ray signal and delayed signal from de-excitation

gamma rays from n-capture on dissolved Gadolinium (element with very large n-capture cross-
section).

Long-baseline accelerator neutrinos: ✓23, �m
2
32, ✓13, �CP

While various types of mechanisms have been proposed to study neutrino oscillations with
accelerators, the ones that have been constructed so far are the so called neutrino “super-
beams”: a high-power proton beam impinges on a fixed target (Carbon, Beryllium etc.) to
produce charged pions via hadronic interactions. The charged pions are focused using so-called
magnetic “horns”, pulsed electromagnets with toroidal fields, that allow focussing of either
positive or negatively charged pions into a decay volume of order 100m where they decay into
either ⌫µ or ⌫µ depending on the horn polarity. Unlike with atmospheric neutrinos, the decay
volumes are much shorter than the muon decay lifetimes, which suppresses the ⌫e contamination
by about a factor 100.

The neutrinos generated in this way have energies of a few to tens of GeV, and allow both
the study of ⌫µ ! ⌫µ disappearance as well as ⌫µ ! ⌫e appearance at the first oscillation
maximum at 300 ⇠ 1000 km from the target. As the true neutrino direction is known, it is
possible to reconstruct the true neutrino energy using the lepton momentum and scattering
angle and assuming interaction with a fixed target nucleon. This allows one to clearly resolve
the ⌫µ ! ⌫µ disappearance dip (Fig. 1.10), especially when using o↵-axis angle techniques [32]
(c.f. Sect. 2.2) to generate a narrowband neutrino beam peaked at the oscillation maximum.
These disappearance measurements provide the best constraints on ✓23 and �m

2
32.

The appearance channels further provide sensitivity to the ✓23 octant via sin2
✓23 or ✓13

via sin2 2✓13. As ✓13 is very precisely measured by reactor experiments, one often applies an
external constraint on ✓13 from reactor experiments to get a stronger constraint on sin2

✓23.
The ability to switch between ⌫ and ⌫-enhanced beam modes further gives sensitivity to the

https://doi.org/10.1016/j.nuclphysb.2016.04.014
https://doi.org/10.1016/j.nuclphysb.2016.04.014
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FIG. 4: Allowed regions projected in the (tan2 ✓12, �m2
21) plane,

for solar and KamLAND data from the three-flavor oscillation anal-
ysis for (a) ✓13 free and (b) ✓13 constrained by accelerator and short-
baseline reactor neutrino experiments. The shaded regions are from
the combined analysis of the solar and KamLAND data. The side
panels show the ��2-profiles projected onto the tan2 ✓12 and �m2

21

axes.

by term (iv). Table II summarizes the systematic uncertainties
on �m

2
21 and the expected event rate of reactor ⌫e’s. The

overall rate uncertainties for Period 1 and for Periods 2 and 3
are 3.5% and 4.0%, respectively. Systematic uncertainties
are conservatively treated as being fully correlated across all
data taking periods. The penalty term (v) optionally provides
a constraint on the neutrino oscillation parameters from so-
lar [27–31], accelerator (T2K [6], MINOS [7]), and short-
baseline reactor neutrino experiments (Double Chooz [8],
Daya Bay [9], RENO [10]).
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is the flux-weighted average reactor baseline. The 3-⌫ histogram is
the best-fit survival probability curve from the three-flavor unbinned
maximum-likelihood analysis using only the KamLAND data.

Figure 2 plots the time variation for the rates of reactor ⌫e’s,
geo ⌫e’s, and backgrounds for the three data taking periods,
assuming the best-fit oscillation parameters, and geo ⌫e fluxes
from the reference model of [17]. Also drawn are the correla-
tions between the measured and expected best-fit event rates,
which should fit to a line with unit slope and zero offset in the
absence of geo ⌫e’s. The vertical displacement of the trend
for events below 2.6 MeV is attributed to the contribution of
geo ⌫e’s.

Figure 3 shows the prompt energy spectra of ⌫e candidate
events for each period. The reduction of the 13C(↵, n)16O
background in Period 2 and of reactor ⌫e’s in Period 3 can
clearly be seen. For the three-flavor KamLAND-only anal-
ysis (�2

osci = 0), the fit oscillation parameter values are
�m

2
21 = 7.54+0.19

�0.18 ⇥ 10�5 eV2, tan2
✓12 = 0.481+0.092

�0.080,
and sin2

✓13 = 0.010+0.033
�0.034. The contours are nearly symmet-

ric about tan2
✓12 = 1, but the best-fit values for tan2

✓12 > 1
are slightly disfavored over those for tan2

✓12 < 1, with
��

2 = 0.8. Assuming CPT invariance, the oscillation pa-
rameter values from a combined analysis including constraints

TABLE II: Contributions to the systematic uncertainty in the neutrino
oscillation parameters �m2

21, ✓12, and ✓13 for the earlier / later pe-
riods of measurement, denoted in the text as Period 1 / Period 2 & 3.
The overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 & 3.

Detector-related (%) Reactor-related (%)
�m2

21 Energy scale 1.8 / 1.8 ⌫e-spectra [32] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 ⌫e-spectra [24] 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8

Figure 1.8: Anti-neutrino events observed by the KamLAND experiment divided by the ex-
pected number of events under no-oscillation hypothesis. The corresponding prediction with
their best 3-flavor oscillation fit result is drawn as the blue histogram. Figure taken from
Ref. [30]. For context, I added the raw ⌫e ! ⌫e oscillation probability (i.e. without smearing
by detector resolution) with current global best-fit 3-flavor oscillation parameters in pale blue.
Annotations are mine.

where a strong cosmic background suppression can be achieved via delayed-coincidence tagging
on the prompt e

+ + e
� annihilation gamma ray signal and delayed signal from de-excitation

gamma rays from n-capture on dissolved Gadolinium (element with very large n-capture cross-
section).

Long-baseline accelerator neutrinos: ✓23, �m
2
32, ✓13, �CP

While various types of mechanisms have been proposed to study neutrino oscillations with
accelerators, the ones that have been constructed so far are the so called neutrino “super-
beams”: a high-power proton beam impinges on a fixed target (Carbon, Beryllium etc.) to
produce charged pions via hadronic interactions. The charged pions are focused using so-called
magnetic “horns”, pulsed electromagnets with toroidal fields, that allow focussing of either
positive or negatively charged pions into a decay volume of order 100m where they decay into
either ⌫µ or ⌫µ depending on the horn polarity. Unlike with atmospheric neutrinos, the decay
volumes are much shorter than the muon decay lifetimes, which suppresses the ⌫e contamination
by about a factor 100.

The neutrinos generated in this way have energies of a few to tens of GeV, and allow both
the study of ⌫µ ! ⌫µ disappearance as well as ⌫µ ! ⌫e appearance at the first oscillation
maximum at 300 ⇠ 1000 km from the target. As the true neutrino direction is known, it is
possible to reconstruct the true neutrino energy using the lepton momentum and scattering
angle and assuming interaction with a fixed target nucleon. This allows one to clearly resolve
the ⌫µ ! ⌫µ disappearance dip (Fig. 1.10), especially when using o↵-axis angle techniques [32]
(c.f. Sect. 2.2) to generate a narrowband neutrino beam peaked at the oscillation maximum.
These disappearance measurements provide the best constraints on ✓23 and �m

2
32.

The appearance channels further provide sensitivity to the ✓23 octant via sin2
✓23 or ✓13

via sin2 2✓13. As ✓13 is very precisely measured by reactor experiments, one often applies an
external constraint on ✓13 from reactor experiments to get a stronger constraint on sin2

✓23.
The ability to switch between ⌫ and ⌫-enhanced beam modes further gives sensitivity to the

https://doi.org/10.1016/j.nuclphysb.2016.04.014
https://doi.org/10.1016/j.nuclphysb.2016.04.014
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TABLE I. Summary of signal and backgrounds. Rates are corrected for the muon veto and multiplicity selection efficiencies �µ · �m. The
procedure for estimating accidental, fast neutron, Am-C, and (↵,n) backgrounds is unchanged from Ref. [7].

EH1 EH2 EH3
AD1 AD2 AD3 AD8 AD4 AD5 AD6 AD7

⌫e candidates 830036 964381 889171 784736 127107 127726 126666 113922
DAQ live time (days) 1536.621 1737.616 1741.235 1554.044 1739.611 1739.611 1739.611 1551.945

�µ � �m 0.8050 0.8013 0.8369 0.8360 0.9596 0.9595 0.9592 0.9595
Accidentals (day�1) 8.27 ± 0.08 8.12 ± 0.08 6.00 ± 0.06 5.86 ± 0.06 1.06 ± 0.01 1.00 ± 0.01 1.03 ± 0.01 0.86 ± 0.01

Fast neutron (AD�1 day�1) 0.79 ± 0.10 0.57 ± 0.07 0.05 ± 0.01
9Li/8He (AD�1 day�1) 2.38 ± 0.66 1.59 ± 0.49 0.19 ± 0.08

Am-C correlated(day�1) 0.17 ± 0.07 0.15 ± 0.07 0.14 ± 0.06 0.13 ± 0.06 0.06 ± 0.03 0.05 ± 0.02 0.05 ± 0.02 0.04 ± 0.02
13C(↵, n)16O (day�1) 0.08 ± 0.04 0.06 ± 0.03 0.04 ± 0.02 0.06 ± 0.03 0.04 ± 0.02 0.04 ± 0.02 0.04 ± 0.02 0.04 ± 0.02

⌫e rate (day�1) 659.36 ± 1.00 681.09 ± 0.98 601.83 ± 0.82 595.82 ± 0.85 74.75 ± 0.23 75.19 ± 0.23 74.56 ± 0.23 75.33 ± 0.24

N
far,pred
i , given in Eq. 2:

N
far,pred
i = wi

�
✓13, �m

2
ee

�
⇥ N

near,obs
i . (2)

The predicted rate is based on the measurements in the
near halls, N

near,obs
i , with minimal dependence on models

of the reactor ⌫e flux. Weight factors wi account for
the difference in near and far hall measurements, including
detection efficiencies, target mass differences, reactor power
and distance from each core, and oscillation probability.
The 6, 8, and 7 AD periods are treated separately in order
to properly handle correlations in reactor ⌫e flux, detector
response, and background.

To evaluate the oscillation parameters, a �
2 is defined

in Eq. 3, where the statistical component of the covariance
matrix V is estimated analytically, and the systematic
component is evaluated from simulations:

�
2 =

X

i,j

(N far,obs
j �N

far,pred
j )(V �1)ij(N

far,obs
i �N

far,pred
i ).

(3)
This approach is described in detail as Method A in Ref. [7].

Using this method, values of sin2 2✓13=0.0856±0.0029
and �m

2
ee=(2.522+0.068

�0.070)⇥10�3 eV2 are obtained, with
�

2
/NDF = 148.0/154. Consistent results are obtained

using Methods B or C in Ref. [7]. Analysis using the exact
⌫e disappearance probability for three-flavor oscillations
yields �m

2
32 = (2.471+0.068

�0.070) ⇥ 10�3 eV2 (�m
2
32 =

�(2.575+0.068
�0.070) ⇥ 10�3 eV2) assuming normal (inverted)

hierarchy. Statistics contribute 60% (50%) to the total
uncertainty in the sin2 2✓13 (�m

2
ee) measurement. The

systematic uncertainty of sin2 2✓13 is dominated by the
detection efficiency uncertainty uncorrelated among detectors
and the reactor ⌫e flux prediction, while that of �m

2
ee is

dominated by the uncorrelated energy scale uncertainty.
The reconstructed prompt energy spectrum observed in the

far site is shown in Fig. 3, as well as the best-fit predictions.
The 68.3%, 95.5%, and 99.7% C.L. allowed regions in the
�m

2
ee- sin2 2✓13 plane are shown in Fig. 4.
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FIG. 3. The background-subtracted spectrum at the far site (black
points) and the expectation derived from near-site measurements
excluding (red line) or including (blue line) the best-fit oscillation.
The bottom panel shows the ratios of data over predictions with no
oscillation. The shaded area is the total uncertainty from near-site
measurements and the extrapolation model. The error bars represent
the statistical uncertainty of the far-site data. The inset shows the
background components on a logarithmic scale. Detailed spectra
data are provided as Supplemental Material [14].

In summary, new measurements of sin2 2✓13 and �m
2
ee are

obtained with 1958 days of data and reduced systematic
uncertainties. This is the most precise measurement of
sin2 2✓13, and the precision of �m

2
32 is comparable to that

of the accelerator-based experiments [19–21].
Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,
the Chinese Academy of Sciences, the CAS Center for
Excellence in Particle Physics, the National Natural Science
Foundation of China, the Guangdong provincial government,
the Shenzhen municipal government, the China General
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Figure 1.9: (left) Anti-neutrino events observed by the Daya Bay experiment at the far site. The
bottom plot shows the ratio of far and near site measurements. In both cases the red line shows
the prediction without oscillations and the blue line the best-fit neutrino oscillation prediction.
The inset shows the highly suppressed background components. (right) Corresponding raw
⌫e ! ⌫e oscillation probability with current global best-fit values. Left figure taken from
Ref. [31]. Hand-written annotations and oscillation probability plot are mine.

Short baseline

Left plot from PDG review

Hand-written notes and right plot are mine

L ≈ km



Accelerator 
neutrinos

• Tunnel is short = most  do not 
decay in flight, so very little 


• “Appearance” of 


• “Horns” (toroidal electromagnets) 
used to select  or 

μ
νe

νμ → νe

νμ νμ 27

20 CHAPTER 1. INTRODUCTION

sub-dominant contribution of CP-violating sin �CP term (Fig. 1.10) and sensitivity to the mass
ordering. Longer baselines of order 1000 km (NO⌫A experiment [33]) provide more sensitivity
to mass ordering due to stronger matter e↵ects, whereas shorter baselines of order 300 km (T2K
experiment [34]) are less a↵ected by matter-induced ⌫/⌫ di↵erences and thus more sensitive
to �CP at the expense of degeneracy with mass ordering: a change of mass ordering can be
absorbed by a change of the �CP value. 5
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FIG. 1. From left to right, the reconstructed neutrino energy spectra for the ND ⌫µ CC, ND ⌫e CC, FD ⌫µ CC, FD ⌫e CC [60]
with neutrino beam on the top and antineutrino beam on the bottom. For the ND ⌫µ CC spectra, backgrounds aside from
wrong-sign are negligible and not shown. The ⌫e CC spectra are split into a low and high purity sample, and the FD spectra
shows counts in the “peripheral” sample. The dashed lines in the ND ⌫e spectra show the totals before data-driven corrections.

TABLE III. Event counts at the FD, both observed and pre-
dicted at the best fit point (see Table IV).

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC ⌫̄µ CC ⌫̄e CC

⌫µ ! ⌫µ 112.5 0.7 24.0 0.1
⌫̄µ ! ⌫̄µ 7.2 0.0 70.0 0.1
⌫µ ! ⌫e 0.1 44.3 0.0 2.2
⌫̄µ ! ⌫̄e 0.0 0.6 0.0 16.6
Beam ⌫e + ⌫̄e 0.0 7.0 0.0 5.3
NC 1.3 3.1 0.8 1.2
Cosmic 2.1 3.3 0.8 1.1
Others 0.7 0.4 0.6 0.3

Signal 120+10
�12 44.3+3.5

�4.0 93.9+8.1
�8.2 16.6+0.9

�1.0

Background 4.2+0.5
�0.6 15.0+0.8

�0.9 2.2+0.4
�0.4 10.3+0.6

�0.5

Best fit 124 59.3 96.2 26.8
Observed 113 58 102 27

counts and estimated compositions of the selected sam-
ples. We recorded 102 ⌫̄µ candidate events at the FD,
reflecting a significant suppression from the unoscillated
expectation of 476. We find 27 ⌫̄µ ! ⌫̄e candidate events
with an estimated background of 10.3+0.6

�0.5, a 4.4 � excess
over the predicted background. This observation is the
first evidence of ⌫̄e appearance in a ⌫̄µ beam over a long
baseline. These new antineutrino data are analyzed to-
gether with 113 ⌫µ and 58 ⌫µ ! ⌫e candidates from the
previous data set.

Table IV shows the overall best-fit parameters, as well
as the best fits for each choice of ✓23 octant and hierar-
chy. The best-fit point is found for the normal hierarchy
with ✓23 in the upper octant where �2 ln L = 157.1 for

TABLE IV. Summary of oscillation parameters. The top
three are inputs to this analysis [10], while the rest are the
best fits for di↵erent choices of the mass hierarchy (NH, IH)
and ✓23 octant (UO, LO), along with the significance (in units
of �) at which those combinations are disfavored. In addition
to the region indicated, for NH, LO a small range of sin2 ✓23

0.45 � 0.48 is allowed at 1� [61].

�m2
21/(10�5 eV2/c4) 7.53 ± 0.18

sin2 ✓12 0.307+0.013
�0.012

sin2 ✓13 0.0210 ± 0.0011
NH, UO NH, LO IH, UO IH, LO

�m2
32/(10�3 eV2/c4) +2.48+0.11

�0.06 +2.47 �2.54 �2.53
sin2 ✓23 0.56+0.04

�0.03 0.48 0.56 0.47

�CP/⇡ 0.0+1.3
�0.4 1.9 1.5 1.4
- +1.6� +1.8� +2.0�

175 degrees of freedom (goodness-of-fit p = 0.91 from
simulated experiments). The measured values of ✓23 and
�m

2
32 are consistent with the previous NOvA measure-

ment [21] that used only neutrino data, and are consistent
with maximal mixing within 1.2�.

Confidence intervals for the oscillation parameters are
determined using the unified approach [65], as detailed
in Ref. [66]. Figure 2 compares the 90% confidence level
contours in �m

2
32 and sin2

✓23 with those of other other
experiments [19, 20, 62, 63]. Figure 3 shows the allowed
regions in sin2

✓23 and �CP. These results exclude most
values near �CP = ⇡/2 in the inverted mass hierarchy by
more than 3�; specifically the intervals between �0.04
to 0.97⇡ in the lower ✓23 octant and 0.04 to 0.91⇡ in
the upper octant. The data prefer the normal hierarchy
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FIG. 1. From left to right, the reconstructed neutrino energy spectra for the ND ⌫µ CC, ND ⌫e CC, FD ⌫µ CC, FD ⌫e CC [60]
with neutrino beam on the top and antineutrino beam on the bottom. For the ND ⌫µ CC spectra, backgrounds aside from
wrong-sign are negligible and not shown. The ⌫e CC spectra are split into a low and high purity sample, and the FD spectra
shows counts in the “peripheral” sample. The dashed lines in the ND ⌫e spectra show the totals before data-driven corrections.

TABLE III. Event counts at the FD, both observed and pre-
dicted at the best fit point (see Table IV).

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC ⌫̄µ CC ⌫̄e CC

⌫µ ! ⌫µ 112.5 0.7 24.0 0.1
⌫̄µ ! ⌫̄µ 7.2 0.0 70.0 0.1
⌫µ ! ⌫e 0.1 44.3 0.0 2.2
⌫̄µ ! ⌫̄e 0.0 0.6 0.0 16.6
Beam ⌫e + ⌫̄e 0.0 7.0 0.0 5.3
NC 1.3 3.1 0.8 1.2
Cosmic 2.1 3.3 0.8 1.1
Others 0.7 0.4 0.6 0.3

Signal 120+10
�12 44.3+3.5

�4.0 93.9+8.1
�8.2 16.6+0.9

�1.0

Background 4.2+0.5
�0.6 15.0+0.8

�0.9 2.2+0.4
�0.4 10.3+0.6

�0.5

Best fit 124 59.3 96.2 26.8
Observed 113 58 102 27

counts and estimated compositions of the selected sam-
ples. We recorded 102 ⌫̄µ candidate events at the FD,
reflecting a significant suppression from the unoscillated
expectation of 476. We find 27 ⌫̄µ ! ⌫̄e candidate events
with an estimated background of 10.3+0.6

�0.5, a 4.4 � excess
over the predicted background. This observation is the
first evidence of ⌫̄e appearance in a ⌫̄µ beam over a long
baseline. These new antineutrino data are analyzed to-
gether with 113 ⌫µ and 58 ⌫µ ! ⌫e candidates from the
previous data set.

Table IV shows the overall best-fit parameters, as well
as the best fits for each choice of ✓23 octant and hierar-
chy. The best-fit point is found for the normal hierarchy
with ✓23 in the upper octant where �2 ln L = 157.1 for

TABLE IV. Summary of oscillation parameters. The top
three are inputs to this analysis [10], while the rest are the
best fits for di↵erent choices of the mass hierarchy (NH, IH)
and ✓23 octant (UO, LO), along with the significance (in units
of �) at which those combinations are disfavored. In addition
to the region indicated, for NH, LO a small range of sin2 ✓23

0.45 � 0.48 is allowed at 1� [61].

�m2
21/(10�5 eV2/c4) 7.53 ± 0.18

sin2 ✓12 0.307+0.013
�0.012

sin2 ✓13 0.0210 ± 0.0011
NH, UO NH, LO IH, UO IH, LO

�m2
32/(10�3 eV2/c4) +2.48+0.11

�0.06 +2.47 �2.54 �2.53
sin2 ✓23 0.56+0.04

�0.03 0.48 0.56 0.47

�CP/⇡ 0.0+1.3
�0.4 1.9 1.5 1.4
- +1.6� +1.8� +2.0�

175 degrees of freedom (goodness-of-fit p = 0.91 from
simulated experiments). The measured values of ✓23 and
�m

2
32 are consistent with the previous NOvA measure-

ment [21] that used only neutrino data, and are consistent
with maximal mixing within 1.2�.

Confidence intervals for the oscillation parameters are
determined using the unified approach [65], as detailed
in Ref. [66]. Figure 2 compares the 90% confidence level
contours in �m

2
32 and sin2

✓23 with those of other other
experiments [19, 20, 62, 63]. Figure 3 shows the allowed
regions in sin2

✓23 and �CP. These results exclude most
values near �CP = ⇡/2 in the inverted mass hierarchy by
more than 3�; specifically the intervals between �0.04
to 0.97⇡ in the lower ✓23 octant and 0.04 to 0.91⇡ in
the upper octant. The data prefer the normal hierarchy
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wrong-sign are negligible and not shown. The ⌫e CC spectra are split into a low and high purity sample, and the FD spectra
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TABLE III. Event counts at the FD, both observed and pre-
dicted at the best fit point (see Table IV).

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC ⌫̄µ CC ⌫̄e CC

⌫µ ! ⌫µ 112.5 0.7 24.0 0.1
⌫̄µ ! ⌫̄µ 7.2 0.0 70.0 0.1
⌫µ ! ⌫e 0.1 44.3 0.0 2.2
⌫̄µ ! ⌫̄e 0.0 0.6 0.0 16.6
Beam ⌫e + ⌫̄e 0.0 7.0 0.0 5.3
NC 1.3 3.1 0.8 1.2
Cosmic 2.1 3.3 0.8 1.1
Others 0.7 0.4 0.6 0.3

Signal 120+10
�12 44.3+3.5

�4.0 93.9+8.1
�8.2 16.6+0.9

�1.0

Background 4.2+0.5
�0.6 15.0+0.8

�0.9 2.2+0.4
�0.4 10.3+0.6

�0.5

Best fit 124 59.3 96.2 26.8
Observed 113 58 102 27

counts and estimated compositions of the selected sam-
ples. We recorded 102 ⌫̄µ candidate events at the FD,
reflecting a significant suppression from the unoscillated
expectation of 476. We find 27 ⌫̄µ ! ⌫̄e candidate events
with an estimated background of 10.3+0.6

�0.5, a 4.4 � excess
over the predicted background. This observation is the
first evidence of ⌫̄e appearance in a ⌫̄µ beam over a long
baseline. These new antineutrino data are analyzed to-
gether with 113 ⌫µ and 58 ⌫µ ! ⌫e candidates from the
previous data set.

Table IV shows the overall best-fit parameters, as well
as the best fits for each choice of ✓23 octant and hierar-
chy. The best-fit point is found for the normal hierarchy
with ✓23 in the upper octant where �2 ln L = 157.1 for

TABLE IV. Summary of oscillation parameters. The top
three are inputs to this analysis [10], while the rest are the
best fits for di↵erent choices of the mass hierarchy (NH, IH)
and ✓23 octant (UO, LO), along with the significance (in units
of �) at which those combinations are disfavored. In addition
to the region indicated, for NH, LO a small range of sin2 ✓23

0.45 � 0.48 is allowed at 1� [61].

�m2
21/(10�5 eV2/c4) 7.53 ± 0.18

sin2 ✓12 0.307+0.013
�0.012

sin2 ✓13 0.0210 ± 0.0011
NH, UO NH, LO IH, UO IH, LO

�m2
32/(10�3 eV2/c4) +2.48+0.11

�0.06 +2.47 �2.54 �2.53
sin2 ✓23 0.56+0.04

�0.03 0.48 0.56 0.47

�CP/⇡ 0.0+1.3
�0.4 1.9 1.5 1.4
- +1.6� +1.8� +2.0�

175 degrees of freedom (goodness-of-fit p = 0.91 from
simulated experiments). The measured values of ✓23 and
�m

2
32 are consistent with the previous NOvA measure-

ment [21] that used only neutrino data, and are consistent
with maximal mixing within 1.2�.

Confidence intervals for the oscillation parameters are
determined using the unified approach [65], as detailed
in Ref. [66]. Figure 2 compares the 90% confidence level
contours in �m

2
32 and sin2

✓23 with those of other other
experiments [19, 20, 62, 63]. Figure 3 shows the allowed
regions in sin2

✓23 and �CP. These results exclude most
values near �CP = ⇡/2 in the inverted mass hierarchy by
more than 3�; specifically the intervals between �0.04
to 0.97⇡ in the lower ✓23 octant and 0.04 to 0.91⇡ in
the upper octant. The data prefer the normal hierarchy
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wrong-sign are negligible and not shown. The ⌫e CC spectra are split into a low and high purity sample, and the FD spectra
shows counts in the “peripheral” sample. The dashed lines in the ND ⌫e spectra show the totals before data-driven corrections.

TABLE III. Event counts at the FD, both observed and pre-
dicted at the best fit point (see Table IV).

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC ⌫̄µ CC ⌫̄e CC

⌫µ ! ⌫µ 112.5 0.7 24.0 0.1
⌫̄µ ! ⌫̄µ 7.2 0.0 70.0 0.1
⌫µ ! ⌫e 0.1 44.3 0.0 2.2
⌫̄µ ! ⌫̄e 0.0 0.6 0.0 16.6
Beam ⌫e + ⌫̄e 0.0 7.0 0.0 5.3
NC 1.3 3.1 0.8 1.2
Cosmic 2.1 3.3 0.8 1.1
Others 0.7 0.4 0.6 0.3

Signal 120+10
�12 44.3+3.5

�4.0 93.9+8.1
�8.2 16.6+0.9

�1.0

Background 4.2+0.5
�0.6 15.0+0.8

�0.9 2.2+0.4
�0.4 10.3+0.6

�0.5

Best fit 124 59.3 96.2 26.8
Observed 113 58 102 27

counts and estimated compositions of the selected sam-
ples. We recorded 102 ⌫̄µ candidate events at the FD,
reflecting a significant suppression from the unoscillated
expectation of 476. We find 27 ⌫̄µ ! ⌫̄e candidate events
with an estimated background of 10.3+0.6

�0.5, a 4.4 � excess
over the predicted background. This observation is the
first evidence of ⌫̄e appearance in a ⌫̄µ beam over a long
baseline. These new antineutrino data are analyzed to-
gether with 113 ⌫µ and 58 ⌫µ ! ⌫e candidates from the
previous data set.

Table IV shows the overall best-fit parameters, as well
as the best fits for each choice of ✓23 octant and hierar-
chy. The best-fit point is found for the normal hierarchy
with ✓23 in the upper octant where �2 ln L = 157.1 for

TABLE IV. Summary of oscillation parameters. The top
three are inputs to this analysis [10], while the rest are the
best fits for di↵erent choices of the mass hierarchy (NH, IH)
and ✓23 octant (UO, LO), along with the significance (in units
of �) at which those combinations are disfavored. In addition
to the region indicated, for NH, LO a small range of sin2 ✓23

0.45 � 0.48 is allowed at 1� [61].

�m2
21/(10�5 eV2/c4) 7.53 ± 0.18

sin2 ✓12 0.307+0.013
�0.012

sin2 ✓13 0.0210 ± 0.0011
NH, UO NH, LO IH, UO IH, LO

�m2
32/(10�3 eV2/c4) +2.48+0.11

�0.06 +2.47 �2.54 �2.53
sin2 ✓23 0.56+0.04

�0.03 0.48 0.56 0.47

�CP/⇡ 0.0+1.3
�0.4 1.9 1.5 1.4
- +1.6� +1.8� +2.0�

175 degrees of freedom (goodness-of-fit p = 0.91 from
simulated experiments). The measured values of ✓23 and
�m

2
32 are consistent with the previous NOvA measure-

ment [21] that used only neutrino data, and are consistent
with maximal mixing within 1.2�.

Confidence intervals for the oscillation parameters are
determined using the unified approach [65], as detailed
in Ref. [66]. Figure 2 compares the 90% confidence level
contours in �m

2
32 and sin2

✓23 with those of other other
experiments [19, 20, 62, 63]. Figure 3 shows the allowed
regions in sin2

✓23 and �CP. These results exclude most
values near �CP = ⇡/2 in the inverted mass hierarchy by
more than 3�; specifically the intervals between �0.04
to 0.97⇡ in the lower ✓23 octant and 0.04 to 0.91⇡ in
the upper octant. The data prefer the normal hierarchy
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FIG. 1. From left to right, the reconstructed neutrino energy spectra for the ND ⌫µ CC, ND ⌫e CC, FD ⌫µ CC, FD ⌫e CC [60]
with neutrino beam on the top and antineutrino beam on the bottom. For the ND ⌫µ CC spectra, backgrounds aside from
wrong-sign are negligible and not shown. The ⌫e CC spectra are split into a low and high purity sample, and the FD spectra
shows counts in the “peripheral” sample. The dashed lines in the ND ⌫e spectra show the totals before data-driven corrections.

TABLE III. Event counts at the FD, both observed and pre-
dicted at the best fit point (see Table IV).

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC ⌫̄µ CC ⌫̄e CC

⌫µ ! ⌫µ 112.5 0.7 24.0 0.1
⌫̄µ ! ⌫̄µ 7.2 0.0 70.0 0.1
⌫µ ! ⌫e 0.1 44.3 0.0 2.2
⌫̄µ ! ⌫̄e 0.0 0.6 0.0 16.6
Beam ⌫e + ⌫̄e 0.0 7.0 0.0 5.3
NC 1.3 3.1 0.8 1.2
Cosmic 2.1 3.3 0.8 1.1
Others 0.7 0.4 0.6 0.3

Signal 120+10
�12 44.3+3.5

�4.0 93.9+8.1
�8.2 16.6+0.9

�1.0

Background 4.2+0.5
�0.6 15.0+0.8

�0.9 2.2+0.4
�0.4 10.3+0.6

�0.5

Best fit 124 59.3 96.2 26.8
Observed 113 58 102 27

counts and estimated compositions of the selected sam-
ples. We recorded 102 ⌫̄µ candidate events at the FD,
reflecting a significant suppression from the unoscillated
expectation of 476. We find 27 ⌫̄µ ! ⌫̄e candidate events
with an estimated background of 10.3+0.6

�0.5, a 4.4 � excess
over the predicted background. This observation is the
first evidence of ⌫̄e appearance in a ⌫̄µ beam over a long
baseline. These new antineutrino data are analyzed to-
gether with 113 ⌫µ and 58 ⌫µ ! ⌫e candidates from the
previous data set.

