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status on neutrino oscillation knowledge…2

Standard Model (3 families)
[leptons & quarks]

&
unitary PMNS3x3(θ12,θ23,θ13,δCP)

&
±Δm2 &  +δm2

today ≥2030
best knowledge NuFit-5.0 foreseen dominant technique

θ12 3.0 % SK⊕SNO 2.3 % <1.0% JUNO reactor
θ23 5.0 % NOvA+T2K 2.0 % ≲1.0% DUNE⊕HK beam (octant)
θ13 1.8 % DYB+DC+RENO 1.5 % 1.5 % DC⊕DYB⊕RENO reactor

+δm2 2.5 % KamLAND 2.3 % ≲1.0% JUNO reactor
|Δm2| 3.0 % T2K+NOvA & 

DYB 1.3 % ≲1.0% JUNO⊕DUNE⊕HK reactor⊕beam
Mass Ordering unknown SK et al NMO ~3σ @5σ JUNO⊕DUNE⊕HK reactor⊕beam
CP Violation unknown T2K+NOvA ≲2σ @5σ? DUNE⊕ALL beam driven

must measure all parameters→characterise & test (i.e. over-constrain) Standard Model

no conclusive sign of 
any extension so far!!

soon JUNO⊕DUNE⊕HK will lead precision in the field→ sub-percent precision & CPV!
NOTE: ORCA⊕PINGU⊕IceCube complementary (Mass Ordering & Δm2 measurements)

(inconsistencies vs uncertainties)

(reactor-beam)(now)
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the Mass Ordering mystery…
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Normal Inverted

Mass Ordering means…

•the lightest ν: ν1(m1) vs ν3(m3)?

•important consequences to…

•the lightest known particle Universe 

•Cosmology
[ν role in Universe formation]

•Particle Physics
[ex. ββ decay range]

•discovery? test new physics!

•Standar Model: incomplete!
[not known where it’d break first]

note: neutrino oscillations not sensitive 
to the ν absolute mass (other channels).
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today’s NMO status…
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today’s world data leads to…

NMO favoured to ~2.7σ (2020) 

•Super-Kamiokande (most info so far)
•1.6σ (NOvA⊕T2K & DC⊕DYB⊕RENO)
•some fragility?

what are the leading experiments?

what’s going to happen next?

NuFit5.0CP violation and mass hierarchy with a combined sensitivity of T2K-II, NO⌫A and JUNO
Nath Ankur1, Cao Son2, Ngoc Tran Van3, Van Nguyen Th4, Quyen Phan To3, Francis Ng K1

1Tezpur University, Assam, India; 2High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki, Japan;
3Institute For Interdisciplinary Research in Science and Education, Quy Nhon, Vietnam; 4Institute of Physics (IOP), VAST, Hanoi, Vietnam

Abstract

Recent T2K data indicates a CP violation in the neutrino oscillations and mildly favours the normal neutrino mass hierarchy. This work explores
the physics potentials with a combined sensitivity of T2K-II, NO⌫A, and JUNO experiments. T2K-II, a proposed run extension up to 2026 by
T2K collaboration, is sensitive to CP violation at a level of 3� or higher if �CP ⇠ �⇡/2. NO⌫A, proposed to run until 2024, provides a significant
sensitivity to both mass hierarchy and CP violation. JUNO, expected to take data for six years starting from 2021, has 3� or higher sensitivity
to the mass hierarchy and 1% or better precision measurement of solar parameters and atmospheric mass splitting. It is shown that the joint
analysis can determine definitely the neutrino mass hierarchy. Also it provides > 4� to exclude CP conserving values if �CP ⇠ �⇡/2 and > 50%
fractional region of �CP can be explored at � 3� significance.