Table IV shows the overall best-fit parameters, as well
as the best fits for each choice of ✓23 octant and hierar-
chy. The best-fit point is found for the normal hierarchy
with ✓23 in the upper octant where �2 ln L = 157.1 for

TABLE IV. Summary of oscillation parameters. The top
three are inputs to this analysis [10], while the rest are the
best fits for di↵erent choices of the mass hierarchy (NH, IH)
and ✓23 octant (UO, LO), along with the significance (in units
of �) at which those combinations are disfavored. In addition
to the region indicated, for NH, LO a small range of sin2 ✓23

0.45 � 0.48 is allowed at 1� [61].

�m2
21/(10�5 eV2/c4) 7.53 ± 0.18

sin2 ✓12 0.307+0.013
�0.012

sin2 ✓13 0.0210 ± 0.0011
NH, UO NH, LO IH, UO IH, LO

�m2
32/(10�3 eV2/c4) +2.48+0.11

�0.06 +2.47 �2.54 �2.53
sin2 ✓23 0.56+0.04

�0.03 0.48 0.56 0.47

�CP/⇡ 0.0+1.3
�0.4 1.9 1.5 1.4
- +1.6� +1.8� +2.0�

175 degrees of freedom (goodness-of-fit p = 0.91 from
simulated experiments). The measured values of ✓23 and
�m

2
32 are consistent with the previous NOvA measure-

ment [21] that used only neutrino data, and are consistent
with maximal mixing within 1.2�.

Confidence intervals for the oscillation parameters are
determined using the unified approach [65], as detailed
in Ref. [66]. Figure 2 compares the 90% confidence level
contours in �m

2
32 and sin2

✓23 with those of other other
experiments [19, 20, 62, 63]. Figure 3 shows the allowed
regions in sin2

✓23 and �CP. These results exclude most
values near �CP = ⇡/2 in the inverted mass hierarchy by
more than 3�; specifically the intervals between �0.04
to 0.97⇡ in the lower ✓23 octant and 0.04 to 0.91⇡ in
the upper octant. The data prefer the normal hierarchy
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FIG. 1. From left to right, the reconstructed neutrino energy spectra for the ND ⌫µ CC, ND ⌫e CC, FD ⌫µ CC, FD ⌫e CC [60]
with neutrino beam on the top and antineutrino beam on the bottom. For the ND ⌫µ CC spectra, backgrounds aside from
wrong-sign are negligible and not shown. The ⌫e CC spectra are split into a low and high purity sample, and the FD spectra
shows counts in the “peripheral” sample. The dashed lines in the ND ⌫e spectra show the totals before data-driven corrections.

TABLE III. Event counts at the FD, both observed and pre-
dicted at the best fit point (see Table IV).

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC ⌫̄µ CC ⌫̄e CC

⌫µ ! ⌫µ 112.5 0.7 24.0 0.1
⌫̄µ ! ⌫̄µ 7.2 0.0 70.0 0.1
⌫µ ! ⌫e 0.1 44.3 0.0 2.2
⌫̄µ ! ⌫̄e 0.0 0.6 0.0 16.6
Beam ⌫e + ⌫̄e 0.0 7.0 0.0 5.3
NC 1.3 3.1 0.8 1.2
Cosmic 2.1 3.3 0.8 1.1
Others 0.7 0.4 0.6 0.3

Signal 120+10
�12 44.3+3.5

�4.0 93.9+8.1
�8.2 16.6+0.9

�1.0

Background 4.2+0.5
�0.6 15.0+0.8

�0.9 2.2+0.4
�0.4 10.3+0.6

�0.5

Best fit 124 59.3 96.2 26.8
Observed 113 58 102 27

counts and estimated compositions of the selected sam-
ples. We recorded 102 ⌫̄µ candidate events at the FD,
reflecting a significant suppression from the unoscillated
expectation of 476. We find 27 ⌫̄µ ! ⌫̄e candidate events
with an estimated background of 10.3+0.6

�0.5, a 4.4 � excess
over the predicted background. This observation is the
first evidence of ⌫̄e appearance in a ⌫̄µ beam over a long
baseline. These new antineutrino data are analyzed to-
gether with 113 ⌫µ and 58 ⌫µ ! ⌫e candidates from the
previous data set.

Table IV shows the overall best-fit parameters, as well
as the best fits for each choice of ✓23 octant and hierar-
chy. The best-fit point is found for the normal hierarchy
with ✓23 in the upper octant where �2 ln L = 157.1 for

TABLE IV. Summary of oscillation parameters. The top
three are inputs to this analysis [10], while the rest are the
best fits for di↵erent choices of the mass hierarchy (NH, IH)
and ✓23 octant (UO, LO), along with the significance (in units
of �) at which those combinations are disfavored. In addition
to the region indicated, for NH, LO a small range of sin2 ✓23

0.45 � 0.48 is allowed at 1� [61].

�m2
21/(10�5 eV2/c4) 7.53 ± 0.18

sin2 ✓12 0.307+0.013
�0.012

sin2 ✓13 0.0210 ± 0.0011
NH, UO NH, LO IH, UO IH, LO

�m2
32/(10�3 eV2/c4) +2.48+0.11

�0.06 +2.47 �2.54 �2.53
sin2 ✓23 0.56+0.04

�0.03 0.48 0.56 0.47

�CP/⇡ 0.0+1.3
�0.4 1.9 1.5 1.4
- +1.6� +1.8� +2.0�

175 degrees of freedom (goodness-of-fit p = 0.91 from
simulated experiments). The measured values of ✓23 and
�m

2
32 are consistent with the previous NOvA measure-

ment [21] that used only neutrino data, and are consistent
with maximal mixing within 1.2�.

Confidence intervals for the oscillation parameters are
determined using the unified approach [65], as detailed
in Ref. [66]. Figure 2 compares the 90% confidence level
contours in �m
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0.6 GeV. We observe interactions of the neutrinos at a near detector 
facility 280 m from the beam production point that characterizes the 
beam and the interactions of the neutrinos before oscillations. The 
beam then propagates 295 km through the Earth to the T2K far detec-
tor, Super-Kamiokande (SK). SK measures the oscillated beam, which 
allows us to determine the oscillation parameters.

For this beam energy and propagation distance, the probability that 
muon neutrinos(antineutrinos) will oscillate to electron neutrinos 
(antineutrinos) is given approximately, including the CP-violating term 
but neglecting effects from propagation through matter, by:
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Here, E is the energy of the neutrino in gigaelectronvolts, the mass 
squared differences are given in units of eV2/c4, where c is the speed of 
light in vacuum, and L is the propagation baseline in kilometres. The 
second term in equation (2) has a negative sign for neutrinos and a posi-
tive sign for antineutrinos. The baseline and beam energy are optimized 
so that at our baseline, the probability to oscillate to electron neutrinos 
reaches a maximum at energies around the beam energy. Although the 
probability of oscillation to electron neutrinos is small, muon neutrinos 
also oscillate to tau neutrinos, which are not identifiable at SK because 
T2K’s beam energy is too low for a charged tau lepton to be produced. 
Overall, the probability that muon neutrinos and antineutrinos will 
maintain their initial flavour is:
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Given that the probability of oscillation to tau neutrinos is large at our 
modal beam energy and baseline, there is a minimum in the muon 
neutrino energy spectrum. The position of this minimum gives the 
experiment sensitivity to the magnitude of m∆ 32

2  and the depth gives 
sensitivity to sin2(2θ23). The height of the peak in the electron neutrino 
energy spectrum at the oscillation maximum is, at leading order, deter-
mined by sin2θ23 and sin2(2θ13) (see equation (2)). However, it also has 
a sub-leading-order dependence on δCP and the neutrino mass ordering, 
giving sensitivity to these parameters. Owing to this interdependence, 
determining the other PMNS mixing parameters is important in meas-
uring δCP. As can be seen from Fig. 1, changing δCP from +π/2 to −π/2 can 
lead to changes of the order of 40% in the number of electron neutrinos 
expected at SK. In our analysis we model the observed kinematic dis-
tributions of the final-state particles using the full oscillation probabil-
ity, including the effect of the neutrinos propagating through matter, 
which is a perturbation of the order of 10% to the probability discussed 
in equations (2) and (3)20.

The T2K neutrino beam is generated at the Japan Proton Accel-
erator Research Complex ( J-PARC) by impinging a 30-GeV beam 
of protons onto a graphite target21. This interaction creates a large 
number of secondary hadrons, which are focused using magnetic 
horns. A neutrino (antineutrino)-enhanced beam is selected by 
focusing positively (negatively) charged particles—mostly pions—
by choosing the polarity of the magnetic field produced by the 
horns, thereby enabling us to study the differences between neu-
trino and antineutrino oscillations. The beam axis is directed 2.5° 
away from the SK detector, taking advantage of the kinematics of the 
two-body pion decay to produce a narrow neutrino spectrum peaked 
at the expected energy of maximum oscillation probability22. The 
results reported here are based on SK data collected between 2009  

and 2018 in neutrino (antineutrino) mode and include a beam expo-
sure of 1.49 × 1021 (1.64 × 1021) protons hitting the T2K neutrino pro-
duction target.
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Fig. 1 | Observed νe and νe candidate events at SK. a, b, The reconstructed 
neutrino energy spectra for the SK samples containing electron-like events in 
neutrino-mode (a) or antineutrino-mode (b) beam running. The uncertainty 
shown around the data points accounts for statistical uncertainty. The 
uncertainty range is chosen to include all points for which the measured 
number of data events is inside the 68% confidence interval of a Poisson 
distribution centred at that point. The solid stacked chart shows the predicted 
number of events for the CP-conserving point δCP = 0, separated according to 
whether the event was from an oscillated neutrino or antineutrino or from a 
background process. The dashed lines show the total predicted number of 
events for the two most extreme CP-violating cases. c, The predicted number of 
events for δCP = −π/2 and the measured number of events in the three 
electron-like samples at SK. The predicted number of events is broken down 
into the same categories as in a and b and the systematic uncertainty shown is 
after the near-detector fit. In both a and b for all predictions, normal ordering is 
assumed, and sin2θ23 and m∆ 32

2  are at their best-fit values. sin2θ13, sin2θ12 and 
m∆ 21

2  take the values indicated by external world average measurements2. The 
parameters accounting for systematic uncertainties take their best-fit values 
after the near-detector fit.
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0.6 GeV. We observe interactions of the neutrinos at a near detector 
facility 280 m from the beam production point that characterizes the 
beam and the interactions of the neutrinos before oscillations. The 
beam then propagates 295 km through the Earth to the T2K far detec-
tor, Super-Kamiokande (SK). SK measures the oscillated beam, which 
allows us to determine the oscillation parameters.

For this beam energy and propagation distance, the probability that 
muon neutrinos(antineutrinos) will oscillate to electron neutrinos 
(antineutrinos) is given approximately, including the CP-violating term 
but neglecting effects from propagation through matter, by:
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Here, E is the energy of the neutrino in gigaelectronvolts, the mass 
squared differences are given in units of eV2/c4, where c is the speed of 
light in vacuum, and L is the propagation baseline in kilometres. The 
second term in equation (2) has a negative sign for neutrinos and a posi-
tive sign for antineutrinos. The baseline and beam energy are optimized 
so that at our baseline, the probability to oscillate to electron neutrinos 
reaches a maximum at energies around the beam energy. Although the 
probability of oscillation to electron neutrinos is small, muon neutrinos 
also oscillate to tau neutrinos, which are not identifiable at SK because 
T2K’s beam energy is too low for a charged tau lepton to be produced. 
Overall, the probability that muon neutrinos and antineutrinos will 
maintain their initial flavour is:
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Given that the probability of oscillation to tau neutrinos is large at our 
modal beam energy and baseline, there is a minimum in the muon 
neutrino energy spectrum. The position of this minimum gives the 
experiment sensitivity to the magnitude of m∆ 32

2  and the depth gives 
sensitivity to sin2(2θ23). The height of the peak in the electron neutrino 
energy spectrum at the oscillation maximum is, at leading order, deter-
mined by sin2θ23 and sin2(2θ13) (see equation (2)). However, it also has 
a sub-leading-order dependence on δCP and the neutrino mass ordering, 
giving sensitivity to these parameters. Owing to this interdependence, 
determining the other PMNS mixing parameters is important in meas-
uring δCP. As can be seen from Fig. 1, changing δCP from +π/2 to −π/2 can 
lead to changes of the order of 40% in the number of electron neutrinos 
expected at SK. In our analysis we model the observed kinematic dis-
tributions of the final-state particles using the full oscillation probabil-
ity, including the effect of the neutrinos propagating through matter, 
which is a perturbation of the order of 10% to the probability discussed 
in equations (2) and (3)20.

The T2K neutrino beam is generated at the Japan Proton Accel-
erator Research Complex ( J-PARC) by impinging a 30-GeV beam 
of protons onto a graphite target21. This interaction creates a large 
number of secondary hadrons, which are focused using magnetic 
horns. A neutrino (antineutrino)-enhanced beam is selected by 
focusing positively (negatively) charged particles—mostly pions—
by choosing the polarity of the magnetic field produced by the 
horns, thereby enabling us to study the differences between neu-
trino and antineutrino oscillations. The beam axis is directed 2.5° 
away from the SK detector, taking advantage of the kinematics of the 
two-body pion decay to produce a narrow neutrino spectrum peaked 
at the expected energy of maximum oscillation probability22. The 
results reported here are based on SK data collected between 2009  

and 2018 in neutrino (antineutrino) mode and include a beam expo-
sure of 1.49 × 1021 (1.64 × 1021) protons hitting the T2K neutrino pro-
duction target.
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Fig. 1 | Observed νe and νe candidate events at SK. a, b, The reconstructed 
neutrino energy spectra for the SK samples containing electron-like events in 
neutrino-mode (a) or antineutrino-mode (b) beam running. The uncertainty 
shown around the data points accounts for statistical uncertainty. The 
uncertainty range is chosen to include all points for which the measured 
number of data events is inside the 68% confidence interval of a Poisson 
distribution centred at that point. The solid stacked chart shows the predicted 
number of events for the CP-conserving point δCP = 0, separated according to 
whether the event was from an oscillated neutrino or antineutrino or from a 
background process. The dashed lines show the total predicted number of 
events for the two most extreme CP-violating cases. c, The predicted number of 
events for δCP = −π/2 and the measured number of events in the three 
electron-like samples at SK. The predicted number of events is broken down 
into the same categories as in a and b and the systematic uncertainty shown is 
after the near-detector fit. In both a and b for all predictions, normal ordering is 
assumed, and sin2θ23 and m∆ 32

2  are at their best-fit values. sin2θ13, sin2θ12 and 
m∆ 21

2  take the values indicated by external world average measurements2. The 
parameters accounting for systematic uncertainties take their best-fit values 
after the near-detector fit.
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facility 280 m from the beam production point that characterizes the 
beam and the interactions of the neutrinos before oscillations. The 
beam then propagates 295 km through the Earth to the T2K far detec-
tor, Super-Kamiokande (SK). SK measures the oscillated beam, which 
allows us to determine the oscillation parameters.

For this beam energy and propagation distance, the probability that 
muon neutrinos(antineutrinos) will oscillate to electron neutrinos 
(antineutrinos) is given approximately, including the CP-violating term 
but neglecting effects from propagation through matter, by:
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Here, E is the energy of the neutrino in gigaelectronvolts, the mass 
squared differences are given in units of eV2/c4, where c is the speed of 
light in vacuum, and L is the propagation baseline in kilometres. The 
second term in equation (2) has a negative sign for neutrinos and a posi-
tive sign for antineutrinos. The baseline and beam energy are optimized 
so that at our baseline, the probability to oscillate to electron neutrinos 
reaches a maximum at energies around the beam energy. Although the 
probability of oscillation to electron neutrinos is small, muon neutrinos 
also oscillate to tau neutrinos, which are not identifiable at SK because 
T2K’s beam energy is too low for a charged tau lepton to be produced. 
Overall, the probability that muon neutrinos and antineutrinos will 
maintain their initial flavour is:
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Given that the probability of oscillation to tau neutrinos is large at our 
modal beam energy and baseline, there is a minimum in the muon 
neutrino energy spectrum. The position of this minimum gives the 
experiment sensitivity to the magnitude of m∆ 32

2  and the depth gives 
sensitivity to sin2(2θ23). The height of the peak in the electron neutrino 
energy spectrum at the oscillation maximum is, at leading order, deter-
mined by sin2θ23 and sin2(2θ13) (see equation (2)). However, it also has 
a sub-leading-order dependence on δCP and the neutrino mass ordering, 
giving sensitivity to these parameters. Owing to this interdependence, 
determining the other PMNS mixing parameters is important in meas-
uring δCP. As can be seen from Fig. 1, changing δCP from +π/2 to −π/2 can 
lead to changes of the order of 40% in the number of electron neutrinos 
expected at SK. In our analysis we model the observed kinematic dis-
tributions of the final-state particles using the full oscillation probabil-
ity, including the effect of the neutrinos propagating through matter, 
which is a perturbation of the order of 10% to the probability discussed 
in equations (2) and (3)20.

The T2K neutrino beam is generated at the Japan Proton Accel-
erator Research Complex ( J-PARC) by impinging a 30-GeV beam 
of protons onto a graphite target21. This interaction creates a large 
number of secondary hadrons, which are focused using magnetic 
horns. A neutrino (antineutrino)-enhanced beam is selected by 
focusing positively (negatively) charged particles—mostly pions—
by choosing the polarity of the magnetic field produced by the 
horns, thereby enabling us to study the differences between neu-
trino and antineutrino oscillations. The beam axis is directed 2.5° 
away from the SK detector, taking advantage of the kinematics of the 
two-body pion decay to produce a narrow neutrino spectrum peaked 
at the expected energy of maximum oscillation probability22. The 
results reported here are based on SK data collected between 2009  

and 2018 in neutrino (antineutrino) mode and include a beam expo-
sure of 1.49 × 1021 (1.64 × 1021) protons hitting the T2K neutrino pro-
duction target.
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Fig. 1 | Observed νe and νe candidate events at SK. a, b, The reconstructed 
neutrino energy spectra for the SK samples containing electron-like events in 
neutrino-mode (a) or antineutrino-mode (b) beam running. The uncertainty 
shown around the data points accounts for statistical uncertainty. The 
uncertainty range is chosen to include all points for which the measured 
number of data events is inside the 68% confidence interval of a Poisson 
distribution centred at that point. The solid stacked chart shows the predicted 
number of events for the CP-conserving point δCP = 0, separated according to 
whether the event was from an oscillated neutrino or antineutrino or from a 
background process. The dashed lines show the total predicted number of 
events for the two most extreme CP-violating cases. c, The predicted number of 
events for δCP = −π/2 and the measured number of events in the three 
electron-like samples at SK. The predicted number of events is broken down 
into the same categories as in a and b and the systematic uncertainty shown is 
after the near-detector fit. In both a and b for all predictions, normal ordering is 
assumed, and sin2θ23 and m∆ 32

2  are at their best-fit values. sin2θ13, sin2θ12 and 
m∆ 21

2  take the values indicated by external world average measurements2. The 
parameters accounting for systematic uncertainties take their best-fit values 
after the near-detector fit.
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(b) ⌫e appearance channel, here
for the T2K experiment in ⌫-
mode (top) and ⌫-mode (bottom).
A change of �CP causes an anti-
correlated change in the P (⌫µ ! ⌫e)
and P (⌫µ ! ⌫e) oscillation proba-
bility.

Figure 1.10: ⌫µ disappearance and ⌫e appearance channels for NO⌫A and T2K experiments.
NO⌫A figures taken from Ref. [33], T2K figures from Ref. [35]. Annotations and oscillation
probability plot are mine.

The appearance of ⌫⌧ from a ⌫µ beam has also been observed (OPERA experiment [36]) but
is very statistics limited (10 ⌧ -appearance candidates observed) with large uncertainties on the
⌫⌧ cross section.

1.2.2 Direct measurement of neutrino mass

Neutrino oscillation measurements are only sensitive to the squared di↵erence of neutrino
masses. Once the mass ordering is determined, measuring the absolute value of one the three
neutrino masses will determine the masses of all three neutrinos. The most sensitive probe is
to measure the e↵ective mass of ⌫e kinematically by studying the endpoint of the Tritium beta-
decay spectrum: the upper limit of the electron energy is smaller than the total available energy
by the mass of the neutrino. The current upper limit is set by the KATRIN experiment [37] at
m⌫

e↵
e < 1.1 eV at 90% CL. The measurable e↵ective mass depends on the oscillation parameters

via ⇣
m⌫

e↵
e

⌘2
=

X

i

m
2
i |Uei|

2 (1.2.3)

with a di↵erent lower limit depending on the mass ordering (Fig. 1.11 left). The expected
resolution of KATRIN is about 0.2 eV. A next-generation experiment is being developed
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CHAPTER 1. PHYSICS 11

a phase-convention invariant measure of CP violation. In the standard parametrization
of the PMNS matrix

U =




1 0 0
0 c23 s23
0 −s23 c23








c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13








c12 s12 0
−s12 c12 0
0 0 1



 (1.1.30)

cij ≡ cos θij (1.1.31)

sij ≡ sin θij (1.1.32)

this is proportional to sin δCP (and sines and cosines of the three mixing angles θ12, θ23,
θ13). Since this CP violation term is just the last term in the oscillation formula (1.1.22),
it is in principle possible to constrain δCP without preparing an anti-neutrino beam, by
measuring the energy-dependency of the appearance probability.

CP violation in neutrino oscillation demands three neutrino flavors as can be shown
by counting the number of CP violating complex phases (evidently J = 0 if U is real).
The PMNS matrix U is an element of U(N), which has N2 degrees of freedom (N2 − 1
from the traceless hermitian generators and one overall U(1) phase). U(N) contains the
(real) orthogonal matrices O(N) with N(N − 1)/2 degrees of freedom. This leaves us
with N(N + 1)/2 complex phases. We can now try to write U as a sandwich product of
2N diagonal phases and an O(N) core:

Uαi
?
= exp(iφα)Rαi exp(iψi) (R ∈ O(N)) (1.1.33)

where the equality holds if the number of independent degrees of freedom is N2. Such
diagonal phases are CP conserving (in fact have no effect on neutrino oscillation at all):

U∗
αiUβiUαjU

∗
βj = RαiRβiRαjRβj ∈ R. (1.1.34)

So we may think the number of CP violating phases for U(N) is max{N(N + 1)/2− 2N, 0}
(0, 0, 2, 5, . . . for N = 2, 3, 4, 5, . . .), requiring N ≥ 4 generations for CP violation. How-
ever, one overall phase of φα and ψi commutes with R (it’s just a c-number) and is thus
degenerate. The number of independent complex diagonal phases is therefore reduced by
1. This means the number of CP violating phases really is

#CPV = max

{
N(N − 3)

2
+ 1, 0

}
(1.1.35)

(#CPV = 0, 1, 3, 6, . . . for N = 2, 3, 4, 5, . . .) and CP violation in neutrino oscillation
becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
very small mixing angles unlike the PMNS matrix. This causes a very small value of the
Jarlskog constant J = (3.18± 0.15)× 10−5 [13]. When studying the impact on the size of
the baryon asymmetry of the universe (BAU) we get additional factors of squared mass
differences (m2
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cij ≡ cos θij (1.1.31)

sij ≡ sin θij (1.1.32)
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1. This means the number of CP violating phases really is

#CPV = max

{
N(N − 3)

2
+ 1, 0

}
(1.1.35)

(#CPV = 0, 1, 3, 6, . . . for N = 2, 3, 4, 5, . . .) and CP violation in neutrino oscillation
becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
very small mixing angles unlike the PMNS matrix. This causes a very small value of the
Jarlskog constant J = (3.18± 0.15)× 10−5 [13]. When studying the impact on the size of
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     For neutrinos flavor basis ≠ Hamiltonian basis.

 → Flavor (  ) oscillates over , 
     amplitude controlled by (PMNS) mixing matrix :

νe ∣ νμ ∣ ντ L × Δm2/E
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( interaction ) ( propagation) 

 important params   for cosmology  (leptogenesis…) and 0v2β searches
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Its success…
The Standard Model

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/


and problems
• Observation:


- No Graviton

- Baryon/anti-baryon asymmetry of universe

- Dark matter

- Dark energy


• Anomalies:

- Muon g–2 (anomalous magnetic moment)

- Flavor anomalies (B meson decays, …)


• Theoretical:

- Smallness of Higgs mass (hierarchy problem)

- Small neutrino masses

- Charge assignment, many parameters, …

- Strong CP problem
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string theory?

SUSY WIMP, axion? 

SUSY? Technicolor?

GUT? 
Flavor- 

symmetries?
axion?

SUSY, GUT, 
leptogenesis?

Its success…
The Standard Model

see-saw?

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/
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Our	universe	
full	of	maTer	

Image	credit:	X-ray:	NASA/CXC/PSU/L.	Townsley	et	al;	
																									Op=cal:	UKIRT;	Infrared:	NASA/JPL-Caltech	

Standard	model	univ.	
Expect	10–10	x	less	maTer	

hTp://hitoshi.berkeley.edu/	

Q.1 

Q.2 
Extremely	small	
neutrino	masses	

6	

SM:	exactly	0	
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Figure 11: Quark and lepton masses lego plot (true heights need to be scaled by the factors shown)
indicating the directions that GUT and family symmetries are acting.

then, using the results in subsection 4.3 such a charged lepton correction results in a reactor angle
in the lepton sector of ✓13 ⇡ ✓C/(3

p
2). This is a factor of 3 too small to account for the observed

reactor angle, but it illustrates how the reactor angle could possibly be related to the Cabibbo angle
using GUTs. Indeed it has been suggested that perhaps the charged lepton mixing angle is exactly
equal to the Cabibbo angle in some GUT model, leading to ✓13 ⇡ ✓C/

p
2 [26, 69]. However it is

non-trivial to reconcile such large charged lepton mixing with the successful relationships between
charged lepton and down-type quark masses, and it seems more likely that charged lepton mixing
is not entirely responsible for the reactor angle.

The above discussion provides an additional motivation for combining GUTs with discrete family
symmetry in order to account for the reactor angle. Putting these two ideas together we are
suggestively led to a framework of new physics beyond the Standard Model based on commuting
GUT and family symmetry groups,

GGUT ⇥ GFAM. (54)

The spectrum of quark and lepton masses may also provide some motivation for considering a
family symmetry as well as a grand unified symmetry, acting in di↵erent directions, as illustrated
in Fig.11. The (scaled) heights of the towers representing the fermion masses, show vast hierarchies
which are completely mysterious in the SM. Some popular family symmetries which admit triplet
representations are shown in Fig.12. The mathematics of these and other groups has recently been
reviewed in [11,14,15] to which we refer the interested reader for more details.

Here we just mention the family symmetry A4 as it is the smallest non-Abelian finite group with
an irreducible triplet representation. A4 is the symmetry group of the tetrahedron. There are 12
independent transformations of the tetrahedron and hence 12 group elements as follows:

• 4 rotations by 120 degrees clockwise (seen from a vertex) which are T -type
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What is the origin of Quark 
and Lepton Mixing?

New physics from flavour Sheldon Stone

1. Introduction: Reasons for physics beyond the Standard Model

Although the Standard Model (SM) of particle physics provides an excellent description of
electroweak and strong interactions, there are many reasons that we expect to observe new forces
giving rise to new particles at larger masses than the known fermions or bosons. One oft noted
source of this belief is the observation of dark matter in the cosmos as evidenced by galactic angular
velocity distributions [1], gravitational lensing [2], and galactic collisions [3]. The existence of dark
energy, believed to cause the accelerating expansion of the Universe, is another source of mystery
[4]. The fine tuning of quantum corrections needed to keep, for example, the Higgs boson mass at
the electroweak scale rather than near the Planck scale is another reason habitually mentioned for
new physics (NP) and is usually called “the hierarchy problem” [5].

It is interesting to note that the above cited reasons are all tied in one way or another to
gravity. Dark matter may or may not have purely gravitational interactions, dark energy may be
explained by a cosmological constant or at least be a purely general relativistic phenomena, and the
Planck scale is defined by gravity; other scales may exist at much lower energies, so the quantum
corrections could be much smaller. There are, however, many observations that are not explained
by the SM, and have nothing to do with gravity, as far as we know. Consider the size of the quark
mixing matrix (CKM) elements [6] and also the neutrino mixing matrix (PMNS) elements [7].
These are shown pictorially in Fig. 1. We do not understand the relative sizes of these values or nor
the relationship between quarks and neutrinos.

d            s            b            

u

c

t

ν          ν          ν            

ν

ν

ν

1                   2                   3

e

μ

τ

CKM                             PMNS

Figure 1: (left) Sizes of the the CKM matrix elements for quark mixing, and (right) the PMNS matrix
elements for neutrino mixing. The area of the squares represents the square of the matrix elements.

We also do not understand the masses of the fundamental matter constituents, the quarks and
leptons. Not only are they not predicted, but also the relationships among them are not understood.
These masses, shown in Fig. 2, span 12 orders of magnitude [7]. There may be a connections
between the mass values and the values of the mixing matrix elements, but thus far no connection
besides simple numerology exists.

What we are seeking is a new theoretical explanation of the above mentioned facts. Of course,
any new model must explain all the data, so that any one measurement could confound a model.
It is not a good plan, however, to try and find only one discrepancy; experiment must determine a

2

Figure 4. The sides of the squares represent the magnitude of the CKM and PMNS elements.

• Why are at least two neutrino masses not very hierarchical?

• What is the origin of the neutrino mass?

• Why are neutrino masses so tiny compared to charged fermion masses?

• What is the origin of fermion mixing (both CKM and PMNS matrices)?

• Why are CKM mixing angles smaller than PMNS mixing angles apart from the Cabibbo
angle which is of the same order as the reactor angle?

• What is the origin of CP violation in the quark (and lepton) sectors?

For completeness, we display the CKM and the PMNS mixing matrices are both given by:

0

B@
c12c13 s12c13 s13e�i�

�s12c23 � c12s13s23ei� c12c23 � s12s13s23ei� c13s23
s12s23 � c12s13c23ei� �c12s23 � s12s13c23ei� c13c23

1

CA (1)

where � is the CP violating phase in each sector (quark and lepton) and s13 = sin ✓13, etc.
with (very) di↵erent angles for quarks and leptons. In the case of Majorana neutrinos, the

PMNS matrix also involves the phase matrix: diag(1, ei
↵21
2 , ei

↵31
2 ) which post-multiplies the

above matrix. The di↵erent shapes of the quark and lepton mixing matrices is schematically
illustrated in Fig.4. The large lepton mixing must arise in conjunction with the mechanism
responsible for the smallness of neutrino mass, which however is unknown.

3. Neutrino Mass Models
3.1. The open questions from neutrino physics
Despite the great progress coming from neutrino oscillation experiments there are still some
outstanding questions. Are the lepton mixing angles consistent with TBC mixing? If not then

4

Unification of leptons and quarks 
→ CKM and PMNS matrix are related, 

and overall less free parameters

Attempts are made to introduce discrete or 
continuous symmetry structures into the three 
generations (and break them).


These introduce relations among/predictions of 
neutrino mixing parameters such as , MO or 
the  octant that can be tested by precise 
measurement of oscillation parameters.


c.f. in past many theories predicted a small solar 
mixing angle  and were falsified.

δCP
θ23

θ12

quark mixing 
↓

lepton mixing 
↓

Both figures by S. King. 
doi:10.1088/1742-6596/631/1/012005

In SM, the three generations of fermions are exact copies in terms of gauge interactions, and 
only differ in the Yukawa couplings with Higgs. Or is there more going on? (c.f. flavor anomalies)



-oscillationν

Open questions:


• value of  → if , CP violation


• sign of  (mass ordering)


• is  maximal? octant? (i.e.  <  or  > )

δCP sin δCP ≠ 0
Δm2
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a phase-convention invariant measure of CP violation. In the standard parametrization
of the PMNS matrix

U =




1 0 0
0 c23 s23
0 −s23 c23








c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13








c12 s12 0
−s12 c12 0
0 0 1



 (1.1.30)

cij ≡ cos θij (1.1.31)

sij ≡ sin θij (1.1.32)

this is proportional to sin δCP (and sines and cosines of the three mixing angles θ12, θ23,
θ13). Since this CP violation term is just the last term in the oscillation formula (1.1.22),
it is in principle possible to constrain δCP without preparing an anti-neutrino beam, by
measuring the energy-dependency of the appearance probability.

CP violation in neutrino oscillation demands three neutrino flavors as can be shown
by counting the number of CP violating complex phases (evidently J = 0 if U is real).
The PMNS matrix U is an element of U(N), which has N2 degrees of freedom (N2 − 1
from the traceless hermitian generators and one overall U(1) phase). U(N) contains the
(real) orthogonal matrices O(N) with N(N − 1)/2 degrees of freedom. This leaves us
with N(N + 1)/2 complex phases. We can now try to write U as a sandwich product of
2N diagonal phases and an O(N) core:

Uαi
?
= exp(iφα)Rαi exp(iψi) (R ∈ O(N)) (1.1.33)

where the equality holds if the number of independent degrees of freedom is N2. Such
diagonal phases are CP conserving (in fact have no effect on neutrino oscillation at all):

U∗
αiUβiUαjU

∗
βj = RαiRβiRαjRβj ∈ R. (1.1.34)

So we may think the number of CP violating phases for U(N) is max{N(N + 1)/2− 2N, 0}
(0, 0, 2, 5, . . . for N = 2, 3, 4, 5, . . .), requiring N ≥ 4 generations for CP violation. How-
ever, one overall phase of φα and ψi commutes with R (it’s just a c-number) and is thus
degenerate. The number of independent complex diagonal phases is therefore reduced by
1. This means the number of CP violating phases really is

#CPV = max

{
N(N − 3)

2
+ 1, 0

}
(1.1.35)

(#CPV = 0, 1, 3, 6, . . . for N = 2, 3, 4, 5, . . .) and CP violation in neutrino oscillation
becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
very small mixing angles unlike the PMNS matrix. This causes a very small value of the
Jarlskog constant J = (3.18± 0.15)× 10−5 [13]. When studying the impact on the size of
the baryon asymmetry of the universe (BAU) we get additional factors of squared mass
differences (m2
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Credit: JUNO Collaboration / JGU-Mainz
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a phase-convention invariant measure of CP violation. In the standard parametrization
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cij ≡ cos θij (1.1.31)

sij ≡ sin θij (1.1.32)

this is proportional to sin δCP (and sines and cosines of the three mixing angles θ12, θ23,
θ13). Since this CP violation term is just the last term in the oscillation formula (1.1.22),
it is in principle possible to constrain δCP without preparing an anti-neutrino beam, by
measuring the energy-dependency of the appearance probability.

CP violation in neutrino oscillation demands three neutrino flavors as can be shown
by counting the number of CP violating complex phases (evidently J = 0 if U is real).
The PMNS matrix U is an element of U(N), which has N2 degrees of freedom (N2 − 1
from the traceless hermitian generators and one overall U(1) phase). U(N) contains the
(real) orthogonal matrices O(N) with N(N − 1)/2 degrees of freedom. This leaves us
with N(N + 1)/2 complex phases. We can now try to write U as a sandwich product of
2N diagonal phases and an O(N) core:

Uαi
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= exp(iφα)Rαi exp(iψi) (R ∈ O(N)) (1.1.33)

where the equality holds if the number of independent degrees of freedom is N2. Such
diagonal phases are CP conserving (in fact have no effect on neutrino oscillation at all):
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βj = RαiRβiRαjRβj ∈ R. (1.1.34)

So we may think the number of CP violating phases for U(N) is max{N(N + 1)/2− 2N, 0}
(0, 0, 2, 5, . . . for N = 2, 3, 4, 5, . . .), requiring N ≥ 4 generations for CP violation. How-
ever, one overall phase of φα and ψi commutes with R (it’s just a c-number) and is thus
degenerate. The number of independent complex diagonal phases is therefore reduced by
1. This means the number of CP violating phases really is
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(1.1.35)

(#CPV = 0, 1, 3, 6, . . . for N = 2, 3, 4, 5, . . .) and CP violation in neutrino oscillation
becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
very small mixing angles unlike the PMNS matrix. This causes a very small value of the
Jarlskog constant J = (3.18± 0.15)× 10−5 [13]. When studying the impact on the size of
the baryon asymmetry of the universe (BAU) we get additional factors of squared mass
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     For neutrinos flavor basis ≠ Hamiltonian basis.

 → Flavor (  ) oscillates over , 
     amplitude controlled by (PMNS) mixing matrix :

νe ∣ νμ ∣ ντ L × Δm2/E
U

( interaction ) ( propagation) 

 important params   for cosmology  (leptogenesis…) and 0v2β searches

flavor symmetries?

normal ordering (NO) inverted ordering (IO)
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Matter effect
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Matter effect

• Presence of  picks out  and acts as effective potential term in Hamiltonian 
that flips sign for anti-neutrinos

e− νe
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1.1. THEORY OF NEUTRINOS 5

particular P (⌫µ ! ⌫e) 6= P (⌫µ ! ⌫e) (we will properly introduce “CP” in Sect. 1.1.6). If the456

neutrino masses are of Majorana origin (see Sect. 1.1.5), two additional complex phases appear457

but have no measurable consequences for neutrino oscillation.458

The current global best-fit values are [6, 7]459

✓12 = 33.45+0.77
�0.75 deg (1.1.22)

✓23 = 42.1+1.1
�0.9 deg (1.1.23)

✓13 = 8.61+0.12
�0.12 deg (1.1.24)

�CP = �2.27+0.63
�0.44 rad (1.1.25)

with the following open questions:460

• What is the value of �CP?461

A non-zero value of sin �CP enables CP-violation in the lepton sector.462

• What is the neutrino mass ordering?463

• Is ✓23 maximal (✓23 = 45deg)?464

If not, is it in the lower (✓23 < 45 deg) or upper (> 45 deg) octant?465

These questions can have implications for cosmology and neutrino-less double-beta decay searches,466

as well as attempts to construct theories of flavor. We will discuss these possibilities in the fol-467

lowing sections.468

If the detection is by neutral current (NC), the interaction is flavor-blind and no “oscillation”469

occurs.470

1.1.3 Matter e↵ects471

The probability for a neutrino to interact in matter is extremely small. For a typical 1GeV472

neutrino propagating through the Earth ⇢ ⇡ 3 g/cm3 for L = REarth ⇡ 6400 km, the interaction473

probability calculated using the typical ⌫ + N cross section �/E ⇡ 10�38 cm2
/GeV is only of474

order 10�5. It is however possible to acquire phase shifts due to quantum mechanical inter-475

ference between no-interaction and coherent forward-scattering as the wave-functions of these476

two processes overlap (cos ✓ = 1). The interference is only suppressed by a single power of the477

Fermi constant GF contrary to the strong suppression of the interaction cross section from the478

square G
2
F . Since only phase di↵erences between the mass eigenstates are detectable, the only479

relevant scattering process is the (lepton-universality violating) presence of electrons in matter,480

which give ⌫e an additional phase shift compared to ⌫µ,⌧ due to CC scattering. As a result, the481

local Hamiltonian is e↵ectively modified to include an additional potential term482

Hmatter(t) =
1

2E
U

0

@
0 0 0
0 �m

2
21 0

0 0 �m
2
31

1

A U
†

| {z }
Vacuum Hamitonian

+

0

@
Ae(t) 0 0

0 0 0
0 0 0

1

A

| {z }
Matter potential

(1.1.26)

where Ae(t) = ±
p

2GF ne(t) with ne(t) the local electron number density (t being time along483

the neutrino trajectory) and positive (negative) sign to be taken for neutrinos (antineutrinos).484

To understand the phenomenology it is useful to briefly consider the case of 2 flavor (e $ X)485

oscillation in constant matter density:486

Hmatter =
1

2E
U

✓
0 0
0 �m

2

◆
U

†

| {z }
Vacuum Hamitonian

+

✓
Ae 0
0 0

◆

| {z }
Matter potential

(1.1.27)



• Matter effect changes effective mass 
splittings  and mixing angles  
over long distances (e.g. Earth).


• At resonance, dramatic consequence 
— effective mixing  in matter 
can become maximal  for any 
vacuum-value of .


• Resonance only appears for 
neutrinos or anti-neutrinos 
depending on the sign of  
→ mass ordering sensitivity.

Δm2
m θm

sin2 2θm
= 1

sin2 2θ > 0

Δm2

37

6 CHAPTER 1. INTRODUCTION

In vacuum we would have the oscillation probabilities487
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but in matter the matter potential modifies both the eigenvalues (or their di↵erences) and488

eigenvectors of the Hamiltonian which can be written as a change of the mixing parameters489
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and ✓ ! ✓m; particularly interesting is the change of sin2 2✓ controlling the magnitude of the490
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For
��2EAe

�m2

�� ⌧ |cos 2✓| we just recover vacuum oscillations sin2 2✓m = sin2 2✓, but when the492

resonance condition493

2EAe = �m
2 cos 2✓ (1.1.32)

is satisfied, we obtain sin2 2✓m = 1, i.e. enhanced oscillations, for any ✓ value provided sin2 2✓ >494

0. This resonance is furthermore interesting in that Ae flips sign depending on neutrino/an-495

tineutrino oscillations, so depending on the sign of �m
2 the resonance will appear only for496

neutrinos or antineutrinos (Fig. 1.2). For the other antineutrinos or neutrinos, and at energies497

higher than the resonance, the oscillation will be increasingly suppressed due to the matter498

e↵ect. Thus matter e↵ects are able to resolve the mass ordering degeneracy �m
2. In fact the499

sign of �m
2
21 is known through matter e↵ects inside the sun (Sect. 1.2.1).500
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Figure 1.2: Change of eigenvalues of the matter Hamiltonian (m2, left) and mixing angle (right)
as a function of x = 2EAe/�m
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✓ corresponding to the current best-fit value of ✓13 was used.
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In vacuum we would have the oscillation probabilities487
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Matter effect in Earth
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6Atmospheric neutrino oscillations
Matter effects

Presence of a resonance driven by θ13 induced matter effects between 

2 and 10 GeV
● Only for ν in NH and ν in IH → sensitivity to the mass hierarchy
● Size of the effect depends on sin2(θ23) → sensitive to θ23 octant 
● MH sensitivity increases with larger statistics, improved ability to 

separate interactions of ν and ν and constraint on sin2(θ23)
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Oscillograms from: 
C. Bronner for SK collaboration, at ICTP Advanced 
Workshop on Physics of Atmospheric Neutrinos 2018

corresponds to neutrinos crossing both the outer core and
mantle regions of the Earth. For shallower zenith angles the
distortion in the νμ survival probability and the resonant
feature in the νe appearance probability are caused by
matter effects in the mantle region. Note that none of these
features appear in the antineutrino plots. If the inverted
hierarchy were assumed instead, the roles of neutrinos and
antineutrinos switch completely and the discontinuities and
resonance effects appear with nearly the same magnitude
but in the antinuetrino plots.

III. THE SUPER-KAMIOKANDE DETECTOR

Super-Kamiokande is a cylindrical 50-kiloton water
Cherenkov detector, located inside the Kamioka mine in
Gifu, Japan. An inner detector (ID) volume is viewed by
more than 11,000 inward-facing 20-inch photomultiplier
tubes (PMTs) and contains a 32-kiloton target volume. The
outer detector, which is defined by the two meter-thick
cylindrical shell surrounding the ID, is lined with reflective
Tyvek to increase light collection to 1,885 outward-facing
eight-inch PMTs mounted on the shell’s inner surface.
Since the start of operations in 1996, Super-Kamiokande
has gone through four data taking periods, SK-I, -II, -III,
and -IV.
Though the basic configuration the detector is similar

across the phases there are a few important differences. At
the start of the SK-IV period in 2008 the front-end
electronics were upgraded to a system with an ASIC based

on a high-speed charge-to-time converter [13]. The new
system allows for the loss-less data acquisition of all PMT
hits above threshold and has improved the tagging effi-
ciency of delayed Michel electrons from muon decay from
73% in SK-III to 88%.
Further, following a period of detector maintenance and

upgrades at the end of SK-I (1996-2001), the implosion of a
single PMT at the bottom of the detector on November 12,
2001, created a shock wave and chain reaction that went on
to destroy 6,665 ID and 1,027 OD PMTs. The detector was
rebuilt the following year with nearly half of the photo-
cathode coverage (19%) in the ID (5,137 PMTs) and the
full complement of OD PMTs for the SK-II period (2002-
2005). Since that time all ID PMTs have been encased in
fiber-reinforced plastic shells with 1.0 cm thick acrylic
covers to prevent further chain reactions. This resulted in an
increased threshold of 7.0 MeV in SK-II compared to
5.0 MeV in SK-I. In 2006 the detector underwent a second
upgrade in which the remaining ID PMTs were replaced
and additional optical barriers were added to the top and
bottom portions of the OD to improve separation with its
barrel region. Both SK-III (2006-2008) and SK-IV (2008-
present) were operated with the full 40% photocathode
coverage in the ID.
Neutrino interactions which produce charged particles

above the Cherenkov threshold in water are reconstructed
based on the observed ring patterns projected on the
detector walls. Photomultiplier timing information is used
to reconstruct the initial interaction vertex after correcting
for the photon time of flight. Particles are divided into two
broad categories based upon their Cherenkov ring pattern
and opening angle. Rings from particles which produce
electromagnetic showers, such as electrons and photons,
tend to have rough edges due to the many overlapping rings
from particles in the shower and are labeled e-like or
showering. Muons and charged pions on the other hand,
which do not form showers, produce Cherenkov rings with
crisp edges. Such rings are labeled μ-like or non-shower-
ing. The event reconstruction assigns momenta to each
reconstructed ring in an event based on the observed
number of photons in the ring. Particles with higher
momenta produce brighter Cherenkov rings. Similarly,
particle directions are inferred based on the shape of their
ring pattern. Since the neutrino itself is unobserved, energy
and direction variables for use in the oscillation analysis
described below are based on the properties of their
daughter particles.
More detailed descriptions of the detector and its

electronics can be found in [13–15].

A. Detector calibration

Over the 20 year history of the experiment changes in the
run conditions have been unavoidable. Seasonal changes in
precipitation and the expansion of underground activities at
the Kamioka site have variable impact on the quality and

FIG. 1. The propagation of two neutrinos through the simpli-
fied model of the Earth used in the analysis below. Both νA and νB
are produced in the atmosphere. νA then experiences 6 oscillation
steps (air → crust → mantle → outer core → mantle → crust),
while νB experiences 4 oscillation steps (air → crust → mantle →
crust).
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• Neutrinos generated from primary cosmic rays in 
atmosphere: 


• Many  samples over large energy range


• Zenith angle ~ propagation length L

p + X → π± + ⋯ → μ+ + ν(−)
μ + ⋯

e/μ/π0
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SuperK experiment 
atmospheric neutrinos

FHC mode (mostly ⌫) RHC mode (mostly ⌫ )
Single Ring e-like 0 decay e� Single Ring e-like 0 decay e�

Single Ring µ-like 1 decay e� Single Ring µ-like 1 decay e�

Single Ring e-like 1 decay e�

Table 2: List of T2K samples

3.2 True energy distribution173

The SK atmospheric samples cover a wide range of neutrino energies. Figure 2 shows the true174

neutrino energy distributions of the di↵erent atmospheric samples. Neutrino oscillations are175

taken into account with true values set to the Asimov set A (described in table 3) commonly176

used in T2K analysis.177
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Figure 2: Neutrino energy distribution of the atmospheric samples, normalized to the 3244.4
days of SK-IV livetime.

The atmospheric samples cover a larger range of energies and more topologies than the T2K178

beam samples, but some of the sub-GeV samples (table 1) look similar in terms selections to the179

T2K ones (table 2). Figure 3 shows the area-normalized neutrino energy distributions of the 3180

beam FHC single-ring events and their atmospheric counterparts. It can be seen that although181

they correspond to similar neutrino energies, the corresponding samples from the 2 experiments182

do not have the same spectra. This is due partly to flux di↵erences, but also to the fact that183

the event selection criteria are similar but not identical between the 2 experiments as discussed184

in [3].185

3.3 Breakdown of the di↵erent samples by interaction modes (Dan)186

Mainly plots. That’s a number of them, but seems relevant for discussion of interaction model.187

Probably one plot per sample, as a function of variable of interest (Erec for T2K and p for SK188

atm). Could alternatively put only plots for representative atm samples here, and the remaining189

8

SK+T2K work in progress

Accordingly, an antineutrino enriched subsample is
extracted from the single-ring multi-GeV e-like sample
by additionally requiring there are no decay electrons
present. This cut defines the single-ring multi-GeV ν̄e-like

sample and its rejected events form the single-ring
multi-GeV νe-like sample. After this selection the fractions
of charged-current electron neutrino and antineutrino
events in the νe-like sample are 62.1% and 9.0%,
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SK sample separation
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Accordingly, an antineutrino enriched subsample is
extracted from the single-ring multi-GeV e-like sample
by additionally requiring there are no decay electrons
present. This cut defines the single-ring multi-GeV ν̄e-like

sample and its rejected events form the single-ring
multi-GeV νe-like sample. After this selection the fractions
of charged-current electron neutrino and antineutrino
events in the νe-like sample are 62.1% and 9.0%,
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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 (cf. 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 difference 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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Accordingly, an antineutrino enriched subsample is
extracted from the single-ring multi-GeV e-like sample
by additionally requiring there are no decay electrons
present. This cut defines the single-ring multi-GeV ν̄e-like

sample and its rejected events form the single-ring
multi-GeV νe-like sample. After this selection the fractions
of charged-current electron neutrino and antineutrino
events in the νe-like sample are 62.1% and 9.0%,
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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 difference 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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Accordingly, an antineutrino enriched subsample is
extracted from the single-ring multi-GeV e-like sample
by additionally requiring there are no decay electrons
present. This cut defines the single-ring multi-GeV ν̄e-like

sample and its rejected events form the single-ring
multi-GeV νe-like sample. After this selection the fractions
of charged-current electron neutrino and antineutrino
events in the νe-like sample are 62.1% and 9.0%,
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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 (cf. 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 difference 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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Accordingly, an antineutrino enriched subsample is
extracted from the single-ring multi-GeV e-like sample
by additionally requiring there are no decay electrons
present. This cut defines the single-ring multi-GeV ν̄e-like

sample and its rejected events form the single-ring
multi-GeV νe-like sample. After this selection the fractions
of charged-current electron neutrino and antineutrino
events in the νe-like sample are 62.1% and 9.0%,
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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 (cf. 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 difference 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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Neutron signals in SK-VI atmospheric ν 

29

◼ Applied the neural 
network neutrino 
tagging to the SK-VI 
577 days atmospheric 
ν sample.

◼ The peak position of 
the neutron travel 
distance looks to be 
energy dependent.

◼ The capture time of 
neutron looks similar.

◼ Expected 
improvement in 
atmospheric ν analysis 
in SK-Gd:
◼ Purity of νe-like will be 

improved. It improves δCP
and MH sensitivities.

◼ Reference: 
10.5281/zenodo.6781493
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Sub-GeV (<1.33 GeV) Multi-GeV (> 1.33 GeV)
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atmospheric ν analysis 
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Y. Takeuchi, NOW 2022

SK-Gd Phase
SK-Gd Phase: 
Add gadolinium (Gd) to enhance neutron 
tagging efficiency of the SK detector.

SK refurbishment was done before SK-V
◼ Fix water leakage, clean inside the detector
◼ Replace dead PMTs
◼ Improve water piping in the SK detector 

~8 MeV

◼Reduce BG of νe signal 
◼ Delayed coincidence
◼ ΔT ~ 30 μs (@0.1% Gd)
◼ Vertices within ~ 50 cm

Capture efficiencies in water 
◼ 0.01% Gd [Gd2(SO4)3 10t] : ~50%
◼ 0.03% Gd [Gd2(SO4)3 30t] : ~75%
◼ 0.1% Gd [Gd2(SO4)3 100t] : ~90%

Physics targets:
◼Detect the world’s first Supernova Relic 

Neutrinos (SRN) (or Diffuse Supernova 
Neutrino Background, DSNB)

◼ Improve pointing accuracy for supernova
◼Early warning of nearby supernova from 

pre-burst signal (silicon burning)
◼Enhance ν or ν discrimination in 

atmospheric ν & T2K analysis 
◼Reduce backgrounds in proton decay 

search

Gd concentration
SK-VI: 0.011% (18 Aug. 2020-)
SK-VII: 0.03% (5 Jul. 2022-)

(2.2 MeV)

SK-VI, atmospheric
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SK-Gd Phase
SK-Gd Phase: 
Add gadolinium (Gd) to enhance neutron 
tagging efficiency of the SK detector.

SK refurbishment was done before SK-V
◼ Fix water leakage, clean inside the detector
◼ Replace dead PMTs
◼ Improve water piping in the SK detector 

~8 MeV

◼Reduce BG of νe signal 
◼ Delayed coincidence
◼ ΔT ~ 30 μs (@0.1% Gd)
◼ Vertices within ~ 50 cm

Capture efficiencies in water 
◼ 0.01% Gd [Gd2(SO4)3 10t] : ~50%
◼ 0.03% Gd [Gd2(SO4)3 30t] : ~75%
◼ 0.1% Gd [Gd2(SO4)3 100t] : ~90%

Physics targets:
◼Detect the world’s first Supernova Relic 

Neutrinos (SRN) (or Diffuse Supernova 
Neutrino Background, DSNB)

◼ Improve pointing accuracy for supernova
◼Early warning of nearby supernova from 

pre-burst signal (silicon burning)
◼Enhance ν or ν discrimination in 

atmospheric ν & T2K analysis 
◼Reduce backgrounds in proton decay 

search

Gd concentration
SK-VI: 0.011% (18 Aug. 2020-)
SK-VII: 0.03% (5 Jul. 2022-)

(2.2 MeV)

Neutron events in SK-VII

31

◼ Cosmic-ray muons produce neutrons by spallation. 

◼ Theses cosmogenic neutrons are observed in SK-IV and in SK-VI

◼ Reference: arXiv:2112.00092 (SK-IV) and M. Shinoki@UGAP2022 (SK-VI) 

◼ At the beginning of SK-VII, the cosmogenic neutron candidates are monitored 
when the additional Gd is being loaded from the bottom of the SK detector.

◼ Am/Be + BGO calibrations are also carried out.

◼ Clear increase of the neutron candidates and shorter capture time is observed. 
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Designed
beam center

Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

              experiment

• Study oscillation of neutrino beam from J-PARC accelerator


• ~500 collaborators from institutions in 14 countries
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νμ νμ νμ νμ νμ νμ

Neutrino oscillation 10
Tomasz Barszczak

Observe neutrino beam from J-PARC, 295km away at Super-
Kamiokande (SK). Current goal: evidence of CP violation.

ντ ντ ντ νμ νμ νe

6

Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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Table III summarizes the fractional error on the ex-
pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.

E. Oscillation analysis

The analysis method here follows from what was pre-
sented in [1]. As described in Sec. I the three flavor
neutrino oscillation formalism is extended to include in-
dependent parameters sin2(✓23) and �m2

32 which only
a↵ect antineutrino oscillations. Any di↵erence between
sin2(✓23) and sin2(✓23) or �m2

32 and �m2
32 could be in-

terpreted as new physics.
With the number of events predicted in the antineu-

trino sample, the uncertainties on the background mod-
els have a non-negligible impact on the measurement of
sin2(✓23) and �m2

32. The largest is the contribution
from the uncertainty on sin2(✓23) and �m2

32 due to the
significant neutrino background in the antineutrino sam-
ple. This provides the motivation for a simultaneous fit
of the neutrino and antineutrino data sets.

The oscillation parameters of interest, sin2(✓23),�m2
32,

sin2(✓23) and�m2
32, are estimated using a maximum like-

lihood fit to the measured reconstructed energy spectra
in the far detector, for neutrino mode and antineutrino
mode µ-like samples. In each case, fits are performed
by maximizing the marginal likelihood in the two dimen-
sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
vant oscillation parameters o:

L(o) =
Z binsY

i

Li(o, f)⇥ ⇡(f) df , (1)

where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
sance parameters along with systematic parameters and
are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
tion framework [38], with sin2(✓23) and �m2

32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
sin2(

(

✓
)

23) – �(m)2
32 oscillation parameter space and the

maximum marginal likelihood. The confidence region
is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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pected number of SK events using a 1� variation of the
flux, cross-section, and far detector uncertainties.
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32. The largest is the contribution
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marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
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where bins denotes the number of analysis bins. All other
oscillation parameters, except �CP , are treated as nui-
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are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
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abilities are calculated using the full three-flavor oscilla-
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32 for ⌫, and
sin2(✓23) and �m2

32 for ⌫. Matter e↵ects, almost negli-
gible in this analysis, are included with a matter density
of ⇢ = 2.6 g/cm3 [39].

Confidence regions are constructed for the oscillation
parameters using the constant ��2 method [37]. We
define ��2 = �2 ln(L(o)/max(L)) as the logarithm of
the ratio of the marginal likelihood at a point o in the
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is then defined as the area of the oscillation parameter
space for which ��2 is less than a standard critical value.
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detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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sional parameter space for each pair of parameters. The
marginal likelihood is obtained by integrating over the
nuisance parameters f with prior probability densities
⇡(f), giving a likelihood as a function of only the rele-
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where bins denotes the number of analysis bins. All other
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are marginalized in the construction of the likelihood.
�CP is fixed to 0 in each fit as it has a negligible impact
on the disappearance spectra at T2K. Oscillation prob-
abilities are calculated using the full three-flavor oscilla-
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FIG. 1. Top: Reconstructed energy distribution of the 135 far
detector ⌫µ-CCQE candidate events (left) and 66 ⌫µ-CCQE
candidate events (right), with predicted spectra for best fit
and no oscillation cases. Bottom: Ratio to unoscillated pre-
dictions.

This method was used as the di↵erence between the con-
fidence regions produced by it and those obtained using
the Feldman-Cousins [40] method was found to be small.
For the Feldman-Cousins method, the critical chi-square
values were calculated for a coarse set of points in the
oscillation parameter space.

IV. RESULTS AND DISCUSSION

The reconstructed energy spectra of the events ob-
served during neutrino and antineutrino running modes
are shown in Figure 1. These are overlaid with the predic-
tions for the best fit values of the oscillation parameters
assuming normal hierarchy, and in the case of no oscilla-
tions. The lower plots in Fig. 1 show the ratio of data
to the unoscillated spectrum.
Assuming normal hierarchy, the best fit values ob-

tained for the parameters describing neutrino oscillations
are sin2(✓23) = 0.51 and �m2

32 = 2.53 ⇥ 10�3eV2/c4

with 68% confidence intervals of 0.44 – 0.59 and 2.40 –
2.68 (⇥10�3eV2/c4) respectively. For the antineutrino
parameters, the best fit values are sin2(✓23) = 0.42 and
�m2

32 = 2.55 ⇥ 10�3eV2/c4 with 68% confidence inter-
vals of 0.35 – 0.67 and 2.28 – 2.88 (⇥10�3eV2/c4) re-
spectively. The values for the inverted hierarchy can
be obtained by replacing �(m)2

32 by ��(m)2
31, e↵ectively

changing the sign of �(m)2
32 and shifting its absolute value

by ��m2
12 = �7.53 ⇥ 10�5 eV2/c4. Those results were

cross-checked using a second, independent, analysis.
A goodness-of-fit test was performed by comparing the

best fit value of the �2 to the values obtained for an
ensemble of toy experiments generated with systematic
variations and statistical fluctuations, giving a p-value of
96%.
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CHAPTER 1. PHYSICS 11

a phase-convention invariant measure of CP violation. In the standard parametrization
of the PMNS matrix

U =




1 0 0
0 c23 s23
0 −s23 c23








c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13








c12 s12 0
−s12 c12 0
0 0 1



 (1.1.30)

cij ≡ cos θij (1.1.31)

sij ≡ sin θij (1.1.32)

this is proportional to sin δCP (and sines and cosines of the three mixing angles θ12, θ23,
θ13). Since this CP violation term is just the last term in the oscillation formula (1.1.22),
it is in principle possible to constrain δCP without preparing an anti-neutrino beam, by
measuring the energy-dependency of the appearance probability.

CP violation in neutrino oscillation demands three neutrino flavors as can be shown
by counting the number of CP violating complex phases (evidently J = 0 if U is real).
The PMNS matrix U is an element of U(N), which has N2 degrees of freedom (N2 − 1
from the traceless hermitian generators and one overall U(1) phase). U(N) contains the
(real) orthogonal matrices O(N) with N(N − 1)/2 degrees of freedom. This leaves us
with N(N + 1)/2 complex phases. We can now try to write U as a sandwich product of
2N diagonal phases and an O(N) core:

Uαi
?
= exp(iφα)Rαi exp(iψi) (R ∈ O(N)) (1.1.33)

where the equality holds if the number of independent degrees of freedom is N2. Such
diagonal phases are CP conserving (in fact have no effect on neutrino oscillation at all):

U∗
αiUβiUαjU

∗
βj = RαiRβiRαjRβj ∈ R. (1.1.34)

So we may think the number of CP violating phases for U(N) is max{N(N + 1)/2− 2N, 0}
(0, 0, 2, 5, . . . for N = 2, 3, 4, 5, . . .), requiring N ≥ 4 generations for CP violation. How-
ever, one overall phase of φα and ψi commutes with R (it’s just a c-number) and is thus
degenerate. The number of independent complex diagonal phases is therefore reduced by
1. This means the number of CP violating phases really is

#CPV = max

{
N(N − 3)

2
+ 1, 0

}
(1.1.35)

(#CPV = 0, 1, 3, 6, . . . for N = 2, 3, 4, 5, . . .) and CP violation in neutrino oscillation
becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
very small mixing angles unlike the PMNS matrix. This causes a very small value of the
Jarlskog constant J = (3.18± 0.15)× 10−5 [13]. When studying the impact on the size of
the baryon asymmetry of the universe (BAU) we get additional factors of squared mass
differences (m2

t −m2
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normalized by the 12th power of the electroweak symmetry breaking scale ∼ 100GeV
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• 30 GeV protons produce 
π,K in 90 cm graphite target


• Three magnetic horns 
selectively focus 
π +,K+ or π –,K – to produce 

 or  beam (decay in-flight).