Objectives

Neutrino oscillations establish that neutrinos have mass and the leptons are mixed. Lepton mixing matrix, which connects the mass
eigenstates and flavor eigenstates of neutrinos, is presumed to be unitary 3 ⇥ 3 matrix, which are commonly parameterized by three mixing
angles ✓12, ✓13, ✓23, one Dirac CP-violation phase �CP

a. The probability for a ↵-flavor to oscillate into �-flavor,P(⌫↵!⌫�), depends on these four
parameters, two mass square splitting �m2

21,�m2
31, its energy, E⌫ , propagation distance L, and amount of matter it passing through, ⇢:

P(⌫↵!⌫�) = f
�
✓12, ✓13, ✓23, �CP ;�m2

21,�m2
31;E⌫ , L, ⇢

�
(1)

• Experiments basically measures the oscillation probabilities to extract parameters, e.g T2K, NOvA measure P(⌫µ!⌫µ) ( ⌫µ disappearance),
P(⌫µ!⌫e) ( ⌫e appearance), and corresponding processes with ⌫µ; JUNO will measure P(⌫e!⌫e)

• Each experiment is sensitive to a specific set of parameters, e.g T2K, NOvA are sensitive to
�
✓13, ✓23, �CP ,�m2

31

�
; JUNO�

✓12, ✓13,�m2
21,�m2

31

�
. Also there are degeneracy among parameters, challenging the precision measurements from single experiment.

It is essential to combine data from multiple experiments to attain a precision measurement. Main objectives of T2K-2, NOvA
and JUNO joint analysis are to (i) determine the neutrino mass hierarchy (MH), (ii) enhance sensitivity to CP violation, (iii)

precision measurement of other oscillation parameters, and (iv) to test the unitary of the lepton mixing matrix.

a
If neutrino is Majorana particle, two additional Majorana-CP-violation phases are included but these are irrelevant for neutrino oscillation

Experimental and Simulation Details

GLoBES [1] is used for simulating the experiments and calculating the
statistical significance. We describe the experiments closely as
much as possible by using the updated information of flux, sig-
nal/background e�ciency, and systematic error. Each experi-
mental setup is validated at the event rate level and sensitivity
level. An overview of experimental specification is shown in Table 1 and
details are described below:

T2K-II An exposure of 20⇥ 1021 proton-on-target (POT) equally di-
vided among ⌫ and ⌫ running modes. The signal/background e�ciency
and spectral information for T2K-II is obtained by scaling the 2017 anal-
ysis [2] to same exposure as T2K proposal [3]. Four data samples are
used: ⌫µ disappearance, ⌫e appearance in both ⌫-mode and ⌫-mode. A
3% systematic error for all samples and 3% energy resolution are used.

NO⌫A w/ run extension A total exposure of 7.2⇥1021 POT equally
divided among ⌫ and ⌫ modes; We closely followed [4] to obtain the flux
information and [5] to obtain the signal, background e�ciency and spec-
tral information. A 5% systematic error for all samples and energy reso-
lution from 8�10% are assigned. Fig. 1 shows an example of comparing
event rate obtained by our setup and real NOvA simulation.

JUNO Neutrinos flux is simulated with four isotopes of 235U , 238U ,
239Pu and 241Pu with an e�ciency of 73%, predicting 60 IBD events
per day. Detector setup is simplified with a single reactor core of 36
GW-th and no simulation of background. This simplification a↵ects the
solar parameter precision, but less on the MH sensitivity. A 3% energy
resolution and 1% error for flux and detector uncertainties are used.