• Narrowband beam thanks 
to off-axis technique.
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How to make a neutrino beam

15

Focus π,K produced in hadronic interactions.
Switch sign of horn current to focus π–, K– instead

Total three horns to
collect & focus mesons.

π,K+     +

π,K– –

B-field



1.5m

Designed
beam center

The near detectors
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INGRID on-axis detector


• Iron-scintillator 
sandwich detectors 
monitor neutrino beam 
direction and intensity

ND280 off-axis detector


• Active scintillator + 
passive water targets


• Tracking with time 
projection chambers


• Magnetized for charge and 
momentum measurement

WAGASCI + BabyMIND


• Latest addition at 
intermediate 1.5º off-axis flux


• Water target with 
cuboid lattice scintillators 
for high angle acceptance


• Compact magnetized iron 
muon range detector


• First xsec meas. published: 
PTEP, ptab014 (2021)

Figure 1: Schematic view of entire sets of detectors.

scintillators, are placed perpendicularly to the beam, and the other 40 bars, called lattice
scintillators, are placed in parallel to the beam with hollow cuboid lattice in the tracking
plane as shown in Figure 5. Thanks to the hollow cuboid lattice of the scintillator bars,
the WAGASCI module has 4π angular acceptance for charged particles.

Thin plastic scintillator bars produced at Fermilab by extrusion method, mainly consists
of polystyrene and are surrounded by thin reflector including TiO2 (3 mm in thickness)
are used for the WAGASCI modules to reduce the mass ratio of scintillator bars to water,
because neutrino interactions in the scintillator bars are a background for the cross section
measurements on H2O. Each scintillator bar is sized as 1020mm×25mm×3 mm including
the reflector part, and half of all the scintillator bars have 50-mm-interval slits to form the
hollow cuboid lattice (Figure 6 ).

We can operate the WAGASCI module with two conditions, water-in and a water-out.
The water-in WAGASCI module has water in spaces of the hollow cuboid lattice. The
total water mass serving as neutrino targets in the fiducial volume of the module is 188 kg,
and the mass ratio of scintillator bars to water is 1 : 4. The water-out WAGASCI module
doesn’t have water inside the detector. The total CH mass serving as neutrino target in
the fiducial volume of the module is 47 kg, and the mass fraction of scintillator bars is 100
%.

Scintillation light is collected by wave length shifting fibers, Y-11 (non-S type with a
diameter of 1.0 mm produced by Kuraray). A fiber is glued by optical cement in a groove
on surface of a scintillator bar. 32 fibers are gathered together by a fiber bundle at edge
of the module, and lead scintillation light to a 32-channel arrayed MPPC. Since crosstalk

6

ND280

INGRID

https://academic.oup.com/ptep/advance-article/doi/10.1093/ptep/ptab014/6156643
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Figure 7: A schematic view of the Super-Kamiokande Detector.

4.3 Far detector: Super-Kamiokande

The far detector, Super-Kamiokande, is located in the Kamioka Observatory, Institute

for Cosmic Ray Research (ICRR), University of Tokyo, which has been successfully taking
data since 1996. The detector is also used as a far detector for K2K experiment. It is a

50,000 ton water Čerenkov detector located at a depth of 2,700 meters water equivalent
in the Kamioka mine in Japan. Its performance and results in atmospheric neutrinos

or solar neutrinos have been well documented elsewhere[1, 5, 6]. A schematic view of
detector is shown as Fig 7. The detector cavity is 42 m in height and 39 m in diameter,
filled with 50,000 tons of pure water. There is an inner detector (ID), 33.8 m diameter and

36.2 m high, surrounded by an outer detector (OD) of approximately 2 m thick. The inner
detector has 11,146 50 cm φ photomultiplier tubes (PMTs), instrumented on all surfaces

of the inner detector on a 70.7 cm grid spacing. The outer detector is instrumented with
1,885 20 cm φ PMTs and used as an anti-counter to identify entering/exiting particles
to/from ID. The fiducial volume is defined as 2 m away from the ID wall, and the total

fiducial mass is 22,500 ton. Čerenkov rings produced by relativistic charged particles are
detected by ID PMT’s. The trigger threshold is recently achieved to be 4.3 MeV. The

pulse hight and timing information of the PMT’s are fitted to reconstruct the vertex,
direction, energy, and particle identification of the Čerenkov rings. A typical vertex,

angular and energy resolution for a 1 GeV µ is 30 cm, 3◦ and 3% for vertex, respectively.
The Čerenkov ring shapes, clear ring for muons and fuzzy ring for electrons, provides
good e/µ identification. A typical rejection factor to separate µ’s from e’s (or vice versa)

is about 100 for a single Čerenkov ring events at 1 GeV. The e’s and µ’s are further
separated by detecting decay electrons from the µ decays. A typical detection efficiency

of decay electrons from cosmic stopping muons is roughly 80% which can be improved
by further analysis. A 4π coverage around the interaction vertex provides an efficient π0

detection and e/π0 separation as discussed in sections 5.2 amd 5.3.
Interactions of neutrinos from the accelerator are identified by synchronizing the tim-

13

Figure 2.5: Left: Schematic overview of the SuperK detector (source [23]). Top right: The
inside of the SuperK tank, as seen from the bottom outer detector during the 2018
refurbishment works. The outer detector acts as a veto for any charged particles (e.g.
cosmic muons) entering the detector from the outside. Bottom right: Photo taken during
the re-filling of SuperK after the refurbishment works. One can see the large PMTs on the
walls even deep into the water because of the extreme purity. During normal detector
operation, the detector is filled with water to the top and optically isolated from the
outside (i.e. the inside is absolutely dark). Photos from [24].

To directly constrain the neutrino-flux energy spectrum at off-axis in the SuperK di-
rection, the ND280 detector is installed at roughly the same 2.5 degrees off-axis in the
direction of SuperK. It has a modular structure (Fig. 2.4) with three gas time projection
chambers (TPCs), two active targets composed of scintillator bars called fine grained
detectors (FGD), and on the upstream end a π0 detector (PØD, sandwich of scintillators,
thin lead sheets and fillable water container layers) to constrain the neutral current in-
teractions ν +N → π0 +N +X in water, which don’t produce a charged lepton. These
detectors are surrounded from all sides by electromagnetic calorimeters (ECAL) for mea-
suring the energy of electrons and gammas (mainly from π0 decay). It is fully enclosed
in a magnet inherited from the UA1 experiment at CERN, to measure the momenta and
charges of generated charged particles. In addition to constraining the flux parameters,
ND280 provides essential measurements of differential neutrino cross sections on various
materials installed in the detector.

2.1.3 Super-Kamiokande detector

Super-Kamiokande (SuperK, SK) [25] is a giant water Cherenkov detector containing
50,000 tons of ultra-pure water, 1000m underground in the Kamioka mine of the Gifu
mountains (Fig. 2.5). The detector walls are lined with 11,000 photo-multiplier tubes (PMTs)
which detect the faint Cherenkov light emitted by relativistic particles traveling through
the water. By reconstructing the Cherenkov ring from PMT charges and hit timings,
one can infer the momentum, direction and interaction point of the particle, as well as

ICRR, “Super-kamiokande refurbishment,” http://www-
sk.icrr.u-tokyo.ac. jp/sk/tankopen2018/index-e.html (2018). 

50 kton pure water
~ 11,000 PMTs

Inner detector

Outer detector

Photo 
multipliers
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FIG. 1. The upper (middle) panel shows the reconstructed
neutrino energy spectra for the SK samples containing
electron-like events in (anti)neutrino-mode beam running.
The uncertainty shown around the data points accounts for
statistical uncertainty. The uncertainty range is chosen to in-
clude all points for which the measured number of data events
is inside the 68% confidence interval of a Poisson distribution
centred at that point. The solid stacked chart shows the pre-
dicted number of events for the CP -conserving point �CP = 0
separated according to whether the event was from an oscil-
lated neutrino or antineutrino or from a background process.
The dashed lines show the total predicted number of events
for the two most extreme CP -violating cases. The lower ta-
ble shows the measured (expected for �CP = �⇡

2 ) number of
events in each electron-like SK sample. For all predictions,
normal ordering is assumed, and sin2 ✓23 and �m2

32 are at
their best-fit values. sin2 ✓13, sin

2 ✓12 and �m2
21 take the val-

ues indicated by external world average measurements [2].
The parameters accounting for systematic uncertainties take
their best-fit values after the near-detector fit.
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FIG. 2. Distribution of the particle identification (PID) pa-
rameter used to classify Cherenkov rings as electron-like and
muon-like. Events to the left of the blue line are classified as
electron-like and those to the right as muon-like. The filled
histograms show the expected number of single ring events
after neutrino oscillations. The PID algorithm uses prop-
erties of the light distribution such as the blurriness of the
Cherenkov ring to classify events. The insets show examples
of an electron-like (left) and muon-like (right) Cherenkov ring.

they decay. Identifying both muon and electron neutrino
interactions in both the neutrino- and antineutrino-mode
beams allows us to measure the probabilities for four os-
cillation channels: ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ, ⌫µ ! ⌫e and
⌫̄µ ! ⌫̄e.

We define a model of the expected number of neutrino
events as a function of kinematic variables measured in
our detectors with degrees of freedom for each of the os-
cillation parameters and for each source of systematic
uncertainty. Systematic uncertainties arise in the model-
ing of neutrino-nucleus interactions in the detector, the
modeling of the neutrino production, and the modeling
of the detector’s response to neutrino interaction prod-
ucts. Where possible, we constrain the model using ex-
ternal data. For example, the solar oscillation param-
eters, �m2

21 and sin2(✓12), which T2K is not able to
measure, are constrained using world average data [2].
Whilst we are sensitive to sin2 ✓13, we use the combina-
tion of measurements from the Daya Bay, RENO and
Double Chooz reactor experiments to constrain this pa-
rameter [2], as they make a much more precise mea-
surement than using T2K data alone (see upper panel
of Figure 3). We measure the oscillation parameters by
doing a marginal likelihood fit of this model to our near

Neutrino detection @ SuperK

Using GPS-synchronized 
clock, use beam bunch 
structure to separate 
neutrino events from J-PARC 
and natural background.
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FIG. 2. Reconstructed neutrino energy distributions at the
far detector for the ⌫µ CCQE (left) and ⌫̄µ CCQE (right)
enriched samples with total predicted event rate shown in red.
Ratios to the predictions under the no oscillation hypothesis
are shown in the bottom figures.

Like in the case of the CCQE-enriched samples, Erec for
the ⌫e CC1⇡+ sample is calculated from the outgoing
electron kinematics, except in this case the �++ mass is
assumed for the outgoing nucleon. Event yields for these
samples are compared to Monte-Carlo predictions in Ta-
ble II and their Erec distributions are shown in Figure 3.
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FIG. 3. Reconstructed neutrino energy distributions at the far
detector for the ⌫e CCQE (top left), ⌫e CC1⇡+ (bottom left)
and ⌫̄e CCQE (bottom right) enriched samples. Predictions
under the no oscillation hypothesis are shown in blue and
best-fit spectra in red.

Compared to previous T2K publications, the opti-
mized event selection criteria are expected to increase
the acceptance for (⌫ )

µ CCQE events by 15% with a 50%
reduction of the NC1⇡+ background; to increase the (⌫ )

e

CC events acceptance by 20% with similar purity to pre-
vious analyses; and to increase the ⌫e CC1⇡+ acceptance
by 33% with a 70% reduction in background caused by
particle misidentification. A summary of the systematic
uncertainties on the predicted event rates at SK is given
in Table I.

TABLE I. Systematic uncertainty on far detector event yields.

Source [%] ⌫µ ⌫e ⌫e⇡
+ ⌫̄µ ⌫̄e

ND280-unconstrained cross section 2.4 7.8 4.1 1.7 4.8

Flux & ND280-constrained cross sec. 3.3 3.2 4.1 2.7 2.9

SK detector systematics 2.4 2.9 13.3 2.0 3.8

Hadronic re-interactions 2.2 3.0 11.5 2.0 2.3

Total 5.1 8.8 18.4 4.3 7.1

Oscillation analysis.—A joint maximum-likelihood fit
to five far-detector samples constrains the oscillation pa-
rameters sin2✓23, �m2, sin2✓13 and �CP . Oscillation
probabilities are calculated using the full three-flavor os-
cillation formulas [39] including matter e↵ects, with a
crust density of ⇢ = 2.6 g/cm3 [40].
Priors for the flux and interaction cross-section param-

eters are obtained using results from a fit to the near-
detector data. Flat priors are chosen for sin2✓23, |�m2|
and �CP . The two mass orderings are each given a prob-
ability of 50%. In some fits a flat prior is also chosen
for sin22✓13; whereas, in fits that use reactor neutrino
measurements, we use a Gaussian prior of sin22✓13 =
0.0857±0.0046 [41]. The ✓12 and �m2

21 parameters have
negligible e↵ects and are constrained by Gaussian priors
from the PDG [41].
Using the same procedure as [10], we integrate the

product of the likelihood and the nuisance priors to ob-
tain the marginal likelihood, which does not depend on
the nuisance parameters. We define the marginal likeli-
hood ratio as �2�lnL = �2 ln(L/Lmax), where Lmax is
the maximum marginal likelihood.
Using this statistic, three independent analyses have

been developed. The first and second analyses provide
confidence intervals using a hybrid Bayesian-frequentist
approach [42]. The third analysis provides credible in-
tervals using the posterior probability distributions cal-
culated with a fully Bayesian Markov chain Monte Carlo
method [43]. This analysis also simultaneously fits both
near- and far-detector data, which validates the extrapo-
lation of nuisance parameters from the near to far detec-
tor. For all three analyses, the (⌫ )

µ samples are binned by
Erec. The first and third analyses bin the three (⌫ )

e sam-
ples in Erec and lepton angle, ✓, relative to the beam,

6

0.20.40.6 0.8 1 1.21.41.6 1.8 2 2.2

2
4
6
8

10
12
14
16
18
20

µν

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

0.2
0.4
0.6
0.8

1
1.2
1.4

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

0.2
0.4
0.6
0.8

1
1.2
1.4 0.20.40.60.8 1 1.21.41.61.8 2 2.2

2

4

6

8

10

12

14

16

18

20

µν
Data

Best-fit spectrum

Reconstructed neutrino energy (GeV)

Ev
en

ts
/(0

.0
5 

G
eV

)
R

at
io

 to
 n

o 
os

c.

FIG. 2. Reconstructed neutrino energy distributions at the
far detector for the ⌫µ CCQE (left) and ⌫̄µ CCQE (right)
enriched samples with total predicted event rate shown in red.
Ratios to the predictions under the no oscillation hypothesis
are shown in the bottom figures.

Like in the case of the CCQE-enriched samples, Erec for
the ⌫e CC1⇡+ sample is calculated from the outgoing
electron kinematics, except in this case the �++ mass is
assumed for the outgoing nucleon. Event yields for these
samples are compared to Monte-Carlo predictions in Ta-
ble II and their Erec distributions are shown in Figure 3.
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FIG. 3. Reconstructed neutrino energy distributions at the far
detector for the ⌫e CCQE (top left), ⌫e CC1⇡+ (bottom left)
and ⌫̄e CCQE (bottom right) enriched samples. Predictions
under the no oscillation hypothesis are shown in blue and
best-fit spectra in red.

Compared to previous T2K publications, the opti-
mized event selection criteria are expected to increase
the acceptance for (⌫ )

µ CCQE events by 15% with a 50%
reduction of the NC1⇡+ background; to increase the (⌫ )

e

CC events acceptance by 20% with similar purity to pre-
vious analyses; and to increase the ⌫e CC1⇡+ acceptance
by 33% with a 70% reduction in background caused by
particle misidentification. A summary of the systematic
uncertainties on the predicted event rates at SK is given
in Table I.

TABLE I. Systematic uncertainty on far detector event yields.

Source [%] ⌫µ ⌫e ⌫e⇡
+ ⌫̄µ ⌫̄e

ND280-unconstrained cross section 2.4 7.8 4.1 1.7 4.8

Flux & ND280-constrained cross sec. 3.3 3.2 4.1 2.7 2.9

SK detector systematics 2.4 2.9 13.3 2.0 3.8

Hadronic re-interactions 2.2 3.0 11.5 2.0 2.3

Total 5.1 8.8 18.4 4.3 7.1

Oscillation analysis.—A joint maximum-likelihood fit
to five far-detector samples constrains the oscillation pa-
rameters sin2✓23, �m2, sin2✓13 and �CP . Oscillation
probabilities are calculated using the full three-flavor os-
cillation formulas [39] including matter e↵ects, with a
crust density of ⇢ = 2.6 g/cm3 [40].
Priors for the flux and interaction cross-section param-

eters are obtained using results from a fit to the near-
detector data. Flat priors are chosen for sin2✓23, |�m2|
and �CP . The two mass orderings are each given a prob-
ability of 50%. In some fits a flat prior is also chosen
for sin22✓13; whereas, in fits that use reactor neutrino
measurements, we use a Gaussian prior of sin22✓13 =
0.0857±0.0046 [41]. The ✓12 and �m2

21 parameters have
negligible e↵ects and are constrained by Gaussian priors
from the PDG [41].
Using the same procedure as [10], we integrate the

product of the likelihood and the nuisance priors to ob-
tain the marginal likelihood, which does not depend on
the nuisance parameters. We define the marginal likeli-
hood ratio as �2�lnL = �2 ln(L/Lmax), where Lmax is
the maximum marginal likelihood.
Using this statistic, three independent analyses have

been developed. The first and second analyses provide
confidence intervals using a hybrid Bayesian-frequentist
approach [42]. The third analysis provides credible in-
tervals using the posterior probability distributions cal-
culated with a fully Bayesian Markov chain Monte Carlo
method [43]. This analysis also simultaneously fits both
near- and far-detector data, which validates the extrapo-
lation of nuisance parameters from the near to far detec-
tor. For all three analyses, the (⌫ )

µ samples are binned by
Erec. The first and third analyses bin the three (⌫ )

e sam-
ples in Erec and lepton angle, ✓, relative to the beam,

along with that for the single-ring selection for comparison.
Figure 25 shows the reconstructed energy distribution
for the final sample. Five νe CC1πþ candidates are
reconstructed in the data, while 3.1 events are expected
for the oscillation parameters of Table XIII.
Figure 26 shows the vertex distribution of the νe CC1πþ

candidate events in the SK tank coordinate system.

C. SK detector systematic uncertainties

This section discusses the estimation of the uncertainty
in the selection efficiency and background for the oscil-
lation samples that result from the modeling of the SK

detector. This topic has been covered in detail in previous
publications [27], but there have been a number of updates,
particularly related to the addition of the νe CC1πþ sample.
Control samples unrelated to the T2K beam are used to

assess the uncertainties. Cosmic-ray muon samples are
used to estimate uncertainties related to the FC, fiducial-
volume and decay-electron requirements, for the selections

of both ν
ð−Þ

e and ν
ð−Þ

μ CC candidates. The error from the
initial FC event selection is negligible. The uncertainty in
the fiducial volume is estimated to be 1% using the vertex
distribution of cosmic-ray muons which have been inde-
pendently determined to have stopped inside the ID.
The uncertainty due to the Michel electron tagging effi-
ciency is estimated by comparing cosmic-ray stopped
muon data with MC. The rate of falsely identified
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FIG. 16. ΔT0 distribution of all FC, OD, and LE events within
$500 μs of the expected beam arrival time observed during
T2K Run 1-7. The histograms are stacked in that order.
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FIG. 18. The PID likelihood distribution of the observed
ν-mode CC event samples after FCFV and single-ring cuts have
been applied. The data are shown as points with statistical error
bars and the shaded, stacked histograms are the MC predictions.
The expectation is based on the parameters of Table XIII.

TABLE XIII. Values of the oscillation parameters used for the
Monte Carlo simulation at SK. The values of sin2 θ12, Δm2

21, and
sin2 θ13 are taken from Ref. [75], while all the other oscillation
parameters correspond to the most probable values obtained by
the Bayesian analysis in Ref. [27].

Parameter Value

sin2 2θ12 0.846
Δm2

21 7.53 × 10−5 eV2=c4

sin2 θ23 0.528
Δm2

32 2.509 × 10−3 eV2=c4

sin2 2θ13 0.085
δCP −1.601
Mass ordering Normal
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Figure 2.6: Left, middle: The reconstructed energy distribution of muon-like (left)
and electron-like events (middle) for each horn current configuration (neutrino- or anti-
neutrino mode) observed at SuperK [15]. The comparison to the unoscillated prediction,
shown on the lower half the left plot shows the beautiful oscillation curve. For electron-
like events one can also see a clear excess over the beam intrinsic νe events shown in blue.
Right: The bunch structure of the T2K neutrino beam, as seen by SuperK in the number
of observed neutrinos [27].

the particle type (electron-like or muon-like) from the blurriness of the ring (Fig. 2.7).
SuperK is best known for the discovery of neutrino oscillation in 1998 [3] from studying
the disappearance of νµ produced as tertiary cosmic rays in the atmosphere, but also
measures neutrinos from the sun, and is setting the most stringent limits on proton de-
cay for many decay channels. Unfortunately, no supernova has occurred nearby our solar
system recently, such that the associated outburst of neutrinos is yet to be observed by
SuperK. The predecessor experiment Kamiokande was awarded the Nobel prize for the
detection of 11 neutrinos from SN1987A [26]. In 2018, the tank was re-opened for the
first time in 12 years for refurbishment works necessary to give Super-K sensitivity to
detect stray neutrinos from past supernovae (supernova relic neutrinos, SRN)1.

SuperK also acts as the far detector for the T2K experiment, measuring the neutrinos
that have traveled for 295 km from Tokai to Kamioka. Most importantly it measures the
change of the flavor content of the neutrino beam beam, for which the excellent particle
identification performance and large target mass are essential. The T2K neutrino beam
is a pulsed beam, with currently one spill every 2.48 s, each consisting of 8 bunches about
15 ns wide. By precisely synchronizing the clocks of SuperK and the J-PARC neutrino
beamline using GPS, it is therefore possible to select neutrino events due to the T2K
neutrino beam from timing information alone (Fig. 2.6 right). At the T2K peak energy
the dominant interaction channel is charged current quasi-elastic interaction νµ + n →
µ + p. Since the direction of the neutrinos is known, it is possible to reconstruct the
neutrino energy from the momentum and relative angle of the charged lepton generated
by the interaction, assuming the target nucleon was at rest, and no other particle was
generated in association. Since SuperK is not enclosed in a magnetic field, it does not
have sensitivity to the sign of the lepton charges. For T2K it is still possible to measure
the oscillation probabilities for neutrinos and anti-neutrinos separately, because of the
separate neutrino and anti-neutrino beams with about 90% purity. Since the cross section
of neutrinos is about three times larger than that of anti-neutrinos, the purity in neutrino

1The author is very grateful to have had the chance to participate in this refurbishment work. The
view inside the inner detector is absolutely stunning.
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νμ create μ, νe create e in the tank: different ring fuzziness
→ neutrino flavor (νμ or νe)

Total amount of collected light: momentum of e,μ.
Timing distribution: angle of e,μ to neutrino beam
→ neutrino energy

Fit likelihood-based model to observed charges and 
timings to extract these observables from data.

©
 T

om
as

z 
B

ar
sz

cz
ak

Neutrino detection @ SuperK

Using GPS-synchronized 
clock, use beam bunch 
structure to separate 
neutrino events from J-PARC 
and natural background.

21

CHAPTER 2. EXPERIMENTS 27
6

0.20.40.6 0.8 1 1.21.41.6 1.8 2 2.2

2
4
6
8

10
12
14
16
18
20

µν

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

0.2
0.4
0.6
0.8

1
1.2
1.4

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

0.2
0.4
0.6
0.8

1
1.2
1.4 0.20.40.60.8 1 1.21.41.61.8 2 2.2

2

4

6

8

10

12

14

16

18

20

µν
Data

Best-fit spectrum

Reconstructed neutrino energy (GeV)

Ev
en

ts
/(0

.0
5 

G
eV

)
R

at
io

 to
 n

o 
os

c.

FIG. 2. Reconstructed neutrino energy distributions at the
far detector for the ⌫µ CCQE (left) and ⌫̄µ CCQE (right)
enriched samples with total predicted event rate shown in red.
Ratios to the predictions under the no oscillation hypothesis
are shown in the bottom figures.

Like in the case of the CCQE-enriched samples, Erec for
the ⌫e CC1⇡+ sample is calculated from the outgoing
electron kinematics, except in this case the �++ mass is
assumed for the outgoing nucleon. Event yields for these
samples are compared to Monte-Carlo predictions in Ta-
ble II and their Erec distributions are shown in Figure 3.
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FIG. 3. Reconstructed neutrino energy distributions at the far
detector for the ⌫e CCQE (top left), ⌫e CC1⇡+ (bottom left)
and ⌫̄e CCQE (bottom right) enriched samples. Predictions
under the no oscillation hypothesis are shown in blue and
best-fit spectra in red.

Compared to previous T2K publications, the opti-
mized event selection criteria are expected to increase
the acceptance for (⌫ )

µ CCQE events by 15% with a 50%
reduction of the NC1⇡+ background; to increase the (⌫ )

e

CC events acceptance by 20% with similar purity to pre-
vious analyses; and to increase the ⌫e CC1⇡+ acceptance
by 33% with a 70% reduction in background caused by
particle misidentification. A summary of the systematic
uncertainties on the predicted event rates at SK is given
in Table I.

TABLE I. Systematic uncertainty on far detector event yields.

Source [%] ⌫µ ⌫e ⌫e⇡
+ ⌫̄µ ⌫̄e

ND280-unconstrained cross section 2.4 7.8 4.1 1.7 4.8

Flux & ND280-constrained cross sec. 3.3 3.2 4.1 2.7 2.9

SK detector systematics 2.4 2.9 13.3 2.0 3.8

Hadronic re-interactions 2.2 3.0 11.5 2.0 2.3

Total 5.1 8.8 18.4 4.3 7.1

Oscillation analysis.—A joint maximum-likelihood fit
to five far-detector samples constrains the oscillation pa-
rameters sin2✓23, �m2, sin2✓13 and �CP . Oscillation
probabilities are calculated using the full three-flavor os-
cillation formulas [39] including matter e↵ects, with a
crust density of ⇢ = 2.6 g/cm3 [40].
Priors for the flux and interaction cross-section param-

eters are obtained using results from a fit to the near-
detector data. Flat priors are chosen for sin2✓23, |�m2|
and �CP . The two mass orderings are each given a prob-
ability of 50%. In some fits a flat prior is also chosen
for sin22✓13; whereas, in fits that use reactor neutrino
measurements, we use a Gaussian prior of sin22✓13 =
0.0857±0.0046 [41]. The ✓12 and �m2

21 parameters have
negligible e↵ects and are constrained by Gaussian priors
from the PDG [41].
Using the same procedure as [10], we integrate the

product of the likelihood and the nuisance priors to ob-
tain the marginal likelihood, which does not depend on
the nuisance parameters. We define the marginal likeli-
hood ratio as �2�lnL = �2 ln(L/Lmax), where Lmax is
the maximum marginal likelihood.
Using this statistic, three independent analyses have

been developed. The first and second analyses provide
confidence intervals using a hybrid Bayesian-frequentist
approach [42]. The third analysis provides credible in-
tervals using the posterior probability distributions cal-
culated with a fully Bayesian Markov chain Monte Carlo
method [43]. This analysis also simultaneously fits both
near- and far-detector data, which validates the extrapo-
lation of nuisance parameters from the near to far detec-
tor. For all three analyses, the (⌫ )

µ samples are binned by
Erec. The first and third analyses bin the three (⌫ )

e sam-
ples in Erec and lepton angle, ✓, relative to the beam,
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FIG. 2. Reconstructed neutrino energy distributions at the
far detector for the ⌫µ CCQE (left) and ⌫̄µ CCQE (right)
enriched samples with total predicted event rate shown in red.
Ratios to the predictions under the no oscillation hypothesis
are shown in the bottom figures.

Like in the case of the CCQE-enriched samples, Erec for
the ⌫e CC1⇡+ sample is calculated from the outgoing
electron kinematics, except in this case the �++ mass is
assumed for the outgoing nucleon. Event yields for these
samples are compared to Monte-Carlo predictions in Ta-
ble II and their Erec distributions are shown in Figure 3.
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FIG. 3. Reconstructed neutrino energy distributions at the far
detector for the ⌫e CCQE (top left), ⌫e CC1⇡+ (bottom left)
and ⌫̄e CCQE (bottom right) enriched samples. Predictions
under the no oscillation hypothesis are shown in blue and
best-fit spectra in red.

Compared to previous T2K publications, the opti-
mized event selection criteria are expected to increase
the acceptance for (⌫ )

µ CCQE events by 15% with a 50%
reduction of the NC1⇡+ background; to increase the (⌫ )

e

CC events acceptance by 20% with similar purity to pre-
vious analyses; and to increase the ⌫e CC1⇡+ acceptance
by 33% with a 70% reduction in background caused by
particle misidentification. A summary of the systematic
uncertainties on the predicted event rates at SK is given
in Table I.

TABLE I. Systematic uncertainty on far detector event yields.

Source [%] ⌫µ ⌫e ⌫e⇡
+ ⌫̄µ ⌫̄e

ND280-unconstrained cross section 2.4 7.8 4.1 1.7 4.8

Flux & ND280-constrained cross sec. 3.3 3.2 4.1 2.7 2.9

SK detector systematics 2.4 2.9 13.3 2.0 3.8

Hadronic re-interactions 2.2 3.0 11.5 2.0 2.3

Total 5.1 8.8 18.4 4.3 7.1

Oscillation analysis.—A joint maximum-likelihood fit
to five far-detector samples constrains the oscillation pa-
rameters sin2✓23, �m2, sin2✓13 and �CP . Oscillation
probabilities are calculated using the full three-flavor os-
cillation formulas [39] including matter e↵ects, with a
crust density of ⇢ = 2.6 g/cm3 [40].
Priors for the flux and interaction cross-section param-

eters are obtained using results from a fit to the near-
detector data. Flat priors are chosen for sin2✓23, |�m2|
and �CP . The two mass orderings are each given a prob-
ability of 50%. In some fits a flat prior is also chosen
for sin22✓13; whereas, in fits that use reactor neutrino
measurements, we use a Gaussian prior of sin22✓13 =
0.0857±0.0046 [41]. The ✓12 and �m2

21 parameters have
negligible e↵ects and are constrained by Gaussian priors
from the PDG [41].
Using the same procedure as [10], we integrate the

product of the likelihood and the nuisance priors to ob-
tain the marginal likelihood, which does not depend on
the nuisance parameters. We define the marginal likeli-
hood ratio as �2�lnL = �2 ln(L/Lmax), where Lmax is
the maximum marginal likelihood.
Using this statistic, three independent analyses have

been developed. The first and second analyses provide
confidence intervals using a hybrid Bayesian-frequentist
approach [42]. The third analysis provides credible in-
tervals using the posterior probability distributions cal-
culated with a fully Bayesian Markov chain Monte Carlo
method [43]. This analysis also simultaneously fits both
near- and far-detector data, which validates the extrapo-
lation of nuisance parameters from the near to far detec-
tor. For all three analyses, the (⌫ )

µ samples are binned by
Erec. The first and third analyses bin the three (⌫ )

e sam-
ples in Erec and lepton angle, ✓, relative to the beam,

along with that for the single-ring selection for comparison.
Figure 25 shows the reconstructed energy distribution
for the final sample. Five νe CC1πþ candidates are
reconstructed in the data, while 3.1 events are expected
for the oscillation parameters of Table XIII.
Figure 26 shows the vertex distribution of the νe CC1πþ

candidate events in the SK tank coordinate system.

C. SK detector systematic uncertainties

This section discusses the estimation of the uncertainty
in the selection efficiency and background for the oscil-
lation samples that result from the modeling of the SK

detector. This topic has been covered in detail in previous
publications [27], but there have been a number of updates,
particularly related to the addition of the νe CC1πþ sample.
Control samples unrelated to the T2K beam are used to

assess the uncertainties. Cosmic-ray muon samples are
used to estimate uncertainties related to the FC, fiducial-
volume and decay-electron requirements, for the selections

of both ν
ð−Þ

e and ν
ð−Þ

μ CC candidates. The error from the
initial FC event selection is negligible. The uncertainty in
the fiducial volume is estimated to be 1% using the vertex
distribution of cosmic-ray muons which have been inde-
pendently determined to have stopped inside the ID.
The uncertainty due to the Michel electron tagging effi-
ciency is estimated by comparing cosmic-ray stopped
muon data with MC. The rate of falsely identified
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TABLE XIII. Values of the oscillation parameters used for the
Monte Carlo simulation at SK. The values of sin2 θ12, Δm2

21, and
sin2 θ13 are taken from Ref. [75], while all the other oscillation
parameters correspond to the most probable values obtained by
the Bayesian analysis in Ref. [27].

Parameter Value

sin2 2θ12 0.846
Δm2

21 7.53 × 10−5 eV2=c4

sin2 θ23 0.528
Δm2

32 2.509 × 10−3 eV2=c4

sin2 2θ13 0.085
δCP −1.601
Mass ordering Normal
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Figure 2.6: Left, middle: The reconstructed energy distribution of muon-like (left)
and electron-like events (middle) for each horn current configuration (neutrino- or anti-
neutrino mode) observed at SuperK [15]. The comparison to the unoscillated prediction,
shown on the lower half the left plot shows the beautiful oscillation curve. For electron-
like events one can also see a clear excess over the beam intrinsic νe events shown in blue.
Right: The bunch structure of the T2K neutrino beam, as seen by SuperK in the number
of observed neutrinos [27].

the particle type (electron-like or muon-like) from the blurriness of the ring (Fig. 2.7).
SuperK is best known for the discovery of neutrino oscillation in 1998 [3] from studying
the disappearance of νµ produced as tertiary cosmic rays in the atmosphere, but also
measures neutrinos from the sun, and is setting the most stringent limits on proton de-
cay for many decay channels. Unfortunately, no supernova has occurred nearby our solar
system recently, such that the associated outburst of neutrinos is yet to be observed by
SuperK. The predecessor experiment Kamiokande was awarded the Nobel prize for the
detection of 11 neutrinos from SN1987A [26]. In 2018, the tank was re-opened for the
first time in 12 years for refurbishment works necessary to give Super-K sensitivity to
detect stray neutrinos from past supernovae (supernova relic neutrinos, SRN)1.

SuperK also acts as the far detector for the T2K experiment, measuring the neutrinos
that have traveled for 295 km from Tokai to Kamioka. Most importantly it measures the
change of the flavor content of the neutrino beam beam, for which the excellent particle
identification performance and large target mass are essential. The T2K neutrino beam
is a pulsed beam, with currently one spill every 2.48 s, each consisting of 8 bunches about
15 ns wide. By precisely synchronizing the clocks of SuperK and the J-PARC neutrino
beamline using GPS, it is therefore possible to select neutrino events due to the T2K
neutrino beam from timing information alone (Fig. 2.6 right). At the T2K peak energy
the dominant interaction channel is charged current quasi-elastic interaction νµ + n →
µ + p. Since the direction of the neutrinos is known, it is possible to reconstruct the
neutrino energy from the momentum and relative angle of the charged lepton generated
by the interaction, assuming the target nucleon was at rest, and no other particle was
generated in association. Since SuperK is not enclosed in a magnetic field, it does not
have sensitivity to the sign of the lepton charges. For T2K it is still possible to measure
the oscillation probabilities for neutrinos and anti-neutrinos separately, because of the
separate neutrino and anti-neutrino beams with about 90% purity. Since the cross section
of neutrinos is about three times larger than that of anti-neutrinos, the purity in neutrino

1The author is very grateful to have had the chance to participate in this refurbishment work. The
view inside the inner detector is absolutely stunning.
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Total amount of collected light: momentum of e,μ.
Timing distribution: angle of e,μ to neutrino beam
→ neutrino energy

Fit likelihood-based model to observed charges and 
timings to extract these observables from data.
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Figure 7: A schematic view of the Super-Kamiokande Detector.

4.3 Far detector: Super-Kamiokande

The far detector, Super-Kamiokande, is located in the Kamioka Observatory, Institute

for Cosmic Ray Research (ICRR), University of Tokyo, which has been successfully taking
data since 1996. The detector is also used as a far detector for K2K experiment. It is a

50,000 ton water Čerenkov detector located at a depth of 2,700 meters water equivalent
in the Kamioka mine in Japan. Its performance and results in atmospheric neutrinos

or solar neutrinos have been well documented elsewhere[1, 5, 6]. A schematic view of
detector is shown as Fig 7. The detector cavity is 42 m in height and 39 m in diameter,
filled with 50,000 tons of pure water. There is an inner detector (ID), 33.8 m diameter and

36.2 m high, surrounded by an outer detector (OD) of approximately 2 m thick. The inner
detector has 11,146 50 cm φ photomultiplier tubes (PMTs), instrumented on all surfaces

of the inner detector on a 70.7 cm grid spacing. The outer detector is instrumented with
1,885 20 cm φ PMTs and used as an anti-counter to identify entering/exiting particles
to/from ID. The fiducial volume is defined as 2 m away from the ID wall, and the total

fiducial mass is 22,500 ton. Čerenkov rings produced by relativistic charged particles are
detected by ID PMT’s. The trigger threshold is recently achieved to be 4.3 MeV. The

pulse hight and timing information of the PMT’s are fitted to reconstruct the vertex,
direction, energy, and particle identification of the Čerenkov rings. A typical vertex,

angular and energy resolution for a 1 GeV µ is 30 cm, 3◦ and 3% for vertex, respectively.
The Čerenkov ring shapes, clear ring for muons and fuzzy ring for electrons, provides
good e/µ identification. A typical rejection factor to separate µ’s from e’s (or vice versa)

is about 100 for a single Čerenkov ring events at 1 GeV. The e’s and µ’s are further
separated by detecting decay electrons from the µ decays. A typical detection efficiency

of decay electrons from cosmic stopping muons is roughly 80% which can be improved
by further analysis. A 4π coverage around the interaction vertex provides an efficient π0

detection and e/π0 separation as discussed in sections 5.2 amd 5.3.
Interactions of neutrinos from the accelerator are identified by synchronizing the tim-

13

Figure 2.5: Left: Schematic overview of the SuperK detector (source [23]). Top right: The
inside of the SuperK tank, as seen from the bottom outer detector during the 2018
refurbishment works. The outer detector acts as a veto for any charged particles (e.g.
cosmic muons) entering the detector from the outside. Bottom right: Photo taken during
the re-filling of SuperK after the refurbishment works. One can see the large PMTs on the
walls even deep into the water because of the extreme purity. During normal detector
operation, the detector is filled with water to the top and optically isolated from the
outside (i.e. the inside is absolutely dark). Photos from [24].

To directly constrain the neutrino-flux energy spectrum at off-axis in the SuperK di-
rection, the ND280 detector is installed at roughly the same 2.5 degrees off-axis in the
direction of SuperK. It has a modular structure (Fig. 2.4) with three gas time projection
chambers (TPCs), two active targets composed of scintillator bars called fine grained
detectors (FGD), and on the upstream end a π0 detector (PØD, sandwich of scintillators,
thin lead sheets and fillable water container layers) to constrain the neutral current in-
teractions ν +N → π0 +N +X in water, which don’t produce a charged lepton. These
detectors are surrounded from all sides by electromagnetic calorimeters (ECAL) for mea-
suring the energy of electrons and gammas (mainly from π0 decay). It is fully enclosed
in a magnet inherited from the UA1 experiment at CERN, to measure the momenta and
charges of generated charged particles. In addition to constraining the flux parameters,
ND280 provides essential measurements of differential neutrino cross sections on various
materials installed in the detector.

2.1.3 Super-Kamiokande detector

Super-Kamiokande (SuperK, SK) [25] is a giant water Cherenkov detector containing
50,000 tons of ultra-pure water, 1000m underground in the Kamioka mine of the Gifu
mountains (Fig. 2.5). The detector walls are lined with 11,000 photo-multiplier tubes (PMTs)
which detect the faint Cherenkov light emitted by relativistic particles traveling through
the water. By reconstructing the Cherenkov ring from PMT charges and hit timings,
one can infer the momentum, direction and interaction point of the particle, as well as

ICRR, “Super-kamiokande refurbishment,” http://www-
sk.icrr.u-tokyo.ac. jp/sk/tankopen2018/index-e.html (2018). 

50 kton pure water
~ 11,000 PMTs
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Figure 2.5: Left: Schematic overview of the SuperK detector (source [23]). Top right: The
inside of the SuperK tank, as seen from the bottom outer detector during the 2018
refurbishment works. The outer detector acts as a veto for any charged particles (e.g.
cosmic muons) entering the detector from the outside. Bottom right: Photo taken during
the re-filling of SuperK after the refurbishment works. One can see the large PMTs on the
walls even deep into the water because of the extreme purity. During normal detector
operation, the detector is filled with water to the top and optically isolated from the
outside (i.e. the inside is absolutely dark). Photos from [24].

To directly constrain the neutrino-flux energy spectrum at off-axis in the SuperK di-
rection, the ND280 detector is installed at roughly the same 2.5 degrees off-axis in the
direction of SuperK. It has a modular structure (Fig. 2.4) with three gas time projection
chambers (TPCs), two active targets composed of scintillator bars called fine grained
detectors (FGD), and on the upstream end a π0 detector (PØD, sandwich of scintillators,
thin lead sheets and fillable water container layers) to constrain the neutral current in-
teractions ν +N → π0 +N +X in water, which don’t produce a charged lepton. These
detectors are surrounded from all sides by electromagnetic calorimeters (ECAL) for mea-
suring the energy of electrons and gammas (mainly from π0 decay). It is fully enclosed
in a magnet inherited from the UA1 experiment at CERN, to measure the momenta and
charges of generated charged particles. In addition to constraining the flux parameters,
ND280 provides essential measurements of differential neutrino cross sections on various
materials installed in the detector.

2.1.3 Super-Kamiokande detector

Super-Kamiokande (SuperK, SK) [25] is a giant water Cherenkov detector containing
50,000 tons of ultra-pure water, 1000m underground in the Kamioka mine of the Gifu
mountains (Fig. 2.5). The detector walls are lined with 11,000 photo-multiplier tubes (PMTs)
which detect the faint Cherenkov light emitted by relativistic particles traveling through
the water. By reconstructing the Cherenkov ring from PMT charges and hit timings,
one can infer the momentum, direction and interaction point of the particle, as well as

ICRR, “Super-kamiokande refurbishment,” http://www-
sk.icrr.u-tokyo.ac. jp/sk/tankopen2018/index-e.html (2018). 
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is about 100 for a single Čerenkov ring events at 1 GeV. The e’s and µ’s are further
separated by detecting decay electrons from the µ decays. A typical detection efficiency

of decay electrons from cosmic stopping muons is roughly 80% which can be improved
by further analysis. A 4π coverage around the interaction vertex provides an efficient π0

detection and e/π0 separation as discussed in sections 5.2 amd 5.3.
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refurbishment works. The outer detector acts as a veto for any charged particles (e.g.
cosmic muons) entering the detector from the outside. Bottom right: Photo taken during
the re-filling of SuperK after the refurbishment works. One can see the large PMTs on the
walls even deep into the water because of the extreme purity. During normal detector
operation, the detector is filled with water to the top and optically isolated from the
outside (i.e. the inside is absolutely dark). Photos from [24].

To directly constrain the neutrino-flux energy spectrum at off-axis in the SuperK di-
rection, the ND280 detector is installed at roughly the same 2.5 degrees off-axis in the
direction of SuperK. It has a modular structure (Fig. 2.4) with three gas time projection
chambers (TPCs), two active targets composed of scintillator bars called fine grained
detectors (FGD), and on the upstream end a π0 detector (PØD, sandwich of scintillators,
thin lead sheets and fillable water container layers) to constrain the neutral current in-
teractions ν +N → π0 +N +X in water, which don’t produce a charged lepton. These
detectors are surrounded from all sides by electromagnetic calorimeters (ECAL) for mea-
suring the energy of electrons and gammas (mainly from π0 decay). It is fully enclosed
in a magnet inherited from the UA1 experiment at CERN, to measure the momenta and
charges of generated charged particles. In addition to constraining the flux parameters,
ND280 provides essential measurements of differential neutrino cross sections on various
materials installed in the detector.

2.1.3 Super-Kamiokande detector

Super-Kamiokande (SuperK, SK) [25] is a giant water Cherenkov detector containing
50,000 tons of ultra-pure water, 1000m underground in the Kamioka mine of the Gifu
mountains (Fig. 2.5). The detector walls are lined with 11,000 photo-multiplier tubes (PMTs)
which detect the faint Cherenkov light emitted by relativistic particles traveling through
the water. By reconstructing the Cherenkov ring from PMT charges and hit timings,
one can infer the momentum, direction and interaction point of the particle, as well as

ICRR, “Super-kamiokande refurbishment,” http://www-
sk.icrr.u-tokyo.ac. jp/sk/tankopen2018/index-e.html (2018). 
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strategy

1 NA61/SHINE 2009 Replica-Target Measurements Col-75

lected for T2K76

The NA61/SHINE (SPS Heavy Ion and Neutrino physics Experiment) [1] is a fixed target77

experiment served by the H2 beam line of the CERN North Area. The experiment has been78

proposed in November 2006 and inherited many of its components from NA49. It is a multi79

purpose research facility providing precise hadron production measurements for various long80

baseline neutrino experiments (T2K, NO⌫A, MINER⌫A), used for reducing the unoscillated81

neutrino flux uncertainty. NA61/SHINE is particularly well suited for measuring the yields82

of charged particles exiting from any solid target placed into the beam’s path, using a com-83

bination of time projection chambers (TPCs) and time-of-flight detectors (ToFs). Particle84

identification is achieved by combining TPC ionizing energy loss measurements with timing85

information from the ToFs. Particle momentum and trajectory are reconstructed from TPC86

measurements. NA61 measured charged hadron yields for T2K with two target configura-87

tions, the thin-target [2] and the replica-target [3] (see Fig. 1).88
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Figure 1: The NA61 thin-target and replica-target configurations used for collecting hadron
production measurements for T2K.

With the thin-target dataset, the released hadronic yields (multiplicities) are binned by89

the outgoing hadron momentum and angle N
⇡±,K±,p,K0

S
thin

(p, ✓), whereas the replica-target90

measurements are in addition binned based on the outgoing hadron’s exiting position z91

along the target N⇡±

replica
(p, ✓, z). The 90 cm long T2K replica target is split into 5 identical92

longitudinal z bins, in addition to bin z6 which is defined as the downstream target face.93

Part of the NA61 2009 replica-target positive pion multiplicity measurements are shown94

in Fig. 2, highlighting the trends in the variation of pion yields with the exiting position95

along the target. The full NA61 2009 replica-target measurements for T2K are given in96

Appendix A.97

Presented in this note are the studies accompanying the first release of the unoscillated98

T2K neutrino flux calculated using the NA61 2009 replica-target data. NA61 thin-target99

data directly constrains ⇠60% of the neutrino flux which originates from primary interac-100

tions of beam protons within the graphite target. The strength of the replica-target dataset101

lies in its capability to directly constrain both primary interactions and subsequent reinter-102

actions within the target, thus accounting for ⇠90% of the T2K neutrino flux at beam peak103

energy. Due to limited statistics, the 2009 replica-target dataset only contains charged pion104

yields, so that thin-target data is still used for constraining the neutrino yield originating105

from other hadron species, as well as for pions outside the coverage of the replica-target106

dataset. The portion of the T2K flux covered by the extrapolated NA61 thin-target mea-107

surements, having applied energy and target material scaling to extend the relevance of the108

dataset from primary interactions to also secondary and out-of-target interactions, is given109

Fig. 3. Only around 60% of interactions contributing to the T2K neutrino flux are directly110

covered by the thin-target measurements, but this can be increased to close to 90% with the111

above mentioned extrapolations. The portion of the T2K flux covered with a combination112

of replica- and thin-target measurements, with preference given to replica-target data, is113

given in Fig. 4. The regions shaded in green are now directly covered with replica-target114

measurements. For the signal ⌫µ (⌫̄µ) flux in (anti-)neutrino mode, the new replica-target115

dataset constrains over 95% of relevant hadronic interactions, but is less successful in con-116

straining the wrong-sign background flux component.117
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highlighting the trends in the variation of pion yields with the exiting position along the78

target. The full NA61 2009 replica-target measurements for T2K are given in Appendix A.79
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Figure 2: The NA61 2009 positive pion yields from three representative positions along the
graphite target: the most upstream target portion (z1, includes the most upstream cylindrical
target portion and the flange), one of the middle target portions (z3) and the most downstream
target portion (z6). The following binning has been adopted by NA61: -5.0 cm < z1 < 18.0 cm
< z2 < 36.0 cm < z3 < 54.0 cm < z4 < 72.0 cm < z5 < 89.99 cm and z6 is used to denote the
downstream face of the replica-target (selected with 89.99 cm < z6 < 90.01 cm). The yields are
given as a function of pion momentum, and split into di↵erent angular ranges, measured with
respect to the incident beam direction.

Presented in this note are the studies accompanying the first release of the unoscillated80

T2K neutrino flux calculated using the NA61 2009 replica-target data. NA61 thin-target81

data directly constrains ⇠60% of the neutrino flux which originates from primary interac-82

tions of beam protons within the graphite target. The strength of the replica-target dataset83

lies in its capability to directly constrain both primary interactions and subsequent reinter-84

actions within the target, thus accounting for ⇠90% of the T2K neutrino flux at beam peak85

energy. Due to limited statistics, the 2009 replica-target dataset only contains charged pion86

yields, so that thin-target data is still used for constraining the neutrino yield originating87
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Replica target data 
Eur. Phys. J. C (2019) 79:100

Thin target data 
  Mainly Eur. Phys. J. C (2016) 76:84

Beam line modeling

T. Vladisavljevic 1/16

• NA61 uses cylindrical graphite blocks (same graphite grade as T2K), with different lengths
• Thin target (2 cm) and replica target (90 cm)
• NA61 measures multiplicities of  particles outgoing from the targets arranged in (p,θ,z) bins

Reminder of  NA61 Measurements for T2K
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•  Similar	for	cross	sec=on	(~interac=on	length),	where	we	

also	have	aTenua=on	weights	e–l/λI
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• Weights get applied at every step in the interaction chain leading up to neutrinos
• Keep in mind that NA61 2009 replica data consists only of  pion multiplicities!

Reminder of  Thin vs Replica Tuning
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Hadron production experiments
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1 NA61/SHINE 2009 Replica-Target Measurements Col-75

lected for T2K76

The NA61/SHINE (SPS Heavy Ion and Neutrino physics Experiment) [1] is a fixed target77

experiment served by the H2 beam line of the CERN North Area. The experiment has been78

proposed in November 2006 and inherited many of its components from NA49. It is a multi79

purpose research facility providing precise hadron production measurements for various long80

baseline neutrino experiments (T2K, NO⌫A, MINER⌫A), used for reducing the unoscillated81

neutrino flux uncertainty. NA61/SHINE is particularly well suited for measuring the yields82

of charged particles exiting from any solid target placed into the beam’s path, using a com-83

bination of time projection chambers (TPCs) and time-of-flight detectors (ToFs). Particle84

identification is achieved by combining TPC ionizing energy loss measurements with timing85

information from the ToFs. Particle momentum and trajectory are reconstructed from TPC86

measurements. NA61 measured charged hadron yields for T2K with two target configura-87

tions, the thin-target [2] and the replica-target [3] (see Fig. 1).88
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Figure 1: The NA61 thin-target and replica-target configurations used for collecting hadron
production measurements for T2K.

With the thin-target dataset, the released hadronic yields (multiplicities) are binned by89

the outgoing hadron momentum and angle N
⇡±,K±,p,K0

S
thin

(p, ✓), whereas the replica-target90

measurements are in addition binned based on the outgoing hadron’s exiting position z91

along the target N⇡±

replica
(p, ✓, z). The 90 cm long T2K replica target is split into 5 identical92

longitudinal z bins, in addition to bin z6 which is defined as the downstream target face.93

Part of the NA61 2009 replica-target positive pion multiplicity measurements are shown94

in Fig. 2, highlighting the trends in the variation of pion yields with the exiting position95

along the target. The full NA61 2009 replica-target measurements for T2K are given in96

Appendix A.97

Presented in this note are the studies accompanying the first release of the unoscillated98

T2K neutrino flux calculated using the NA61 2009 replica-target data. NA61 thin-target99

data directly constrains ⇠60% of the neutrino flux which originates from primary interac-100

tions of beam protons within the graphite target. The strength of the replica-target dataset101

lies in its capability to directly constrain both primary interactions and subsequent reinter-102

actions within the target, thus accounting for ⇠90% of the T2K neutrino flux at beam peak103

energy. Due to limited statistics, the 2009 replica-target dataset only contains charged pion104

yields, so that thin-target data is still used for constraining the neutrino yield originating105

from other hadron species, as well as for pions outside the coverage of the replica-target106

dataset. The portion of the T2K flux covered by the extrapolated NA61 thin-target mea-107

surements, having applied energy and target material scaling to extend the relevance of the108

dataset from primary interactions to also secondary and out-of-target interactions, is given109

Fig. 3. Only around 60% of interactions contributing to the T2K neutrino flux are directly110

covered by the thin-target measurements, but this can be increased to close to 90% with the111

above mentioned extrapolations. The portion of the T2K flux covered with a combination112

of replica- and thin-target measurements, with preference given to replica-target data, is113

given in Fig. 4. The regions shaded in green are now directly covered with replica-target114

measurements. For the signal ⌫µ (⌫̄µ) flux in (anti-)neutrino mode, the new replica-target115

dataset constrains over 95% of relevant hadronic interactions, but is less successful in con-116

straining the wrong-sign background flux component.117
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Figure 1: The NA61 thin-target and replica-target configurations used for collecting hadron
production measurements for T2K.

highlighting the trends in the variation of pion yields with the exiting position along the78

target. The full NA61 2009 replica-target measurements for T2K are given in Appendix A.79
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Figure 2: The NA61 2009 positive pion yields from three representative positions along the
graphite target: the most upstream target portion (z1, includes the most upstream cylindrical
target portion and the flange), one of the middle target portions (z3) and the most downstream
target portion (z6). The following binning has been adopted by NA61: -5.0 cm < z1 < 18.0 cm
< z2 < 36.0 cm < z3 < 54.0 cm < z4 < 72.0 cm < z5 < 89.99 cm and z6 is used to denote the
downstream face of the replica-target (selected with 89.99 cm < z6 < 90.01 cm). The yields are
given as a function of pion momentum, and split into di↵erent angular ranges, measured with
respect to the incident beam direction.

Presented in this note are the studies accompanying the first release of the unoscillated80

T2K neutrino flux calculated using the NA61 2009 replica-target data. NA61 thin-target81

data directly constrains ⇠60% of the neutrino flux which originates from primary interac-82

tions of beam protons within the graphite target. The strength of the replica-target dataset83

lies in its capability to directly constrain both primary interactions and subsequent reinter-84

actions within the target, thus accounting for ⇠90% of the T2K neutrino flux at beam peak85

energy. Due to limited statistics, the 2009 replica-target dataset only contains charged pion86

yields, so that thin-target data is still used for constraining the neutrino yield originating87

3

Replica target data 
Eur. Phys. J. C (2019) 79:100

Thin target data 
  Mainly Eur. Phys. J. C (2016) 76:84

Beam line modeling
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• NA61 uses cylindrical graphite blocks (same graphite grade as T2K), with different lengths
• Thin target (2 cm) and replica target (90 cm)
• NA61 measures multiplicities of  particles outgoing from the targets arranged in (p,θ,z) bins

Reminder of  NA61 Measurements for T2K
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Part of  NA61 2009 Replica Target Data for π.

NA61/FLUKA weights

Thin	target	tuning	
(currently	used	method)	

•  Measurements	of	outgoing	meson	mul=plici=es	(inclusive	
xsec	normalized	by	incoming	proton	xsec)	for	proton	hiÉng	
a	thin	target	(mostly	NA61	2009)	

•  Generate	corresponding	mul=plici=es	with	MC	generator	
•  Go	through	interac=on	chain	and	apply	DATA/MC	weights	

for	each	interac=on	
•  Similar	for	cross	sec=on	(~interac=on	length),	where	we	

also	have	aTenua=on	weights	e–l/λI
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• Weights get applied at every step in the interaction chain leading up to neutrinos
• Keep in mind that NA61 2009 replica data consists only of  pion multiplicities!

Reminder of  Thin vs Replica Tuning
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K,p in this analysis

Hadron interaction uncertainty at high-E reduced 
thanks to higher-statistics NA61 measurement that 
includes kaon yields from replica of T2K target.

Hadron production experiments

K,p in previous analysis
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, K , p±

More realistic modeling 
of cooling water in horns 
slightly increased 
uncertainty at flux peak

← 
Beam 
monitors
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Photos from this summer

New NA61 measurements are being 
performed for further reduction in the future!

T2K replica 
target

p
π, K, ⋯

(by Y. Nagai, Eric D. Zimmerman, NA61/SHINE)



Analysis 
strategy

• Beam monitors + hadron 
production experiments 
→ neutrino flux


• ND280 measurements 
+ interaction model 
+ external constraints 
→ unoscillated flux × xsec


• 6 samples at SK 
→  disappearance + 
      appearance
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• Beam monitors + hadron 
production experiments 
→ neutrino flux


• ND280 measurements 
+ interaction model 
+ external constraints 
→ unoscillated flux × xsec


• 6 samples at SK 
→  disappearance + 
      appearance
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CCQE based on Spectral Function 
model tuned to e-A scattering data.


- uncertainty on nucl. shell structure

- -dependence of removal energy


Replace empirical freedom by 
physics-motivated low-  modeling:

- optical potential

- Pauli blocking

|q |2

Q2

Resonant based on Rein-Sehgal 
model with RFG nuclear model.

New tune to bubble chamber data


New uncertainties including effective 
binding energy.

How to detect neutrinos?
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CC Resonant

Uncertainties for tagging protons

- 2p2h separation in pp and pn

- nucleon FSI

Significant updates to 
interaction model

4472 Eur. Phys. J. Spec. Top. (2021) 230:4469–4481

3 The physics in NEUT

3.1 Simulating an interaction

In general, NEUT factorizes the simulation of an inter-
action of a neutrino with flavour, !, and energy, Eν ,
into four discrete steps. First, a specific interaction
channel is chosen randomly with probability, P =
σi
T (Eν!) /σtot

T (Eν!), where σtot
T (Eν!) is the total cross

section and σi
T (Eν!) is the cross section for the specific

target nuclei, T , and channel, i, where i is an integer
that identifies the interaction process and is defined in
Table 1 (charged current) and Table 2 (neutral cur-
rent). For neutrino–nucleon interaction channels, the
nuclear-target cross section is usually constructed as
σi
T = Zσi

p+(A−Z)σi
n, where A and Z are the nucleon

number and the proton number of the target nuclei and
σi
p and σi

n are the bound proton and bound neutron
cross sections. For historical reasons, free protons can
be added to nuclear targets to build simple molecu-
lar targets such as H2O and CH. Figure 4 shows the
NEUT water-target cross-section predictions separated
into classes of interaction channel.

Second, the primary neutrino interaction, or hard
scatter, is simulated. For the majority of channels, this
step involves choosing a bound nucleon from an initial-
state nuclear model, then choosing interaction kine-
matics according to the specific interaction model, and
finally choosing any remaining particle kinematics not
specified by the model. This step is performed under
the impulse approximation [8], which treats the tar-
get bound nucleon and the remnant nucleus as evolving
independently during and after the hard scatter. This
further factorizes the simulation as, to first order, the
sampling of the nuclear model does not depend on the
interaction kinematics chosen.

For the coherent pion-production channels (Enum
16 and 36), the interaction occurs coherently between
the neutrino and the target nucleus and as a result no
bound nucleon target is chosen and this is considered
the final step of the simulation. For other channels, the
final state hadrons are then passed on to the third step,
the nucleon and meson intra-nuclear re-scattering sim-
ulation, where hadrons can elastically scatter, exchange
charge with a nucleon in the nucleus, or be produced
or absorbed as they are stepped out of the nuclear
medium.

Finally, for oxygen targets only, the final state nuclear
remnant can be left in an excited state after the interac-
tion and a number of nuclear de-excitations, producing
low energy photons (O (1 − 10) MeV), are modeled fol-
lowing Ref. [9]. Careful treatment of the de-excitation
oxygen is important for precisely simulating interac-
tions in the sensitive SK detector.

For the majority of particles produced in the hard
scatter and subsequent re-scattering, NEUT stores their
properties in an event vector file that can be used as
input to further experiment simulation processes. The
only exceptions are tau and omega particles, which are
decayed during the NEUT simulation by TAUOLA [10]

Fig. 4 The NEUT-predicted muon neutrino–water cross sec-
tions overlaid on the T2K muon neutrino flux [6], with
a typical oscillation (top), and upward atmospheric muon
neutrino fluxes [7] multiplied by the charged-current inclu-
sive total cross section (bottom). The flux multiplied by
the cross section is proportional to the expected interac-
tion rate. Above 4 GeV, the expected number of interac-
tions in SK arising from the T2K beam falls significantly
faster than from atmospheric neutrinos. n.b. The cross sec-
tions presented in the top pane are divided by the neutrino
energy, whereas in the bottom pane, they are not. This is to
emphasise the saturation of the interaction channels asso-
ciated with lower four-momentum transfer at SK energies
and the sharp turn-on seen over T2K flux distribution

123
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• ND280 measurements 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• 6 samples at SK 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Figure 1: Schematic illustration of a νµ CC1π+ event in SK.

Part I

Development of νµ CC1π+ event selection

Increasing data statistics is crucial to improve the oscillation measurements. In the T2K beam
energy region, CC resonant 1π production is the second dominant charged current interaction
following CCQE. Adding the CC1π-dominant data samples to the oscillation analyses has po-
tential to increase T2K constraints on oscillation parameters. The samples including charged
pion can be constructed only for events accumulated with forward horn current operation pe-
riod, since identifying π− generated by anti-neutrino interaction is difficult because they are
easily captured by oxygen nuclei and have small probability to create a detectable signal in SK.
Recently, the νe CC1π sample with invisible π+ was developed and successfully implemented
into the oscillation analysis [1][2].

A schematic image of a νµ CC1π+ event is shown in Figure 1. A muon creates one solid
Cherenkov ring and a delayed decay-electron ring. A charged pion creates zero to two rings
depending on its FSI and SI. The muon generated by pion decay-at-rest has momentum below
Cherenkov threshold, thus cannot be observed in SK. A decay-electron is created if the pion is
not captured by an oxygen nucleus.

This part describes a study to construct T2K-SK event samples dominated by νµ CC1π+

events. Firstly, the selection optimization strategy and software setup are introduced in Section
2. Section 3 focuses on the set of pre-selections. The best set of selection cuts are searched in
Section 4. Neutrino energy reconstruction is discussed in Section 5, and its quality is checked in
Section 6.

1 Optimization strategy

1.1 Strategy

The ideal way to optimize event selections is to study sensitivities to oscillation parameters as
presented in [3]. To do that, we need to estimate systematic uncertainty beforehand. For νµ

4

18Far detector samples
New sample

➢ New analysis adds a far detector sample targeting 
νμ CC1π+ interactions in ν-mode

➢ Combination of 1Rµ + 2 M.e and 2 rings events
➢ Increase ν-mode µ-like statistics by ~30%
➢ Sensitive to oscillations, but higher energy than 

nominal µ-like sample
➢ Dominated by different interaction mode

First use of multi-ring events in T2K 1Rµ sample

New sample
ν-mode
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• Best-fit  around 
maximal CP-violation 


• Weak preference for 
Normal ordering  
with Bayes factor 2.8 




• Weak preference for 
upper octant 
with Bayes factor 3.0 

δCP
− π

2

= PNO/PIO

= Pupper /Plower

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.24 0.39 0.63

IH (�m2
32 < 0) 0.15 0.22 0.37

Sum 0.39 0.61 1.000

Table 1: Model comparison probabilities for normal and inverted hierarchies, as well as upper and lower octants, from the

posterior to T2K data only.

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.20 0.54 0.74

IH (�m2
32 < 0) 0.05 0.21 0.26

Sum 0.25 0.75 1.00

Table 2: Model comparison probabilities for normal and inverted hierarchies, as well as upper and lower octants, from the

posterior with reactor constraint.
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of data constraints.


• Best-fit  around 
maximal CP-violation 


• Weak preference for 
Normal ordering  
with Bayes factor 2.8 




• Weak preference for 
upper octant 
with Bayes factor 3.0 

δCP
− π

2

= PNH/PIH

= Pupper /Plower

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.24 0.39 0.63

IH (�m2
32 < 0) 0.15 0.22 0.37

Sum 0.39 0.61 1.000

Table 1: Model comparison probabilities for normal and inverted hierarchies, as well as upper and lower octants, from the

posterior to T2K data only.

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.20 0.54 0.74

IH (�m2
32 < 0) 0.05 0.21 0.26

Sum 0.25 0.75 1.00

Table 2: Model comparison probabilities for normal and inverted hierarchies, as well as upper and lower octants, from the

posterior with reactor constraint.
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of data constraints.


• Best-fit  around 
maximal CP-violation 


• Weak preference for 
Normal ordering  
with Bayes factor 2.8 




• Weak preference for 
upper octant 
with Bayes factor 3.0 

δCP
− π

2

= PNO/PIO

= Pupper /Plower

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.24 0.39 0.63

IH (�m2
32 < 0) 0.15 0.22 0.37

Sum 0.39 0.61 1.000

Table 1: Model comparison probabilities for normal and inverted hierarchies, as well as upper and lower octants, from the

posterior to T2K data only.

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.20 0.54 0.74

IH (�m2
32 < 0) 0.05 0.21 0.26

Sum 0.25 0.75 1.00

Table 2: Model comparison probabilities for normal and inverted hierarchies, as well as upper and lower octants, from the

posterior with reactor constraint.
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s • Bi-event plot illustrates origin 
of data constraints.


• Best-fit  around 
maximal CP-violation 


• Weak preference for 
Normal ordering  
with Bayes factor 2.8 




• Weak preference for 
upper octant 
with Bayes factor 3.0 

δCP
− π

2

= PNH/PIH

= Pupper /Plower

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.24 0.39 0.63

IH (�m2
32 < 0) 0.15 0.22 0.37

Sum 0.39 0.61 1.000

Table 1: Model comparison probabilities for normal and inverted hierarchies, as well as upper and lower octants, from the

posterior to T2K data only.

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.20 0.54 0.74

IH (�m2
32 < 0) 0.05 0.21 0.26

Sum 0.25 0.75 1.00

Table 2: Model comparison probabilities for normal and inverted hierarchies, as well as upper and lower octants, from the

posterior with reactor constraint.
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s • Bi-event plot illustrates origin 
of data constraints.


• Best-fit  around 
maximal CP-violation 


• Weak preference for 
Normal ordering  
with Bayes factor 2.8 




• Weak preference for 
upper octant 
with Bayes factor 3.0 

δCP
− π

2

= PNO/PIO

= Pupper /Plower

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.24 0.39 0.63

IH (�m2
32 < 0) 0.15 0.22 0.37

Sum 0.39 0.61 1.000

Table 1: Model comparison probabilities for normal and inverted hierarchies, as well as upper and lower octants, from the

posterior to T2K data only.

sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.20 0.54 0.74

IH (�m2
32 < 0) 0.05 0.21 0.26

Sum 0.25 0.75 1.00

Table 2: Model comparison probabilities for normal and inverted hierarchies, as well as upper and lower octants, from the

posterior with reactor constraint.
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Constraints on  
and mass ordering

δCP

80

• Large region excluded at 3σ


• CP-conservation {0, π} 
excluded at 90%, 
π is within 2σ


• Weak preference of normal 
ordering
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NOνA + T2K

• Joint fits between experiments with different 
oscillation baselines/energies and detector technologies


→ expect increased sensitivity in , mass ordering,  octant 
beyond stats increase from resolved degeneracies and syst constraints


• important to understand potentially non-trivial syst. correlations between experiments

δCP θ23

SK + T2K  
atmospheric + accelerator

First results expected soon!

Comparison of released contours (not joint fit)
NOνA results: A. Himmel (2020) Zenodo, (preliminary)

SK results: Y. Nakajima (2020) Zenodo, (preliminary)


NOνA and T2K use Feldman-Cousins, SK use fixed Δχ2

  
810 km / 295 km

run 1-10 
 

T2K 2020, not new result

http://doi.org/10.5281/zenodo.4142045
https://zenodo.org/record/3959640


大気・加速器 
ニュートリノ振動の 
同時解析

Developments of neutrino oscillation analysis 
techniques toward a combined analysis of 

accelerator and atmospheric neutrinos 

Colloquium for Physics, 2021-01-15

Lukas Berns, Kuze Group

Developments of neutrino oscillation analysis 
techniques toward a combined analysis of 

accelerator and atmospheric neutrinos 
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にJ-PARC

さ
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、
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地球

大気

SKちゃんって
私のニュートリノ以外にも
いろんなニュートリノ
見てるよね

うん！ いろんな
ニュートリノを見てると
わかることも多いんだよ

地球を通り抜けてくるニュートリノの振動と
J-PARCさんからのニュートリノの振動を
一緒に考えるとおもしろいかも…とか

じゃあ…
どのニュートリノが
一番好き？
私のだよね？

全部好き！

知ってた

例えば…

SKちゃん
スーパーカミオカンデ

J-PARCさん

T2Kの
ニュートリノ振動

大気で作られて
地球を通り抜ける
ニュートリノ振動

どれが好き？

Exploration of Particle Physics and C
osm

ology w
ith N

eutrinos

Comic © Higgstan
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(b) ⌫e + ⌫̄e above vs. below 550MeV

Figure 61: Bi-event plot of FHC vs. RHC e-like events (left, leading sin �CP dependence) and
e-like events from FHC+RHC above vs. below 550MeV (right, leading cos �CP dependence)
against the predicted number of events for various oscillation parameters. The error bars repre-
sent the 68% confidence interval for the mean of a poisson distribution given the observed data
point (calculated using the quantile function of a gamma distribution with unit shape param-
eter). The underlaid contour contains the predicted number of event points for 68% of toys,
throwing systematic parameters around the BANFF best-fit, with osc. params set to the data
best-fit values. The triangle shows the predicted number of events with both osc. and syst.
params at their data best-fit values.
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(b) ⌫µ + ⌫̄µ above vs. below 600MeV

Figure 62: Bi-event plot of e-like vs. µ-like events (left, sin2 ✓23 and sin2 2✓23 dependence) and
µ-like events from FHC+RHC above vs. below 600MeV (right, �m

2
32

vs. sin2 2✓23 dependence)
against the predicted number of events for various oscillation parameters. The error bars repre-
sent the 68% confidence interval for the mean of a poisson distribution given the observed data
point (calculated using the quantile function of a gamma distribution with unit shape param-
eter). The underlaid contour contains the predicted number of event points for 68% of toys,
throwing systematic parameters around the BANFF best-fit, with osc. params set to the data
best-fit values. The triangle shows the predicted number of events with both osc. and syst.
params at their data best-fit values.
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CP and mass ordering sensitivity
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SK Atmospheric T2K Accelerator

• Anti-correlated change of  
appearance probability → 


• For large changes also weakly 
sensitive to mass ordering

νe, ν̄e
δCP

  

6Atmospheric neutrino oscillations
Matter effects

Presence of a resonance driven by θ13 induced matter effects between 

2 and 10 GeV
● Only for ν in NH and ν in IH → sensitivity to the mass hierarchy
● Size of the effect depends on sin2(θ23) → sensitive to θ23 octant 
● MH sensitivity increases with larger statistics, improved ability to 

separate interactions of ν and ν and constraint on sin2(θ23)
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corresponds to neutrinos crossing both the outer core and
mantle regions of the Earth. For shallower zenith angles the
distortion in the νμ survival probability and the resonant
feature in the νe appearance probability are caused by
matter effects in the mantle region. Note that none of these
features appear in the antineutrino plots. If the inverted
hierarchy were assumed instead, the roles of neutrinos and
antineutrinos switch completely and the discontinuities and
resonance effects appear with nearly the same magnitude
but in the antinuetrino plots.

III. THE SUPER-KAMIOKANDE DETECTOR

Super-Kamiokande is a cylindrical 50-kiloton water
Cherenkov detector, located inside the Kamioka mine in
Gifu, Japan. An inner detector (ID) volume is viewed by
more than 11,000 inward-facing 20-inch photomultiplier
tubes (PMTs) and contains a 32-kiloton target volume. The
outer detector, which is defined by the two meter-thick
cylindrical shell surrounding the ID, is lined with reflective
Tyvek to increase light collection to 1,885 outward-facing
eight-inch PMTs mounted on the shell’s inner surface.
Since the start of operations in 1996, Super-Kamiokande
has gone through four data taking periods, SK-I, -II, -III,
and -IV.
Though the basic configuration the detector is similar

across the phases there are a few important differences. At
the start of the SK-IV period in 2008 the front-end
electronics were upgraded to a system with an ASIC based

on a high-speed charge-to-time converter [13]. The new
system allows for the loss-less data acquisition of all PMT
hits above threshold and has improved the tagging effi-
ciency of delayed Michel electrons from muon decay from
73% in SK-III to 88%.
Further, following a period of detector maintenance and

upgrades at the end of SK-I (1996-2001), the implosion of a
single PMT at the bottom of the detector on November 12,
2001, created a shock wave and chain reaction that went on
to destroy 6,665 ID and 1,027 OD PMTs. The detector was
rebuilt the following year with nearly half of the photo-
cathode coverage (19%) in the ID (5,137 PMTs) and the
full complement of OD PMTs for the SK-II period (2002-
2005). Since that time all ID PMTs have been encased in
fiber-reinforced plastic shells with 1.0 cm thick acrylic
covers to prevent further chain reactions. This resulted in an
increased threshold of 7.0 MeV in SK-II compared to
5.0 MeV in SK-I. In 2006 the detector underwent a second
upgrade in which the remaining ID PMTs were replaced
and additional optical barriers were added to the top and
bottom portions of the OD to improve separation with its
barrel region. Both SK-III (2006-2008) and SK-IV (2008-
present) were operated with the full 40% photocathode
coverage in the ID.
Neutrino interactions which produce charged particles

above the Cherenkov threshold in water are reconstructed
based on the observed ring patterns projected on the
detector walls. Photomultiplier timing information is used
to reconstruct the initial interaction vertex after correcting
for the photon time of flight. Particles are divided into two
broad categories based upon their Cherenkov ring pattern
and opening angle. Rings from particles which produce
electromagnetic showers, such as electrons and photons,
tend to have rough edges due to the many overlapping rings
from particles in the shower and are labeled e-like or
showering. Muons and charged pions on the other hand,
which do not form showers, produce Cherenkov rings with
crisp edges. Such rings are labeled μ-like or non-shower-
ing. The event reconstruction assigns momenta to each
reconstructed ring in an event based on the observed
number of photons in the ring. Particles with higher
momenta produce brighter Cherenkov rings. Similarly,
particle directions are inferred based on the shape of their
ring pattern. Since the neutrino itself is unobserved, energy
and direction variables for use in the oscillation analysis
described below are based on the properties of their
daughter particles.
More detailed descriptions of the detector and its

electronics can be found in [13–15].

A. Detector calibration

Over the 20 year history of the experiment changes in the
run conditions have been unavoidable. Seasonal changes in
precipitation and the expansion of underground activities at
the Kamioka site have variable impact on the quality and

FIG. 1. The propagation of two neutrinos through the simpli-
fied model of the Earth used in the analysis below. Both νA and νB
are produced in the atmosphere. νA then experiences 6 oscillation
steps (air → crust → mantle → outer core → mantle → crust),
while νB experiences 4 oscillation steps (air → crust → mantle →
crust).
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• Resonance in Earth mantle & 
core sensitive to mass ordering


• Weakly sensitive to  via 
normalization of sub-GeV -like

δCP
e

degenerate
SK + T2K Joint fit

Normal

Inverted Degenerate

sin δCP

When combined, can resolve degeneracy and have better CP violation sensitivity!
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SK+T2K work in progress

FHC mode (mostly ⌫) RHC mode (mostly ⌫ )
Single Ring e-like 0 decay e� Single Ring e-like 0 decay e�

Single Ring µ-like 1 decay e� Single Ring µ-like 1 decay e�

Single Ring e-like 1 decay e�

Table 2: List of T2K samples

3.2 True energy distribution173

The SK atmospheric samples cover a wide range of neutrino energies. Figure 2 shows the true174

neutrino energy distributions of the di↵erent atmospheric samples. Neutrino oscillations are175

taken into account with true values set to the Asimov set A (described in table 3) commonly176

used in T2K analysis.177
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Figure 2: Neutrino energy distribution of the atmospheric samples, normalized to the 3244.4
days of SK-IV livetime.

The atmospheric samples cover a larger range of energies and more topologies than the T2K178

beam samples, but some of the sub-GeV samples (table 1) look similar in terms selections to the179

T2K ones (table 2). Figure 3 shows the area-normalized neutrino energy distributions of the 3180

beam FHC single-ring events and their atmospheric counterparts. It can be seen that although181

they correspond to similar neutrino energies, the corresponding samples from the 2 experiments182

do not have the same spectra. This is due partly to flux di↵erences, but also to the fact that183

the event selection criteria are similar but not identical between the 2 experiments as discussed184

in [3].185

3.3 Breakdown of the di↵erent samples by interaction modes (Dan)186

Mainly plots. That’s a number of them, but seems relevant for discussion of interaction model.187

Probably one plot per sample, as a function of variable of interest (Erec for T2K and p for SK188

atm). Could alternatively put only plots for representative atm samples here, and the remaining189

8

← 
CCQE-dominant 
Sub-GeV overlapped 
with T2K samples

Atmospheric ν Accelerator ν

SK

Systematic 
correlations

• Overlapped true energy region 
→ coherent interaction model 
     to capture correlations 
→ Bonus: ND constraint 
     for atmospherics! 
→ developed additional systematics 
     to capture effects important for 
     atm. that ND is insensitive to


• Same Super-K detector 
used by both experiments 
→ estimate contribution from 
     detector syst. correlations

ND constraint on 
flux × xsec

Atmospheric -like samplesμ



• Asimov sensitivity 1D  for Asimovs generated with true MO (given in plots) and various true 
dcp values. The fits are performed assuming fixed mass ordering The shaded regions indicate the 

 confidence intervals for each true  value. The diagonal dotted line shows the case of perfect 
reconstruction, i.e. true = fit dcp, which is always contained in the interval for the right MO.
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1  sensitivity to σ δCP

• T2K is more sensitive but mostly sensitive to . As such the two solutions with opposite sign 
of  are degenerate and appear as anti-diagonal regions (e.g. true , fitted ).


• SK by itself has a weaker sensitivity, but due to being sensitive to a combination of  and 
, it can in combination with the T2K measurement break the  degeneracy for certain 

values of true . 
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Sensitivity for various values of true δCP

• T2K is more sensitive, but joint fit with 
SK can resolve  
degeneracy due to different sensitive 
phase


• Little effect from correlations with other 
parameters (  naive sum). 
 
e.g. ND280 systematics constraint has little 
impact on  for SK results (backup)

sign(cos δCP)

≈

δCP

85

Perfect fit
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e (fit
  = tru
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δ  assuming fixed mass orderingδCP

• Asimov sensitivity 1D  for Asimovs generated with true MO (given in plots) and various true 
dcp values. The fits are performed assuming fixed mass ordering The shaded regions indicate the 

 confidence intervals for each true  value. The diagonal dotted line shows the case of perfect 
reconstruction, i.e. true = fit dcp, which is always contained in the interval for the right MO.
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the wrong mass ordering for various 
values of true dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the  for 
each mass ordering is profiled over dcp and marginalized over all other oscillation parameters. 


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of 
sigmas).
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• Asimov sensitivity 1D  for Asimovs generated with true MO (given in plots) and various true 
dcp values. The fits are performed assuming fixed mass ordering The shaded regions indicate the 

 confidence intervals for each true  value. The diagonal dotted line shows the case of perfect 
reconstruction, i.e. true = fit dcp, which is always contained in the interval for the right MO.
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• T2K is more sensitive but mostly sensitive to . As such the two solutions with opposite sign 
of  are degenerate and appear as anti-diagonal regions (e.g. true , fitted ).


• SK by itself has a weaker sensitivity, but due to being sensitive to a combination of  and 
, it can in combination with the T2K measurement break the  degeneracy for certain 

values of true . 
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• Mean sensitivity to reject 
wrong mass ordering 
improves with joint fit: 
 
T2K constraint very dependent 
on true , SK atm on .


• At currently preferred values 
,  expect 

contribution from both experiments

δCP sin2 θ23

δCP ≈ − π/2 sin2 θ23 ≈ 0.56

Mass ordering
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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• Asimov sensitivity 1D  for Asimovs generated with true MO (given in plots) and various true 
dcp values. The fits are performed assuming fixed mass ordering The shaded regions indicate the 

 confidence intervals for each true  value. The diagonal dotted line shows the case of perfect 
reconstruction, i.e. true = fit dcp, which is always contained in the interval for the right MO.
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• T2K is more sensitive but mostly sensitive to . As such the two solutions with opposite sign 
of  are degenerate and appear as anti-diagonal regions (e.g. true , fitted ).


• SK by itself has a weaker sensitivity, but due to being sensitive to a combination of  and 
, it can in combination with the T2K measurement break the  degeneracy for certain 
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• Mean sensitivity to reject 
the CP conservation hypothesis 
for various values of true dcp 
 
CP conservation defined as 

 in either MO


• For true  in NO 
(true  in IO), 
T2K cannot exclude CP 
conservation due to MO-
degeneracy


• SK’s MO-sensitivity is able to break 
this degeneracy

sin δCP = 0

sin δ > 0
sin δ < 0

CP violation



Effect of ND xsec constraint 
on SK atmospheric sensitivity

• Comparison of Asimov sensitivity at true oscillation parameter set A and true systematic parameters corresponding to those of 
the ND280 best-fit, for an atmospherics-only fit with and without ND280 constraint.


• We see that while dcp sensitivity is mostly unchanged, the  sensitivity improves noticeably with the ND280 constraint. 
This appears to indirectly also enhance the mass ordering separation as is also seen in the  distribution as a function of \dcp.


• Note: in the interaction model we developed for this joint fit (and used in both fits above), the low-E and high-E interaction 
models are to large part uncorrelated apart from some common parts such as CCQE interactions.


• Because of this low-E/high-E split, it is possible that the ``SK-only" result shown here is a more conservative analysis than the 
SK-official one, such that the improvement due to ND280 may be overestimated when just looking at this plot.
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• The octant degeneracy is clearly seen in the T2K-only fit as anti-
diagonal region (e.g. true , fit )


• SK by itself has a weaker sensitivity to  than T2K, but the 
combination is able to reject the wrong octant solution better.

sin2 θ23 ≈ 0.6 sin2 θ23 ≈ 0.42

θ23

• Asimov sensitivity 1D  for Asimovs generated with true MO (given in plots) and various true  values. 
The fits are performed assuming fixed mass ordering. The shaded regions indicate the  confidence intervals 
for each true  value, averaged over flat distribution in true . The diagonal dotted line shows the case 
of perfect reconstruction, i.e. true = fit , which is always contained in the interval for the right MO.
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• Cross-section constraint from T2K 
near-detector appears to improve 
the SK-constraint for 


• This indirectly also improves the 
mass ordering constraint

sin2 θ23

• T2K is more sensitive to , 
but joint fit with SK can resolve octant 
degeneracy   
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• Asimov sensitivity 1D  for Asimovs generated with true MO (given in plots) and various true 
dcp values. The fits are performed assuming fixed mass ordering The shaded regions indicate the 

 confidence intervals for each true  value. The diagonal dotted line shows the case of perfect 
reconstruction, i.e. true = fit dcp, which is always contained in the interval for the right MO.

Δχ2

1σ δ

7

CPδTrue 
3− 2− 1− 0 1 2 3

CPδ
Fi

t 

3−

2−

1−

0

1

2

3

SK+T2K

T2K

SK (+ND)

CPδTrue 
3− 2− 1− 0 1 2 3

CPδ
Fi

t 

3−

2−

1−

0

1

2

3

SK+T2K

T2K

SK (+ND)

1  sensitivity to σ δCP

• T2K is more sensitive but mostly sensitive to . As such the two solutions with opposite sign 
of  are degenerate and appear as anti-diagonal regions (e.g. true , fitted ).


• SK by itself has a weaker sensitivity, but due to being sensitive to a combination of  and 
, it can in combination with the T2K measurement break the  degeneracy for certain 

values of true . 
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Expected Performance  

•Improved kinematic range 
•Better efficiency for the entire phase space (similar to the far-detector) 
•3D tracking for both lepton and hadrons. 

- Allow access to transverse variables. 
- Better understanding of nucleon FSI and other nuclear effects. 
- Reduce neutrino energy bias. 

•Better separation of electron/photon.
Neutron detection using ToF

Muon detection efficiency vs angle Electron/photon separationEfficiencies as a function of momentum
BDTG response

Electron
Photon

ND280 upgrade

Replace P0D with 
3D scintillation detector + 
high-angle TPCs +  
TOF enclosure

→ 4π acceptance like SK

→ lower (proton) mom. threshold


Reduce xsec systematics and better 
understanding of nuclear effects.

89

Beam line upgrade

14

High-Angle atmospheric pressure TPCs. These three detectors form approximately a cube

with 2m-long sides (Fig. 1.1). It is positioned in the upstream part of the ND280 magnet and is

surrounded by six thin Time-of-Flight scintillator layers. In the most upstream part of ND280,

we will keep the P0D Upstream Calorimeter, with 4.9 radiation lengths, as a veto and to detect

neutrals. The downstream part of ND280, namely three TPCs, two scintillator detectors FGD

and the full calorimeter system will remain unchanged, as well as the muon-range detector

SMRD. Figure 1.3 presents a general view of the B1 floor of the ND280 pit, with the magnet

in the open position. The reference system shown in the same figure has the z axis along

the neutrino beam direction (longest axis of the ND280 detector), the y axis in the vertical

direction. The magnetic field is parallel to the x axis.

This configuration achieves a full polar angle acceptance for muons produced in charged-

current interactions. The tracking of charged particles in the Super-FGD is also very efficient.

  

x

y

z

Super-FGD
HA-TPC

Figure 1.1: CAD 3D Model of the ND280 upgrade detector. In the upstream part (on the left in the
drawing) two High-Angle TPCs (brown) with the scintillator detector Super-FGD (gray) in the middle
will be installed. In the downstream part, the tracker system composed by three TPCs (orange) and the
two FGDs (green) will remain unchanged. The TOF detectors are not shown in this plot. The detector
is mechanically mounted on the basket, a steel beam structure (light gray), supported at both ends.
The beam is approximately parallel to the z axis, the magnetic field is parallel to the x axis.

An example of the level of information provided by the current ND280 is shown by the

event display of a neutrino interaction shown in Fig. 1.2.

new

CERN-SPSC-2019-001 
arXiv:1901.03750 [physics.ins-det]

• Increase beam power from ~500 kW to 
1.3 MW via upgrades to main ring power 
supply and RF (mostly increased rep rate)


• Many upgrades to neutrino beam line 
(target, beam monitors, …) ongoing to 
accept 1.3 MW beam


• Increase horn current 250 kA → 320 kA 
for ~10% more neutrinos/beam-power 
and reduced wrong-sign background

TDR: arXiv:1908.05141 [physics.ins-det]
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T2K Target POT (Protons-On-Target)

Target MR beam power and accumulated POT 
as a function of Japanese Fiscal Year (2)

• Red solid line : target MR beam power 
• Blue solid line : target accumulated POT

Target MR beam power and accumulated POT 
as a function of Japanese Fiscal Year (2)

• Red solid line : target MR beam power 
• Blue solid line : target accumulated POT

New POT plot assuming 4 month/year

2021 2022 2023 2024 2025 2026 20272020

T2K Projected POT (Protons-On-Target)

T2K Work in Progress

Aiming for 320 kA operation in next run!

Super-FGD MC 
Work in Progress

Muons in TPC or 
stopping in SuperFGD

Muons in 
TPC only

Current efficiency

https://arxiv.org/abs/1901.03750
https://arxiv.org/abs/1901.03750
https://arxiv.org/abs/1908.05141
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Figure 1.1: CAD 3D Model of the ND280 upgrade detector. In the upstream part (on the left in the
drawing) two High-Angle TPCs (brown) with the scintillator detector Super-FGD (gray) in the middle
will be installed. In the downstream part, the tracker system composed by three TPCs (orange) and the
two FGDs (green) will remain unchanged. The TOF detectors are not shown in this plot. The detector
is mechanically mounted on the basket, a steel beam structure (light gray), supported at both ends.
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An example of the level of information provided by the current ND280 is shown by the

event display of a neutrino interaction shown in Fig. 1.2.
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Aiming for 320 kA operation in next run!

Super-FGD MC 
Work in Progress

Muons in TPC or 
stopping in SuperFGD

Muons in 
TPC only

Current efficiency

Based on 
PhysRevD.105.032010

https://arxiv.org/abs/1901.03750
https://arxiv.org/abs/1901.03750
https://arxiv.org/abs/1908.05141


Hyper-Kamiokande
• Third generation Water-

Cherenkov detector in 
Kamioka, Japan.


• Compared to SuperK, 
~8x larger fiducial volume, 
~2.6x beam power,  
 

new PMTs 
with 2x photon detection 
and 2x timing resolution.


• Now under construction, 
operation begin in 2027.

91

NNN19, Medellin, 7 Nov 2019N. Prouse 3

Hyper-K’s WC detectors
Hyper-K far detector
72 m tall x 68 m diameter = 258 kt total mass
                                            188 kt fiducial mass
40,000 50 cm B&L PMTs = 40% photocoverage

Hyper-Kamiokande

Super-
Kamiokande

Kamiokande

Physics in 
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Kamioka, Japan.
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~8x larger fiducial volume, 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with 2x photon detection 
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• Now under construction, 
operation begin in 2027.
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NNN19, Medellin, 7 Nov 2019N. Prouse 3
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HK physics prospect
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HK Sensitivity Study

- Using only beam neutrinos, HK has very good sensitivity to CPV but this depends 
on whether the mass ordering is known. 

- By combining beam and atmospheric neutrinos can achieve 5-𝜎 sensitivity to CPV 
regardless the true mass ordering 28

True NO True IO

Impact of systematic uncertainties

26

- Assume normal mass ordering is true, improved HK systematic uncertainties can 
improve the sensitivity to CP violation. 

- After 10 HK-years, 61% of true 𝛿𝐶𝑃 values can be excluded at 5-𝝈 with the 
improved syst. error model. 

From NOW 2022, Z. Xie

CP with known MO Beam / atm synergy



HK status

• Digging


• Mass testing PMTs


• Many other ongoing 
developments

94

2022-07-25

https://www-sk.icrr.u-tokyo.ac.jp/news/detail/870/


• 


• New detector 
technology: 70 kton 
liquid argon TPC


• Physics goals mostly 
same as HyperK

L ≈ 1300 km

95 From https://www.dunescience.org/, 
https://lbnf-dune.fnal.gov/

B. Abi et al 2020 JINST 15 P12004 



Reactor �̅�𝜈𝑒𝑒: Source and Oscillation
• Source: reactor antineutrino from fission 

of four isotopes:
• 235U, 238U, 239Pu, and 241Pu
• Major: 6 YJ cores, 4 → 2 TS cores

Jinnan Zhang (IHEP) JUNO Oscillation Physics - TAUP 2021 6

Table: Thermal power and baseline to the JUNO detector for the Yangjiang
(YJ), Taishan (TS), Daya Bay (DYB), and Huizhou (HZ) reactor cores. 

Oscillation

Inverse Beta Decay
Delayed signal 
~200 𝜇𝜇s as tag

The energy resolution is one of the key factors for 
determining neutrino mass ordering (NMO).

[1]. Oscillation in matter with effective oscillation parameters (j.physletb.2020.135354). 

J. Phys. G43:030401 (2016) → arXiv:2104.02565

• Oscillation: �̅�𝜈𝑒𝑒 survival probability in 
vacuum 1 :

𝑃𝑃�𝜈𝜈𝑒𝑒→�𝜈𝜈𝑒𝑒 = 1 − cos4 𝜃𝜃13 sin2 2𝜃𝜃12 sin2 Δ𝑚𝑚12
2 𝐿𝐿

4𝐸𝐸

− sin2 2𝜃𝜃13 cos2 𝜃𝜃12 sin2
Δ𝑚𝑚31

2 𝐿𝐿
4𝐸𝐸

+ sin2 𝜃𝜃12 sin2
Δ𝑚𝑚32

2 𝐿𝐿
4𝐸𝐸

.

Reactor• JUNO experiment (China) 
20 kton Liquid Scintillator 
Starting in 2023?


• 


• Precise energy resolution to see 
small wiggles in  
sensitive to mass ordering

L ≈ 50 km

P(νe → νe)

96 Jinnan Zhang (IHEP) , TAUP 2021

Neutrino mass ordering at reactors

5NOW MMXXII ҆ JUNO ҆ M.Sisti

normal ordering (NO) inverted ordering (IO)

NO:
IO:

SLOW Δmsol
2

FAST Δmatm
2

Suggested by Petcov and Piai, PLB 533(2002)94
Learned et al, PRD 78(2008)071302

Independent of 
θ23 and CP phase

νe survival probability:
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JUNO Status
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13NOW MMXXII ҆ JUNO ҆ M.Sisti

CD - Stainless Steel structure
• Supports the load of AV, LS, PMTs, 

front-end electronics, light 
separation plate, EM coils, etc. 

• Sustains the upward buoyancy

• Divided into 30 longitudinal and 23 
latitudinal layers

• Made of low background SS304

• 590 connecting rods to uphold the AV

March 4

April 10

May 30

June 13

Completed on June 24

Lift platform for 
acrylic vessel 
installation

Assembly precision 
must be < 3 mm to 

maximize PMT number

JUNO Experiment: Detector

Jinnan Zhang (IHEP) JUNO Oscillation Physics - TAUP 2021 4

• A multi-purpose liquid scintillator 
experiment.

• Energy resolution < 3%/ 𝑬𝑬 𝐌𝐌𝐌𝐌𝐌𝐌 :
• ~78% PMT coverage, ~1350 PE/MeV: 

• 5000 Hamamatsu 20′′ dynode-PMTs
• 12612 NNVT 20′′ MCP-PMTs
• 25600 HZC 3′′ PMT

• Large target volume:
• 20-kton LAB-based liquid scintillator

• Energy scale uncertainty <1%
• JHEP03(2021)004: “Calibration strategy of the 

JUNO experiment”

• Background control
• arXiv:2107.03669: “Radioactivity control 

strategy for the JUNO detector”

43.5 m

See also Zhimin Wang’s talk: “JUNO Detector Design 
& Status”

Jinnan Zhang (IHEP) , TAUP 2021 Monica Sisti, NOW 202221NOW MMXXII ҆ JUNO ҆ M.Sisti

Photomultiplier Tubes
Synergetic 20-inch and 3-inch PMT systems to 
ensure energy resolution and charge linearity

Acrylic cover

SS cover

20012 20-inch PMTs
(17612 CD + 2400 veto) 

25600 3-inch PMTs

Clearance between PMTs: 3 mm 
➡ assembly precision: < 1 mm

✦ 17612 large PMTs (20-inch)
✦ 15012 MCP-PMTs from NNVT* 
✦ 5000 dynode PMTs from Hamamatsu

✦ 25600 small PMTs (3-inch) from HZC 
*Northern Night Vision Technology
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Prospects of oscillation physics with JUNONOW 2022

Neutrino Mass Ordering Sensitivity 

14

Δχ56' = χ708' NO − χ708' IO

• JUNO is the only experiment exploiting vacuum oscillations (Unique)
• No dependence on θ'" or δCP. Very little dependence on matter effects

• Strong synergies with other experiments:

Through Δm"'
' for accelerator neutrinos (NOvA and 

T2K) Sci Rep 12, 5393 (2022)

Through Δm"!
' for atmospheric neutrinos 

(KM3NeT/ORCA and IceCube) Phys. Rev. D 101, 032006 (2020)
JHEP 03 (2022) 055

> 5σ sensitivity (in 6 years) in case of joint analysis

Publication 
coming soon

JUNO+TAO

STAT + SYS

STAT only

• Unconstrained (JUNO only) → 3σ sensitivity in 6 
years of data

• Using external ΔM99' (1% precision) → 4σ 
sensitivity in 6 years

Monica Sisti, NOW 2022

Mass ordering sensitivity

• 3σ in 6 years with JUNO alone, independent of 


• 5σ in 6 years through joint fit with other experiments (accelerator, atmospheric)
θ23, δCP
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MOTIVATION AND DETECTOR DESIGN

PRECISION REACTOR OSCILLATION AND SPECTRUM EXPERIMENT
1. SEARCH FOR SHORT-BASELINE OSCILLATIONS FROM STERILE NEUTRINOS 

INDEPENDENT FROM REACTOR MODEL INPUTS 
2. MEASURE 235U ENERGY SPECTRUM TO RESOLVE THE SPECTRAL ANOMALY 

▸ Experimental Strategy: 

▸ Measure spectrum at a range of 
baselines (7-9m in current position) 

▸ Reactor-model independent search 
for oscillations throughout the 
detector 

▸ High-statistics, high-resolution 235U 
neutrino energy spectrum  

▸ Challenges: 

▸ Minimal overburden (<1mwe) 

▸ High-background environment  

�4

Antineutrino 
Detector

HFIR Core

7-13m

Thomas Langford - Yale UniversityNEUTRINO 2018 - Heidelberg
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MicroBooNE can resolve electrons/photons!

Georgia Karagiorgi, September 7, 2022     11

Photon 
Candidates 𝛾2 

𝛾1 

Proton 
Candidate

Electron Candidate

Proton 
Candidate

Run 8617  Subrun 46 Event 232814 cm

𝜈
e
 CC candidate data event𝜈𝜇 NC 𝜋0 candidate data event

MicroBooNE photon search

Georgia Karagiorgi, September 7, 2022     19

1𝛾1p 1𝛾0p

1𝛾0p1𝛾1p

+
+

+
+

16 
Data Events 
Observed

153 
Data Events 
Observed

MicroBooNE Collab, Phys. Rev. Lett. 128, 111801 (2022)

 results!



102

4

channels, we use sin22✓ee and sin22✓µe to predict the
⌫e CC energy spectrum, sin22✓µµ to predict the ⌫µ CC
energy spectrum, and sin22✓es and sin22✓µs to predict
the NC energy spectrum. We fix ✓34 to 0 (cos2✓34 = 1)
since it has a negligible impact in this analysis given
the current contribution of the NC events in the seven
channels. The NC events are mainly used to constrain
the NC ⇡0 background in the ⌫e CC channels and the NC
event disappearance can be probed in the future with
a more inclusive NC selection. As a result, the three
oscillation parameters�m2

41, sin
2✓14, and sin2✓24 are free

to vary in the fit.
It is important to note that in an oscillation analysis

such as this one, performed in a ⌫µ-dominated beam
with a non-negligible intrinsic ⌫e component, the e↵ects
of ⌫e disappearance and appearance can lead to a
cancellation e↵ect on the impact on the expected event
rates. Equation 6 demonstrates this quantitatively,

N⌫e(E⌫) = T⌫e(E⌫)[1 + (R(E⌫) · sin2✓24 � 1)

· sin22✓14 · sin2�41(E⌫)],
(6)

where T⌫e is the number of intrinsic ⌫e in the flux,
and R is the ratio between the number of intrinsic ⌫µ
and ⌫e for a given true neutrino energy E⌫ . When
sin2✓24 approaches the inverse of the average value of
R(E⌫) in the BNB, i.e., 1/R ⇡ 0.005, the ⌫e appearance
and ⌫e disappearance contributions mostly cancel leading
to a diminished oscillation e↵ect in the ⌫e channels,
independent of the values of �m2

41 and sin2✓14. This
results in a decreased sensitivity to sterile neutrino
oscillations in this specific parameter space, which was
not fully considered in some experimental results [25–27].

The test statistic used in the oscillation fit is the
Combined-Neyman-Pearson (CNP) �2 [56]

�2 = (M � P )T · (Covstat +Covsys)
�1 · (M � P ) , (7)

where M and P are vectors of the measurements and the
predictions for the seven channels, respectively, Covstat
is the CNP-format statistical uncertainty covariance
matrix corresponding to 3/ (1/Mi + 2/Pi) for the ith
bin, and Covsys is the covariance matrix of the full
systematic uncertainty. The systematic uncertainties are
estimated from (i) the neutrino flux prediction of the
BNB [57], (ii) ⌫-argon cross section modeling from the
Genie event generator [58, 59], (iii) final-state hadron-
argon interactions in the Geant4 simulation [60, 61],
(iv) residual discrepancies in detector response after
calibrations [62–65], and (v) finite statistics of the MC
samples used for central value predictions. An additional
uncertainty is conservatively determined for the events
that originate from the neutrino interactions outside the
LArTPC cryostat. The covariance matrices Covstat and
Covsys depend on the prediction for the central values
in each energy bin and thus vary as a function of the
oscillation parameters in the fit.
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FIG. 1. Reconstructed neutrino energy of (a) fully contained
⌫e CC and (b) partially contained ⌫e CC events. The
data points are shown with statistical error bars. The MC
predictions of the 3⌫ hypothesis for ⌫e CC events (green)
and di↵erent types of backgrounds are shown in the stack
of histograms. The category “Others” corresponds to the
background events originating from either beam neutrino
interactions outside the fiducial volume or cosmic-ray muons.
The dashed red histogram represents the MC prediction
of the 4⌫ best-fit with �m2

41 = 1.295 eV2, sin2✓14 = 0.936
(sin22✓ee = 0.240), and sin2✓24 = 0 (sin22✓µe(µµ) = 0). The
MC predictions and shaded error bands correspond to the
central values and systematic uncertainties for each energy
bin with constraints (Sec. VI A in Ref. [41]) from the ⌫µ CC
and ⇡0 channels as used in the joint fit to the seven channels.

The data is found to agree with the 3⌫ (null)
hypothesis within 1 standard deviation (�) significance.
The joint fit to the seven channels yields a best-fit result
of �m2

41 = 1.295 eV2, sin2✓14 = 0.936, and sin2✓24 = 0
with a �2 of 86.62 for 179 degrees of freedom. The best-
fit values give sin22✓ee = 0.240 and sin22✓µe(µµ) = 0,
and the corresponding predicted ⌫e energy spectra are
shown in Fig. 1. In this oscillation fit, the �2 value
is largely symmetric relative to sin2✓14 = 0.5 because
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FIG. 2. MicroBooNE CLs exclusion contours at the 95% CL in the plane of �m2
41 and (a) sin22✓µe or (b) sin22✓ee. The red

solid (dashed) curve represents the MicroBooNE 95% CLs data exclusion (Asimov sensitivity) limits after profiling over the
mixing angle sin2✓24. The blue long-dashed curve represents the MicroBooNE 95% CLs Asimov sensitivity in the scenario of
(a) ⌫e appearance-only or (b) ⌫e disappearance-only as opposed to the full 3 + 1 oscillation result. In (a), the LSND 90% and
99% CL allowed regions [25] using the ⌫e appearance-only approximation are shown as the light blue and gray shaded areas,
respectively. In (b), the cyan shaded area represents the 2� allowed region of the gallium anomaly from the experimental results
of GALLEX, SAGE, and BEST [20]. The 2� allowed region of the Neutrino-4 experiment [24] is also shown in (b).

the dominant oscillation e↵ects from ⌫e appearance
and ⌫e disappearance depend on sin22✓14. The best-
fit slightly prefers sin2✓14 = 0.936 to sin2✓14 = 0.064.
We obtain a ��2

data = �2
null,3⌫ � �2

min,4⌫ = 2.53 with
3 degrees of freedom, corresponding to a p-value of
0.426 following the Feldman-Cousins procedure [66].
The supplemental material [67] provides the values of
��2

data = �2
4⌫ � �2

min,4⌫ for each 4⌫ hypothesis in an
80 ⇥ 60 ⇥ 60 three-dimensional grid of the oscillation
parameters spanning over 0.01–100 eV2 in�m2

41, 0.0001–
1.0 in sin2✓14, and 0.0001–1.0 in sin2✓24 on a logarithmic
scale.

Since the data is found to be consistent with the
3⌫ hypothesis, exclusion limits are calculated using
the frequentist-motivated CLs method [68], which is
commonly used for the discovery or exclusion limits in
neutrino oscillation analyses [34–36, 69]. The CLs test
statistic is based on ��2

CLs
= �2

4⌫ ��2
3⌫ , which compares

the null 3⌫ hypothesis and an alternative 4⌫ hypothesis.
It is defined by

CLs =
1� p4⌫
1� p3⌫

, (8)

where p4⌫ (p3⌫) is the p-value of ��2
CLs,data

assuming
the 4⌫ (null 3⌫) hypothesis is true. The p-value is de-
termined in a frequentist approach by throwing pseudo-
experiments following the corresponding full covariance
matrix assuming a hypothesis is true. The region with
CLs  1 � ↵ is excluded at the confidence level (CL) of
↵.

Figure 2 shows the frequentist CLs exclusion contours
and sensitivities at the 95% CL in the (�m2

41, sin
22✓µe)

plane and in the (�m2
41, sin22✓ee) plane. Since there

are three free oscillation parameters in the fit, the
exclusion limit in any two-dimensional (2D) parameter
space is obtained by profiling the third dimension. After
profiling, the exclusion limit corresponds to the value of
the third dimension that gives the minimal �2

4⌫ along
that dimension at each point in the 2D parameter space.
This procedure is a natural choice according to Refs. [70–
72]. The sin2✓24 value after profiling in this analysis is
generally small, between 0 and 0.01, which is consistent
with the existing experimental constraints [29, 73]. All
sensitivities in this Letter are calculated using the
Asimov data set [74] from MC simulation, corresponding
to the 3⌫ central value predictions without oscillation.

The Asimov sensitivities in the scenarios with only ⌫e
appearance or only ⌫e disappearance are often quoted
in the literature [25–27, 75, 76] as an approximation,
neglecting the oscillation e↵ects from the intrinsic ⌫e
or ⌫µ component in the beam. These approximations
result in overly optimistic sensitivities compared to the
2D profiled results because the cancellation between ⌫e
appearance and ⌫e disappearance is neglected. Our
primary result, therefore, does not use this approxima-
tion, but we include data exclusion limits taking only
⌫e appearance or only ⌫e disappearance into account in
the supplemental materials [67] in order to compare to
historical results.

FERMILAB-PUB-22-750-ND (2022-11-01)

https://inspirehep.net/literature/2167334
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of 163Ho [123–125], which have the potential to go below
the eV in sensitivity.

E. Theoretical understanding

Theorists have not been very successful in anticipating
the discoveries on neutrino masses obtained by means of
oscillations. The discussion within gauge models clarified
that it is possible or even likely to have neutrino masses in
gauge models (compare with Sec. IID). However, a large
part of the theoretical community focused for a long time
on models such as “minimal SU(5)”, where the neutrino
masses are zero, emphasizing the interest in proton decay
search rather than in neutrino mass search. On top of
that, we had many models that aimed to predict e. g., the
correct solar neutrino solution or the size of ✓13 before
the measurements, but none of them were particularly
convincing. More specifically, a lot of attention was given
to the “small mixing angle solution” and the “very small
✓13 scenario”, that are now excluded from the data.

Moreover, it is not easy to justify the theoretical posi-
tion where neutrino masses are not considered along the
masses of other fermions. This remark alone explains
the di�culty of the theoretical enterprise that theorists
have to face. For the reasons commented in Sec. IID, the
SO(10) models are quite attractive to address a discus-
sion of neutrino masses. However, even considering this
specific class of well-motivated Grand Unified groups, it
remains di�cult to claim that we have a complete and
convincing formulation of the theory. In particular, this
holds for the arbitrariness in the choice of the representa-
tions (especially that of the Higgs bosons), for the large
number of unknown parameters (especially the scalar po-
tential), for the possible role of non-renormalizable oper-
ators, for the uncertainties in the assumption concerning
low scale supersymmetry, for the lack of experimental
tests, etc. . Note that, incidentally, preliminary investiga-
tions on the size of m�� in SO(10) did not provide a clear
evidence for a significant lower bound [126]. Anyway,
even the case of an exactly null e↵ective Majorana mass
does not increase the symmetry of the Lagrangian, and
thus does not forbid the 0⌫��, as remarked in Ref. [127].

Here, we just consider one specific theoretical scheme,
for illustration purposes. This should not be considered
a full fledged theory, but rather it attempts to account
for the theoretical uncertainties in the predictions. The
hierarchy of the masses and of the mixing angles has sug-
gested the hypothesis that the elements of the Yukawa
couplings and thus of the mass matrices are subject to
some selection rule. The possibility of a U(1) selection
rule has been proposed in Ref. [128] and, since then, it
has become very popular.

Immediately after the first strong evidences of atmo-
spheric neutrino oscillations (1998) specific realizations
for neutrinos have been discussed in various works (see
Ref. [129] for references). These correspond to the neu-

��� ���
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FIG. 9. Nuclear mass as a function of the atomic number Z
in the case of an isobar candidate with A even (left) and A

odd (right).

trino mass matrix

Mneutrino = m⇥ diag(", 1, 1) C diag(", 1, 1) (40)

where the flavor structure is dictated by a diagonal ma-
trix that acts only on the electronic flavor and suppresses
the matrix elements Meµ,Me⌧ and Mee (twice). The di-
mensionful parameter (the overall mass scale) is given by
� ⌘

p
�m2

atm ⇡ 50meV. We thus have a matrix of co-
e�cients C with elements C``0 = O(1) that are usually
treated as random numbers of the order of 1 in the ab-
sence of a theory. A choice of " that suggested values
of ✓12 and ✓13 in the correct region (before their mea-
surement) is " = ✓C or

p
mµ/m⌧ [129]. Within these

assumptions, the matrix element in which we are inter-
ested is

m�� =
��m "2 O(1)

�� ⇡ (2� 4)meV. (41)

Finally, we note that the SM renormalization of the ele-
ments of the neutrino mass matrix is multiplicative. The
e↵ect of renormalization is therefore particularly small
for m�� (see e. g. Eq. (17) of Ref. [130] and the discus-
sion therein). In other words, the value m�� = 0 (or
values close to this one) should be regarded as a stable
point of the renormalization flow.
Let us conclude repeating that, anyway, there are

many reasons to consider the theoretical expectations
with detachment, and the above theoretical scheme is not
an exception to this rule. It is very important to keep in
mind this fact in order to properly assess the value of the
search for the 0⌫�� and to proceed accordingly in the
investigations.

V. THE ROLE OF NUCLEAR PHYSICS

0⌫�� is first of all a nuclear process. Therefore, the
transition has to be described properly, taking into ac-
count the relevant aspects that concern nuclear structure
and dynamics. In particular, it is a second order nuclear

doi&10.1155/2016/2162659&
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where unitarity is assumed in the second equality. In this approximation, the distortion of the
endpoint of the spectrum is described by a single parameter, and with the present results from
KATRIN, it is bounded to be
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where m0 = m1 (m3) is the lightest neutrino mass in the NO (IO) spectrum. Correspondingly
the bounds in Eqs.(14.92) and (14.93) apply to the combinations

q
i m

2

i |U–i|
2 for – = µ and ·

respectively. So with the values known of the mixing matrix elements, the strongest constraint on
the absolute value of the neutrino mass comes from Tritium beta decay.

From Eq.(14.97) we see that, given the present knowledge of the neutrino mass di�erences and
their mixing from oscillation experiments, it is possible to translate the experimental information
of m‹e on a corresponding range for the lightest neutrino mass and that such relation depends on
the ordering of the states. We plot in Fig.14.11 the recasting of the allowed regions of the analysis
in Ref. [184] in terms of the allowed range m‹e as a function of mlight © m0. In particular, one
finds that the results of oscillation experiments imply a lower bound on m‹e > 0.048 (0.0085) eV
for IO (NO) at 95% CL.
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Figure 14.12: Feynman diagram for neutrinoless double-beta decay.

14.9.2 Dirac vs. Majorana: Neutrinoless Double-beta Decay

The most sensitive probe to whether neutrinos are Dirac or Majorana states is the neutrinoless
double beta decay (0‹——):

(A, Z) æ (A, Z + 2) + e
≠ + e

≠
. (14.98)

In the presence of neutrino masses and mixing, the process in Eq.(14.98) can be generated at lower
order in perturbation theory by the term represented in Fig.14.12. The corresponding amplitude
is proportional to the product of the two leptonic currents

M–— Ã [ē“–(1 ≠ “5)‹e] [ē“—(1 ≠ “5)‹e] Ã

ÿ

i

(Uei)2 [ē“–(1 ≠ “5)‹i] [ē“—(1 ≠ “5)‹i] . (14.99)

The neutrino propagator in Fig.14.12 can only arise from the contraction È0 | ‹i(x)‹i(y)T
| 0Í. How-

ever, if the neutrino is a Dirac particle ‹i field annihilates a neutrino state and creates an antineu-
trino state, and neutrino and antineutrino states are di�erent, so the contraction È0 | ‹i(x)‹i(y)T

| 0Í =
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the effective Majorana mass of the electron neutrino, |〈mν〉| , which would provide a
measure of the neutrino mass scale m. One fact is clear: neutrino oscillation experi-
ments can only provide data on the mass differences of the neutrino mass-eigenstates.
The absolute scale can only be obtained from direct mass measurements, 3H end point
measurements for example [26], or in the case of Majorana neutrinos, more sensitively
by neutrinoless double-beta decay. The time for large, next generation ββ -decay ex-
periments has arrived, for if the mass scale is below ∼ 0.35 eV, ββ -decay may be the
only hope for measuring it.

2.2 Neutrino Mixing Matrix
Using the Chau and Keung parametrization of the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) neutrino mixing matrix [27]:




νe

νµ

ντ



 = UV





ν1

ν2

ν3



 =





c3c2 s3c2 s2e−iδ

−s3c1 − c3s1s2eiδ c3c1 − s3s1s2eiδ s1c2

s3s1 − c3c1s2eiδ −c3s1 − s3c1s2eiδ c1c2



 ×

×





1 0 0
0 eiφ2/2 0
0 0 ei(φ3/2+δ)









ν1

ν2

ν3



 (1)

where ci ≡ cos θi, si ≡ sin θi, V is a diagonal matrix containing Majorana CP phases
that do not appear in neutrino oscillations. While this looks very complicated and pop-
ulated with many unknowns, neutrino oscillation data [17, 15, 11, 12, 18, 19, 20] have
constrained all three of the angles and squared neutrino mass differences as shown in
Table 1.

Considering the values found in Table 1, we find it is possible to make the approxi-
mation that θ2 ≡ 0 and assume maximal mixing for the atmospheric neutrino oscillation
data, or θ1

∼= 45◦. Accordingly,

U ∼=





c3 s3 0
−s3c1 c3c1 s1

s3s1 −c3s1 c1




∼=







√
3

2
1
2 0

− 1
2
√

2

√
3

2
√

2
1√
2

1
2
√

2
−

√
3

2
√

2
1√
2






(2)

where c3 =
√

3
2 , s3 = 1

2 and c1 = s1 = 1√
2
were used in the second matrix.

2.3 Neutrinoless Double-Beta Decay
The decay rate for the process involving the exchange of a Majorana neutrino can be
expressed as follows:

[

T 0ν
1/2

]−1
=

|〈mν〉|2

m2
e

FN . (3)
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where
FN ≡ G0ν |M0ν |2 (4)

with G0ν being the two-body phase-space factor including coupling constants andM0ν

the ββ(0ν) nuclear matrix element. The quantity |〈mν〉| is the effective Majorana elec-
tron neutrino mass given by:

|〈mν〉| ≡ ||UL
e1|2m1 + |UL

e2|2m2e
iφ2 + |UL

e3|2m3e
iφ3 |, (5)

where eiφ2 and eiφ3 are the Majorana CP phases (±1 for CP conservation) and m1,2,3

are the mass eigenvalues. The measured values of δm2
21 (δm2

S solar) and δm2
32 (δm2

AT

atmospheric) given in table 1 motivate the pattern of masses in two possible hierarchy
schemes shown in Figure 1.

Figure 1: Normal and inverted mass hierarchies schemes. Quasi-degenerate hierarchy
corresponds to the case m1 >> δmAT >> δmS .

In the case of inverted hierarchy the correct expression for |〈mν〉| can be obtained
by interchanging the first and third columns of UV, i.e. by interchanging the roles of m1

and m3.
In general, prior to the approximation θ2 = 0 = s2, in the normal hierarchy case we

have:
|〈mν〉|NH = |c2

3c
2
2m1 + s2

3c
2
2e

iφ2m2 + s2
2e

iφ3m3|. (6)

while in the inverted hierarchy we have:

|〈mν〉|IH = |s2
2e

iφ3m1 + s2
3c

2
2e

iφ2m2 + c2
3c

2
2m3|. (7)

With the values and errors (3σ) from Table 1, these becomes

|〈mν〉|NH = |(0.69+0.04
−0.11)m1 + (0.30+0.07

−0.08)e
iφ2m2 + (< 0.054)eiφ3m3|. (8)

|〈mν〉|IH = |(< 0.054)eiφ3m1 + (0.30+0.07
−0.08)e

iφ2m2 + (0.69+0.04
−0.11)m3|. (9)
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weak process and it corresponds to the transition from a
nucleus (A,Z) to its isobar (A,Z + 2) with the emission
of two electrons. In principle, a nucleus (A,Z) can decay
via double beta decay as long as the nucleus (A,Z + 2)
is lighter. However, if the nucleus can also decay by sin-
gle beta decay, (A,Z + 1), the branching ratio for the
0⌫�� will be too di�cult to be observed due to the over-
whelming background rate from the single beta decay.
Therefore, candidate isotopes for detecting the 0⌫�� are
even-even nuclei that, due to the nuclear pairing force,
are lighter than the odd-odd (A,Z + 1) nucleus, making
single beta decay kinematically forbidden (Fig. 9). It is
worth noting that, since the 0⌫�� candidates are even-
even nuclei, it follows immediately that their spin is al-
ways zero.

The theoretical expression of the half-life of the process
in a certain nuclear species can be factorized as:

[t1/2]�1 = G0⌫ |M|2 |f(mi, Uei)|2 (42)

where G0⌫ is the phase space factor (PSF), M is the
nuclear matrix element (NME) and f(mi, Uei) is an adi-
mensional function containing the particle physics be-
yond the SM that could explain the decay through the
neutrino masses mi and the mixing matrix elements Uei.

In this section, we review the crucial role of nuclear
physics in the expectations, predictions and eventual
understanding of the 0⌫��, also assessing the present
knowledge and uncertainties. We mainly restrict to the
discussion of the light neutrino exchange as the candi-
date process for mediating the 0⌫�� transition, but the
mechanism of heavy neutrino exchange is also considered.

In the former case (m . 100MeV, see Eq. (19)), the
factor f is proportional m�� :

f(mi, Uei) ⌘
m��

me
=

1

me

������

X

k=1,2,3

U2
ekmk

������
(43)

where the electron mass me is taken as a reference
value. In the scheme of the heavy neutrino exchange
(m & 100MeV), the e↵ective parameter is instead:

f(mi, Uei) ⌘ mp

⌦
M�1

H

↵
= mp

������

X

I=heavy

U2
eI

1

MI

������
(44)

where the proton mass mp is now used, according to the
tradition, as the reference value.

A. Recent developments on the phase space factor
calculations

The first calculations of PSFs date back to the late
1950s [131] and used a simplified description of the wave
functions. The improvements in the evaluation of the
PSFs are due to always more accurate descriptions and
less approximations [132–134].

FIG. 10. Most updated NMEs calculations for the 0⌫�� with
the IBM-2 [138], QRPA-Tü [139] and ISM [140] models. The
results somehow di↵er among the models, but are not too far
away. Figure from Ref. [138].

Recent developments in the numerical evaluation of
Dirac wave functions and in the solution of the Thomas-
Fermi equation allowed to calculate accurately the PSFs
both for single and double beta decay. The key ingredi-
ents are the scattering electron wave functions. The new
calculations take into account relativistic corrections, the
finite nuclear size and the e↵ect of the atomic screening
on the emitted electrons. The main di↵erence between
these calculations and the older ones is of the order of a
few percent for light nuclei (Z = 20), about 30% for Nd
(Z = 60), and a rather large 90% for U (Z = 92).
In Refs. [135–137], the most up to date calculations of

the PSFs for 0⌫�� can be found. The results obtained
in these works are quite similar. Throughout this paper,
we use the values from the first reference.

B. Models for the NMEs

Let us suppose that the decay proceeds through an s-
wave. Since we have just two electrons in the final state,
we cannot form an angular momentum greater than one.
Therefore, usually only 0⌫�� matrix elements to final 0+

states are considered. These can be the ground state,
0+1 , or the first excited state, 0+2 . Of course, we consider
as a starting state just a 0+ state, since the double beta
decay is possible only for (Z,A) even-even isobar nuclei.
The calculation of the NMEs for the 0⌫�� is a di�-

cult task because the ground and many excited states
of open-shell nuclei with complicated nuclear structure
have to be considered. The problem is faced by using
di↵erent approaches and, especially in the last few years,
the reliability of the calculations improved a lot. Here,
a list of the main theoretical models is presented. The
most relevant features for each of them are highlighted.

• Interacting Shell Model (ISM), [140, 141]. In the
ISM only a limited number of orbits around the

Nuclear&matrix&element&calcula=ons&
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an important role in the determination of the uncertain-
ties. A significant step forward has been recently made,
pushing down this source of theoretical error of about an
order of magnitude [138].

The most updated NMEs for the 0⌫�� via heavy neu-
trino exchange are evaluated within the frames of the
IBM-2 [138] and QRPA [150] models. A comparison be-
tween these results is shown in Fig. 11. It can be seen that
the values obtained within the QRPA model are always
larger than those obtained with the IBM-2. The di↵er-
ence is quite big for many of the nuclei and might be due
to the di↵erent treatment of the intermediate states. Also
in this case, we use the NMEs evaluated with the IBM-2
model. This allows us to keep a more conservative ap-
proach by getting less stringent limits. Considering, for
example, the case of 76Ge, we have:

M0⌫(Ge) =

(
104± 29 gA = gnucleon
22± 6 gA = gphen.

. (48)

From the experimental point of view, the limits on
0⌫�� indicate that the mixings of heavy neutrinos |UeI |2
are small. Using the current values for the PSF, NME
and sensitivity for the isotope [174], we get:

�����
X

I

U2
eI

MI

����� <
7.8 · 10�8

mp
·


104

M0⌫(Ge)

�
·

3 · 1025 yr

⌧0⌫1/2

� 1
2

(49)
where mp is the proton mass and the heavy neutrino
masses MI are assumed to be &GeV.

Fig. 12 illustrates the case of a single heavy neutrino
mixing with the light ones and mediating the 0⌫�� tran-
sition. In particular, the plot shows the case of the mixing
for 76Ge assuming that a single heavy neutrino dominates
the amplitude. The two regimes of heavy and light neu-
trino exchange are matched as proposed in Ref. [168].
The colored bands reflect the di↵erent sources of theo-
retical uncertainty.

As it is clear from Fig. 12, the bound coming from
0⌫�� searches is still uncertain. It weakens by one or-

der of magnitude if the axial vector coupling constant is
strongly quenched in the nuclear medium.

The potential of the 0⌫�� sensitivity to heavy neutri-
nos is therefore weakened and very sensitive to theoreti-
cal nuclear physics uncertainties. For some regions of the
parameter space, even the limits obtained more than 15
years ago with accelerators are more restrictive than the
current limits coming from 0⌫�� search.

VI. EXPERIMENTAL SEARCH FOR THE 0⌫��

The process described by Eq. (1) is actually just one of
the forms that 0⌫�� can assume. In fact, depending on
the relative numbers of the nucleus protons and neutrons,

Co
un

ts

Total electron energy

����

����

Q��

FIG. 13. Schematic view of the 2⌫�� and the 0⌫�� spectra.

four di↵erent mechanisms are possible:

(A,Z) ! (A,Z + 2) + 2e�

(A,Z) ! (A,Z + 2) + 2e+

(A,Z) + 2e� ! (A,Z � 2)

(A,Z) + e� ! (A,Z � 2) + e+

(����)

(�+�+)

(EC EC)

(EC �+).

(50)

Here, �� (�+) indicate the emission of an electron
(positron) and EC stands for electron capture (usually a
K-shell electron is captured).
The explicit violation of the number of electronic lep-

tons e, ē, ⌫e or ⌫̄e appears evident in each process in
Eq. (50). A large number of experiments has been and
is presently involved in the search for these processes,
especially of the first one.
In this section, we introduce the experimental as-

pects relevant for the 0⌫�� searches and we present an
overview of the various techniques. We review the sta-
tus of the past and present experiments, highlighting the
main features and the sensitivities. The expectations
take into account the uncertainties coming from the theo-
retical side and, in particular, those from nuclear physics.
The requirements for future experiments are estimated
and finally, the new constraints from cosmology are used
as a complementary information to that coming from the
0⌫�� experiments.

A. The 0⌫�� signature

From the experimental point of view, the searches for a
0⌫�� signal rely on the detection of the two emitted elec-
trons. In fact, being the energy of the recoiling nucleus
negligible, the sum of kinetic energy of the two electrons
is equal to the Q-value of the transition. Therefore, if we
consider these as a single body, we expect to observe a
monochromatic peak at the Q-value (Fig. 13).
Despite this very clear signature, because of the rar-

ity of the process, the detection of the two electrons is
complicated by the presence of background events in the
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the effective Majorana mass of the electron neutrino, |〈mν〉| , which would provide a
measure of the neutrino mass scale m. One fact is clear: neutrino oscillation experi-
ments can only provide data on the mass differences of the neutrino mass-eigenstates.
The absolute scale can only be obtained from direct mass measurements, 3H end point
measurements for example [26], or in the case of Majorana neutrinos, more sensitively
by neutrinoless double-beta decay. The time for large, next generation ββ -decay ex-
periments has arrived, for if the mass scale is below ∼ 0.35 eV, ββ -decay may be the
only hope for measuring it.

2.2 Neutrino Mixing Matrix
Using the Chau and Keung parametrization of the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) neutrino mixing matrix [27]:




νe

νµ

ντ



 = UV





ν1

ν2

ν3



 =





c3c2 s3c2 s2e−iδ

−s3c1 − c3s1s2eiδ c3c1 − s3s1s2eiδ s1c2

s3s1 − c3c1s2eiδ −c3s1 − s3c1s2eiδ c1c2



 ×

×





1 0 0
0 eiφ2/2 0
0 0 ei(φ3/2+δ)









ν1

ν2

ν3



 (1)

where ci ≡ cos θi, si ≡ sin θi, V is a diagonal matrix containing Majorana CP phases
that do not appear in neutrino oscillations. While this looks very complicated and pop-
ulated with many unknowns, neutrino oscillation data [17, 15, 11, 12, 18, 19, 20] have
constrained all three of the angles and squared neutrino mass differences as shown in
Table 1.

Considering the values found in Table 1, we find it is possible to make the approxi-
mation that θ2 ≡ 0 and assume maximal mixing for the atmospheric neutrino oscillation
data, or θ1

∼= 45◦. Accordingly,

U ∼=





c3 s3 0
−s3c1 c3c1 s1

s3s1 −c3s1 c1




∼=
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(2)

where c3 =
√

3
2 , s3 = 1

2 and c1 = s1 = 1√
2
were used in the second matrix.

2.3 Neutrinoless Double-Beta Decay
The decay rate for the process involving the exchange of a Majorana neutrino can be
expressed as follows:

[

T 0ν
1/2

]−1
=

|〈mν〉|2

m2
e

FN . (3)
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where
FN ≡ G0ν |M0ν |2 (4)

with G0ν being the two-body phase-space factor including coupling constants andM0ν

the ββ(0ν) nuclear matrix element. The quantity |〈mν〉| is the effective Majorana elec-
tron neutrino mass given by:

|〈mν〉| ≡ ||UL
e1|2m1 + |UL

e2|2m2e
iφ2 + |UL

e3|2m3e
iφ3 |, (5)

where eiφ2 and eiφ3 are the Majorana CP phases (±1 for CP conservation) and m1,2,3

are the mass eigenvalues. The measured values of δm2
21 (δm2

S solar) and δm2
32 (δm2

AT

atmospheric) given in table 1 motivate the pattern of masses in two possible hierarchy
schemes shown in Figure 1.

Figure 1: Normal and inverted mass hierarchies schemes. Quasi-degenerate hierarchy
corresponds to the case m1 >> δmAT >> δmS .

In the case of inverted hierarchy the correct expression for |〈mν〉| can be obtained
by interchanging the first and third columns of UV, i.e. by interchanging the roles of m1

and m3.
In general, prior to the approximation θ2 = 0 = s2, in the normal hierarchy case we

have:
|〈mν〉|NH = |c2

3c
2
2m1 + s2

3c
2
2e

iφ2m2 + s2
2e

iφ3m3|. (6)

while in the inverted hierarchy we have:

|〈mν〉|IH = |s2
2e

iφ3m1 + s2
3c

2
2e

iφ2m2 + c2
3c

2
2m3|. (7)

With the values and errors (3σ) from Table 1, these becomes

|〈mν〉|NH = |(0.69+0.04
−0.11)m1 + (0.30+0.07

−0.08)e
iφ2m2 + (< 0.054)eiφ3m3|. (8)

|〈mν〉|IH = |(< 0.054)eiφ3m1 + (0.30+0.07
−0.08)e

iφ2m2 + (0.69+0.04
−0.11)m3|. (9)
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weak process and it corresponds to the transition from a
nucleus (A,Z) to its isobar (A,Z + 2) with the emission
of two electrons. In principle, a nucleus (A,Z) can decay
via double beta decay as long as the nucleus (A,Z + 2)
is lighter. However, if the nucleus can also decay by sin-
gle beta decay, (A,Z + 1), the branching ratio for the
0⌫�� will be too di�cult to be observed due to the over-
whelming background rate from the single beta decay.
Therefore, candidate isotopes for detecting the 0⌫�� are
even-even nuclei that, due to the nuclear pairing force,
are lighter than the odd-odd (A,Z + 1) nucleus, making
single beta decay kinematically forbidden (Fig. 9). It is
worth noting that, since the 0⌫�� candidates are even-
even nuclei, it follows immediately that their spin is al-
ways zero.

The theoretical expression of the half-life of the process
in a certain nuclear species can be factorized as:

[t1/2]�1 = G0⌫ |M|2 |f(mi, Uei)|2 (42)

where G0⌫ is the phase space factor (PSF), M is the
nuclear matrix element (NME) and f(mi, Uei) is an adi-
mensional function containing the particle physics be-
yond the SM that could explain the decay through the
neutrino masses mi and the mixing matrix elements Uei.

In this section, we review the crucial role of nuclear
physics in the expectations, predictions and eventual
understanding of the 0⌫��, also assessing the present
knowledge and uncertainties. We mainly restrict to the
discussion of the light neutrino exchange as the candi-
date process for mediating the 0⌫�� transition, but the
mechanism of heavy neutrino exchange is also considered.

In the former case (m . 100MeV, see Eq. (19)), the
factor f is proportional m�� :

f(mi, Uei) ⌘
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where the electron mass me is taken as a reference
value. In the scheme of the heavy neutrino exchange
(m & 100MeV), the e↵ective parameter is instead:

f(mi, Uei) ⌘ mp
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where the proton mass mp is now used, according to the
tradition, as the reference value.

A. Recent developments on the phase space factor
calculations

The first calculations of PSFs date back to the late
1950s [131] and used a simplified description of the wave
functions. The improvements in the evaluation of the
PSFs are due to always more accurate descriptions and
less approximations [132–134].

FIG. 10. Most updated NMEs calculations for the 0⌫�� with
the IBM-2 [138], QRPA-Tü [139] and ISM [140] models. The
results somehow di↵er among the models, but are not too far
away. Figure from Ref. [138].

Recent developments in the numerical evaluation of
Dirac wave functions and in the solution of the Thomas-
Fermi equation allowed to calculate accurately the PSFs
both for single and double beta decay. The key ingredi-
ents are the scattering electron wave functions. The new
calculations take into account relativistic corrections, the
finite nuclear size and the e↵ect of the atomic screening
on the emitted electrons. The main di↵erence between
these calculations and the older ones is of the order of a
few percent for light nuclei (Z = 20), about 30% for Nd
(Z = 60), and a rather large 90% for U (Z = 92).
In Refs. [135–137], the most up to date calculations of

the PSFs for 0⌫�� can be found. The results obtained
in these works are quite similar. Throughout this paper,
we use the values from the first reference.

B. Models for the NMEs

Let us suppose that the decay proceeds through an s-
wave. Since we have just two electrons in the final state,
we cannot form an angular momentum greater than one.
Therefore, usually only 0⌫�� matrix elements to final 0+

states are considered. These can be the ground state,
0+1 , or the first excited state, 0+2 . Of course, we consider
as a starting state just a 0+ state, since the double beta
decay is possible only for (Z,A) even-even isobar nuclei.
The calculation of the NMEs for the 0⌫�� is a di�-

cult task because the ground and many excited states
of open-shell nuclei with complicated nuclear structure
have to be considered. The problem is faced by using
di↵erent approaches and, especially in the last few years,
the reliability of the calculations improved a lot. Here,
a list of the main theoretical models is presented. The
most relevant features for each of them are highlighted.

• Interacting Shell Model (ISM), [140, 141]. In the
ISM only a limited number of orbits around the

Nuclear&matrix&element&calcula=ons&
doi&10.1155/2016/2162659&
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an important role in the determination of the uncertain-
ties. A significant step forward has been recently made,
pushing down this source of theoretical error of about an
order of magnitude [138].

The most updated NMEs for the 0⌫�� via heavy neu-
trino exchange are evaluated within the frames of the
IBM-2 [138] and QRPA [150] models. A comparison be-
tween these results is shown in Fig. 11. It can be seen that
the values obtained within the QRPA model are always
larger than those obtained with the IBM-2. The di↵er-
ence is quite big for many of the nuclei and might be due
to the di↵erent treatment of the intermediate states. Also
in this case, we use the NMEs evaluated with the IBM-2
model. This allows us to keep a more conservative ap-
proach by getting less stringent limits. Considering, for
example, the case of 76Ge, we have:

M0⌫(Ge) =

(
104± 29 gA = gnucleon
22± 6 gA = gphen.

. (48)

From the experimental point of view, the limits on
0⌫�� indicate that the mixings of heavy neutrinos |UeI |2
are small. Using the current values for the PSF, NME
and sensitivity for the isotope [174], we get:

�����
X
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U2
eI
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����� <
7.8 · 10�8

mp
·


104

M0⌫(Ge)

�
·

3 · 1025 yr

⌧0⌫1/2

� 1
2

(49)
where mp is the proton mass and the heavy neutrino
masses MI are assumed to be &GeV.

Fig. 12 illustrates the case of a single heavy neutrino
mixing with the light ones and mediating the 0⌫�� tran-
sition. In particular, the plot shows the case of the mixing
for 76Ge assuming that a single heavy neutrino dominates
the amplitude. The two regimes of heavy and light neu-
trino exchange are matched as proposed in Ref. [168].
The colored bands reflect the di↵erent sources of theo-
retical uncertainty.

As it is clear from Fig. 12, the bound coming from
0⌫�� searches is still uncertain. It weakens by one or-

der of magnitude if the axial vector coupling constant is
strongly quenched in the nuclear medium.

The potential of the 0⌫�� sensitivity to heavy neutri-
nos is therefore weakened and very sensitive to theoreti-
cal nuclear physics uncertainties. For some regions of the
parameter space, even the limits obtained more than 15
years ago with accelerators are more restrictive than the
current limits coming from 0⌫�� search.

VI. EXPERIMENTAL SEARCH FOR THE 0⌫��

The process described by Eq. (1) is actually just one of
the forms that 0⌫�� can assume. In fact, depending on
the relative numbers of the nucleus protons and neutrons,

FIG. 13. Schematic view of the 2⌫�� and the 0⌫�� spectra.

four di↵erent mechanisms are possible:

(A,Z) ! (A,Z + 2) + 2e�

(A,Z) ! (A,Z + 2) + 2e+

(A,Z) + 2e� ! (A,Z � 2)

(A,Z) + e� ! (A,Z � 2) + e+

(����)

(�+�+)

(EC EC)

(EC �+).

(50)

Here, �� (�+) indicate the emission of an electron
(positron) and EC stands for electron capture (usually a
K-shell electron is captured).
The explicit violation of the number of electronic lep-

tons e, ē, ⌫e or ⌫̄e appears evident in each process in
Eq. (50). A large number of experiments has been and
is presently involved in the search for these processes,
especially of the first one.
In this section, we introduce the experimental as-

pects relevant for the 0⌫�� searches and we present an
overview of the various techniques. We review the sta-
tus of the past and present experiments, highlighting the
main features and the sensitivities. The expectations
take into account the uncertainties coming from the theo-
retical side and, in particular, those from nuclear physics.
The requirements for future experiments are estimated
and finally, the new constraints from cosmology are used
as a complementary information to that coming from the
0⌫�� experiments.

A. The 0⌫�� signature

From the experimental point of view, the searches for a
0⌫�� signal rely on the detection of the two emitted elec-
trons. In fact, being the energy of the recoiling nucleus
negligible, the sum of kinetic energy of the two electrons
is equal to the Q-value of the transition. Therefore, if we
consider these as a single body, we expect to observe a
monochromatic peak at the Q-value (Fig. 13).
Despite this very clear signature, because of the rar-

ity of the process, the detection of the two electrons is
complicated by the presence of background events in the
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Figure 14.11: Allowed 95% CL ranges (1 dof) for the neutrino mass observable determined in 3H
beta decay (left panel) and in 0‹—— (right panel) in the framework of 3‹ mixing as a function of
the lightest neutrino mass. The ranges are obtained by projecting the results of the global analysis
of oscillation data (w/o SK-atm) in Ref. [184]. The region for each ordering is defined with respect
to its local minimum.

An alternative isotope to Tritium is 163Ho [216] which presents the advantage of a smaller
Q = 2.8 KeV. It decays via electron capture to 163Dy. Currently, there are three experiments
exploring this decay to probe the neutrino mass: ECHo [217], HOLMES [218], and NuMECS [219].
These experiments are complementary to tritium-based searches from a technical point of view.
Also, the decay of 163Ho determines the e�ective electron neutrino mass as opposed to antineutrino
in Tritium.

For the other flavours the present limits compiled in the listing section of the PDG read

m
e�

‹µ
< 190 keV (90% CL) from fi

≠
æ µ

≠ + ‹̄µ , (14.92)
m

e�

‹·
< 18.2 MeV (95% CL) from ·

≠
æ nfi + ‹· . (14.93)

In the presence of mixing and for neutrinos with small mass di�erences, the distortion of the
beta spectrum is given by the sum of the individual spectra generated incoherently by each neutrino
massive state weighted with the relevant mixing matrix element squared [220]:

dN

dE
= R(E)

ÿ

i

|Uei|
2

Ò
(E0 ≠ E)2 ≠ m

2

i «(E0 ≠ E ≠ mi) . (14.94)

The step function «(E0 ≠ E ≠ mi) arises because a neutrino with a given mass mi can only be
produced if the available energy is larger than its mass. Equation (14.94) shows the two main
e�ects of the neutrino masses and mixings on the electron energy spectrum: First, kinks appear
at the electron energies E

(i)
e = E ≥ E0 ≠ mi with sizes that are determined by |Uei|

2. Second, the
endpoint shifts to Eep = E0 ≠ m0, where m0 is the lightest neutrino mass. Corrections are induced
once the energy resolution of the experiment is considered. [221,222]

In the 3-‹ mixing scenario, the distortion of the spectrum can still be e�ectively described by a
single parameter – which we will still denote as m‹e – if for all neutrino states E0≠E = Q≠T ∫ mi.
In this case, one can expand Eq.(14.94) as:

dN

dE
ƒ R(E)

ÿ

i

|Uei|
2

Ò
(E0 ≠ E)2 ≠ (me�

‹e
)2 , (14.95)
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(Project8 [38]) aiming to reach a sensitivity of 40 meV enough to scan the inverted ordering
region.

42 14. Neutrino Masses, Mixing, and Oscillations

0.001 0.01 0.1 1
 mlight (eV)

10-2

10-1

100

m
ν ε

 (e
V

)

IO
NO

0.0001 0.001 0.01 0.1 1
mlight (eV)

10-4

10-3

10-2

10-1

100

m
ee

 (e
V

)

NuFIT 4.1 (2019)

Figure 14.11: Allowed 95% CL ranges (1 dof) for the neutrino mass observable determined in 3H
beta decay (left panel) and in 0��� (right panel) in the framework of 3� mixing as a function of
the lightest neutrino mass. The ranges are obtained by projecting the results of the global analysis
of oscillation data (w/o SK-atm) in Ref. [184]. The region for each ordering is defined with respect
to its local minimum.

An alternative isotope to Tritium is 163Ho [216] which presents the advantage of a smaller
Q = 2.8 KeV. It decays via electron capture to 163Dy. Currently, there are three experiments
exploring this decay to probe the neutrino mass: ECHo [217], HOLMES [218], and NuMECS [219].
These experiments are complementary to tritium-based searches from a technical point of view.
Also, the decay of 163Ho determines the e�ective electron neutrino mass as opposed to antineutrino
in Tritium.

For the other flavours the present limits compiled in the listing section of the PDG read

me�
�µ < 190 keV (90% CL) from �� � µ� + �̄µ , (14.92)

me�
�� < 18.2 MeV (95% CL) from �� � n� + �� . (14.93)

In the presence of mixing and for neutrinos with small mass di�erences, the distortion of the
beta spectrum is given by the sum of the individual spectra generated incoherently by each neutrino
massive state weighted with the relevant mixing matrix element squared [220]:

dN

dE
= R(E)

�

i

|Uei|2
�

(E0 � E)2 �m2
i �(E0 � E �mi) . (14.94)

The step function �(E0 � E � mi) arises because a neutrino with a given mass mi can only be
produced if the available energy is larger than its mass. Equation (14.94) shows the two main
e�ects of the neutrino masses and mixings on the electron energy spectrum: First, kinks appear
at the electron energies E(i)

e = E � E0 �mi with sizes that are determined by |Uei|2. Second, the
endpoint shifts to Eep = E0�m0, where m0 is the lightest neutrino mass. Corrections are induced
once the energy resolution of the experiment is considered. [221,222]

In the 3-� mixing scenario, the distortion of the spectrum can still be e�ectively described by a
single parameter – which we will still denote as m�e – if for all neutrino states E0�E = Q�T � mi.
In this case, one can expand Eq.(14.94) as:

dN

dE
� R(E)

�

i

|Uei|2
�

(E0 � E)2 � (me�
�e )2 , (14.95)
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with
(me�

�e )2 =
�

im
2
i |Uei|2�

i |Uei|2
=
�

i

m2
i |Uei|2 , (14.96)

where unitarity is assumed in the second equality. In this approximation, the distortion of the
endpoint of the spectrum is described by a single parameter, and with the present results from
KATRIN, it is bounded to be

1.1 eV � me�
�e =

��

i

m2
i |Uei|2 =

�
��

��

�
m2

0 +�m2
21(1� c213c

2
12) +�m2

32s
2
13 in NO ,

�
m2

0 +�m2
21c

2
13c

2
12 ��m2

32c
2
13 in IO ,

(14.97)

where m0 = m1 (m3) is the lightest neutrino mass in the NO (IO) spectrum. Correspondingly
the bounds in Eqs.(14.92) and (14.93) apply to the combinations �im

2
i |U�i|2 for � = µ and �

respectively. So with the values known of the mixing matrix elements, the strongest constraint on
the absolute value of the neutrino mass comes from Tritium beta decay.

From Eq.(14.97) we see that, given the present knowledge of the neutrino mass di�erences and
their mixing from oscillation experiments, it is possible to translate the experimental information
of m�e on a corresponding range for the lightest neutrino mass and that such relation depends on
the ordering of the states. We plot in Fig.14.11 the recasting of the allowed regions of the analysis
in Ref. [184] in terms of the allowed range m�e as a function of mlight � m0. In particular, one
finds that the results of oscillation experiments imply a lower bound on m�e > 0.048 (0.0085) eV
for IO (NO) at 95% CL.
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Figure 14.12: Feynman diagram for neutrinoless double-beta decay.

14.9.2 Dirac vs. Majorana: Neutrinoless Double-beta Decay
The most sensitive probe to whether neutrinos are Dirac or Majorana states is the neutrinoless

double beta decay (0���):
(A,Z) � (A,Z + 2) + e� + e�. (14.98)

In the presence of neutrino masses and mixing, the process in Eq.(14.98) can be generated at lower
order in perturbation theory by the term represented in Fig.14.12. The corresponding amplitude
is proportional to the product of the two leptonic currents

M�� � [ē��(1� �5)�e] [ē��(1� �5)�e] �
�

i

(Uei)2 [ē��(1� �5)�i] [ē��(1� �5)�i] . (14.99)

The neutrino propagator in Fig.14.12 can only arise from the contraction �0 | �i(x)�i(y)T | 0�. How-
ever, if the neutrino is a Dirac particle �i field annihilates a neutrino state and creates an antineu-
trino state, and neutrino and antineutrino states are di�erent, so the contraction �0 | �i(x)�i(y)T | 0� =

1st December, 2021

Figure 1.11: 95% CL intervals for the observable e↵ective neutrino mass in Tritium beta-decay
experiments (left) and 0⌫�� experiments (middle) as a function of the lightest neutrino mass
for each mass ordering given current global best-fit values of the oscillation parameters. The
right figure shows a Feynman diagram for the 0⌫�� process. Figures taken from Ref. [26].
Annotations are mine, shown limits are given in the main text, where for the cosmological limitP

m⌫ < 260 meV limit by CMB only was used.

1.2.3 Searches for Majorana neutrinos

Whatever the mechanism that gives rise to a Majorana mass, a neutrino-less double-beta decay
(0⌫��) is predicted. Here one takes isotopes for which regular beta-decay is forbidden but
double-beta decay is allowed. If a Majorana mass term is present, it allows the two antineu-
trinos that are usually emitted to “annihilate” with each other in violation of lepton number
conservation by two units:

(A, Z) ! (A, Z + 2) + 2e
� (1.2.4)

This gives a distinct experimental signature of two electrons emitted back-to-back with mono-
energetic spectrum at the tip of the continuous double-beta decay emission spectrum. Current
best limits are of order 1026 yr in half-life (90% CL) and when recast to constraints on mee, the
e↵ective Majorana mass,8 correspond to mee < 61 ⇠ 165 meV for Xenon (Kamland-ZEN [39])
and mee < 79 ⇠ 180 meV for Germanium (GERDA [40]). In the context of neutrino oscillation
experiments it is interesting to note that in the inverted hierarchy scenario the permissible
mee values are bounded from below (Fig. 1.11 right), which may allow complete search of the
parameter space in future experiments.

1.2.4 Constraints from cosmology

In the context of cosmology, the “active” neutrinos of the SM act as relativistic particles during
the early evolution and (at least two of the three) as non-relativistic particles at later stages
including present times. As relativistic particles, neutrinos enhance the radiation density via
the e↵ective number of active neutrinos Ne↵ . This leaves imprints both on the cosmic microwave
background (CMB) anisotropies and the matter spectrum, in particular damping baryon acous-
tic oscillations (BAOs). As non-relativistic particles, the neutrinos contribute through their

8The interpretation of 0⌫�� in terms of e↵ective Majorana mass of ⌫e depends on matrix element calculations
and undetermined Majorana phases in the PMNS matrix.
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Figure 14.11: Allowed 95% CL ranges (1 dof) for the neutrino mass observable determined in 3H
beta decay (left panel) and in 0��� (right panel) in the framework of 3� mixing as a function of
the lightest neutrino mass. The ranges are obtained by projecting the results of the global analysis
of oscillation data (w/o SK-atm) in Ref. [184]. The region for each ordering is defined with respect
to its local minimum.

An alternative isotope to Tritium is 163Ho [216] which presents the advantage of a smaller
Q = 2.8 KeV. It decays via electron capture to 163Dy. Currently, there are three experiments
exploring this decay to probe the neutrino mass: ECHo [217], HOLMES [218], and NuMECS [219].
These experiments are complementary to tritium-based searches from a technical point of view.
Also, the decay of 163Ho determines the e�ective electron neutrino mass as opposed to antineutrino
in Tritium.

For the other flavours the present limits compiled in the listing section of the PDG read

me�
�µ < 190 keV (90% CL) from �� � µ� + �̄µ , (14.92)

me�
�� < 18.2 MeV (95% CL) from �� � n� + �� . (14.93)

In the presence of mixing and for neutrinos with small mass di�erences, the distortion of the
beta spectrum is given by the sum of the individual spectra generated incoherently by each neutrino
massive state weighted with the relevant mixing matrix element squared [220]:

dN

dE
= R(E)

�
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|Uei|2
�

(E0 � E)2 �m2
i �(E0 � E �mi) . (14.94)

The step function �(E0 � E � mi) arises because a neutrino with a given mass mi can only be
produced if the available energy is larger than its mass. Equation (14.94) shows the two main
e�ects of the neutrino masses and mixings on the electron energy spectrum: First, kinks appear
at the electron energies E(i)

e = E � E0 �mi with sizes that are determined by |Uei|2. Second, the
endpoint shifts to Eep = E0�m0, where m0 is the lightest neutrino mass. Corrections are induced
once the energy resolution of the experiment is considered. [221,222]

In the 3-� mixing scenario, the distortion of the spectrum can still be e�ectively described by a
single parameter – which we will still denote as m�e – if for all neutrino states E0�E = Q�T � mi.
In this case, one can expand Eq.(14.94) as:

dN

dE
� R(E)

�

i

|Uei|2
�

(E0 � E)2 � (me�
�e )2 , (14.95)
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where unitarity is assumed in the second equality. In this approximation, the distortion of the
endpoint of the spectrum is described by a single parameter, and with the present results from
KATRIN, it is bounded to be
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where m0 = m1 (m3) is the lightest neutrino mass in the NO (IO) spectrum. Correspondingly
the bounds in Eqs.(14.92) and (14.93) apply to the combinations �im

2
i |U�i|2 for � = µ and �

respectively. So with the values known of the mixing matrix elements, the strongest constraint on
the absolute value of the neutrino mass comes from Tritium beta decay.

From Eq.(14.97) we see that, given the present knowledge of the neutrino mass di�erences and
their mixing from oscillation experiments, it is possible to translate the experimental information
of m�e on a corresponding range for the lightest neutrino mass and that such relation depends on
the ordering of the states. We plot in Fig.14.11 the recasting of the allowed regions of the analysis
in Ref. [184] in terms of the allowed range m�e as a function of mlight � m0. In particular, one
finds that the results of oscillation experiments imply a lower bound on m�e > 0.048 (0.0085) eV
for IO (NO) at 95% CL.
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Figure 14.12: Feynman diagram for neutrinoless double-beta decay.

14.9.2 Dirac vs. Majorana: Neutrinoless Double-beta Decay
The most sensitive probe to whether neutrinos are Dirac or Majorana states is the neutrinoless

double beta decay (0���):
(A,Z) � (A,Z + 2) + e� + e�. (14.98)

In the presence of neutrino masses and mixing, the process in Eq.(14.98) can be generated at lower
order in perturbation theory by the term represented in Fig.14.12. The corresponding amplitude
is proportional to the product of the two leptonic currents

M�� � [ē��(1� �5)�e] [ē��(1� �5)�e] �
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(Uei)2 [ē��(1� �5)�i] [ē��(1� �5)�i] . (14.99)

The neutrino propagator in Fig.14.12 can only arise from the contraction �0 | �i(x)�i(y)T | 0�. How-
ever, if the neutrino is a Dirac particle �i field annihilates a neutrino state and creates an antineu-
trino state, and neutrino and antineutrino states are di�erent, so the contraction �0 | �i(x)�i(y)T | 0� =
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Figure 1.11: 95% CL intervals for the observable e↵ective neutrino mass in Tritium beta-decay
experiments (left) and 0⌫�� experiments (middle) as a function of the lightest neutrino mass
for each mass ordering given current global best-fit values of the oscillation parameters. The
right figure shows a Feynman diagram for the 0⌫�� process. Figures taken from Ref. [26].
Annotations are mine, shown limits are given in the main text, where for the cosmological limitP

m⌫ < 260 meV limit by CMB only was used.

1.2.3 Searches for Majorana neutrinos

Whatever the mechanism that gives rise to a Majorana mass, a neutrino-less double-beta decay
(0⌫��) is predicted. Here one takes isotopes for which regular beta-decay is forbidden but
double-beta decay is allowed. If a Majorana mass term is present, it allows the two antineu-
trinos that are usually emitted to “annihilate” with each other in violation of lepton number
conservation by two units:

(A, Z) ! (A, Z + 2) + 2e
� (1.2.4)

This gives a distinct experimental signature of two electrons emitted back-to-back with mono-
energetic spectrum at the tip of the continuous double-beta decay emission spectrum. Current
best limits are of order 1026 yr in half-life (90% CL) and when recast to constraints on mee, the
e↵ective Majorana mass,8 correspond to mee < 61 ⇠ 165 meV for Xenon (Kamland-ZEN [39])
and mee < 79 ⇠ 180 meV for Germanium (GERDA [40]). In the context of neutrino oscillation
experiments it is interesting to note that in the inverted hierarchy scenario the permissible
mee values are bounded from below (Fig. 1.11 right), which may allow complete search of the
parameter space in future experiments.

1.2.4 Constraints from cosmology

In the context of cosmology, the “active” neutrinos of the SM act as relativistic particles during
the early evolution and (at least two of the three) as non-relativistic particles at later stages
including present times. As relativistic particles, neutrinos enhance the radiation density via
the e↵ective number of active neutrinos Ne↵ . This leaves imprints both on the cosmic microwave
background (CMB) anisotropies and the matter spectrum, in particular damping baryon acous-
tic oscillations (BAOs). As non-relativistic particles, the neutrinos contribute through their

8The interpretation of 0⌫�� in terms of e↵ective Majorana mass of ⌫e depends on matrix element calculations
and undetermined Majorana phases in the PMNS matrix.
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Summary
• Neutrinos hopefully help us understand the universe better!


• 3-flavor oscillations moving toward completion and precision 
→ consistency check of PMNS by measuring in different ways


• Today’s talk was mostly oscillation, there are also important 
non-oscillation physics


• Neutrino mass


• Neutrino-less double beta (search for Majorana mass)


• Coherent scattering


• Supernova, Astrophysical, Cosmogenic neutrinos


• Impact on cosmology


• Magnetic moments
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Magnetic moments

• Same-flavor magnetic moments only for Dirac 
For Majorana exactly zero


• Flavor-changing magnetic moments allowed


• Best-limits from Borexino


• SM too small to measure, but SUSY etc. predict larger 
values (similar to eEDM)
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