Parameters T2K-II NO⌫A JUNO

Exposure (POT) 20⇥ 1021 7.2⇥ 1021 6 yrs. @ 36 GW-th
Baseline (km) 295 810 52.5
Energy peak/range ⇠0.6 GeV ⇠2.0 GeV 1-8 MeV
(Far) Det. Type WC LS LS
(Far) Det. Mass 50 kt 14kt 20kt

Table 1: Experimental Specifications

(a) Appearance (neutrino) (b) Disappearance (neutrino)

(c) Appearance (antineutrino) (d) Disappearance (antineutrino)

Figure 1: NO⌫A FD event spectra: our setup w/ GLoBES compared to [5]

Result

Unless mentioned, the following values (mostly from global analysis [6])
are taken as the truth for sensitivity studies:

�
sin2 ✓12, sin

2 ✓13, sin
2 ✓23, �CP

�
= (0.310, 0.02241, 0.5,�⇡/2)

�
�m2

21,�m2
31

�
=

�
7.39⇥ 10�5eV 2, 2.523⇥ 10�3eV 2

�

Mass Hierarchy (MH) Sensitivity Assume neutrino MH is nor-
mal, statistical significance �2 to exclude the inverted MH is calculated
at each possible true value of �CP .

(a) Individual and combined sensitivity to MH at sin
2 ✓23 = 0.5

(b) Combined sensitivity for three values of sin
2 ✓23

Figure 2: Mass hierarchy resolving as a function of true �CP

Fig.2(a) shows sensitivity to mass hierarchy from di↵erent experiment
and combination at sin2 ✓23 = 0.5. The combined sensitivity for di↵erent
values of sin2 ✓23 is shown in Fig.2(b).

CP Violation Sensitivity Considering �CP can be varied between
(�⇡,+⇡), the statistical significance of excluding the CP-conserving val-

ues, �CP = 0,⇡, is calculated assuming either the MH is known or not
known. Although the result below is tagged as with “unknown” MH, it
should be closely equivalent to “known” MH when all experiments are
combined since MH is solved definitely in this case.

(a) For ✓23 =
⇡
4 , MH is not known

(b) For di↵erent values of ✓23, MH is not known

Figure 3: Sensitivity to CP violation

Fig. 3(a) shows the sensitivity to the leptonic CP violation for
the case when ✓23 = ⇡

4 and the MH is assumed to be “not

known” by adding up experiments starting from T2K-2. Fig. 3(b)
shows the combined sensitivity to CP violation at di↵erent val-
ues of sin2 ✓23. Table 2 shows the fractional region of �CP in
which CP violation can be explored with 3� or higher significance.

sin2 ✓23 0.43 0.50 0.60
Fraction of �CP 61.6% 54.6% 53.3%

Table 2: Fractional region of �CP , depending on sin
2 ✓23, can be explored

with 3� or higher significance

Summary and Discussion

• Mass hierarchy will be determined with this joint analysis

• CP violation can be explored > 4� if �CP ⇠ �⇡/2 (T2K data
indication) and > 50% fractional region of �CP with � 3� signifi-
cance.

• (Not shown in the poster), a joint analysis provides a great im-

provement in solving the ✓23 octant degeneracy, more precise
measurements on other oscillation parameters and provide a great
test to the standard neutrino oscillation paradigm.

• Further consideration: background simulation for JUNO; sys-
tematic modeling; correlation among experiments)
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NuFitv5.0: today’s world knowledge — what about tomorrow?
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our studies goal…
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when can we resolve (≥5σ) the neutrino Mass Order? 
[earliest time scale]

which experiments (i.e. the minimal set) to yield the full resolution?

what physics exploited to yield the  full resolution?

MO to probe new physics? (discovery potential)

P2iO institution
sabbatical @ P2iO institution
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most discussion based on…
open-access — arXiv:2008.11280 updated shortly
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born during our discussions…
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the building blocks…
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running experiments…

T2K
(Japan)

NOvA
(USA)

J-PARC

Super-K Detector

NOvA Far 
Detector

Fermilab

810km

NOvA

reactor-θ13 experiments also help a little…
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imminent experiments…

DUNE
(USA)

ORCA
(France)

INO
(India)

JUNO
(China)

T2K→HyperK
(Japan)

IceCube→PINGU
(Antartica)

apologies: not all experiments mentioned
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the building blocks…
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direct 
sensitivity

nuisance combined 
sensitivity

vacuum
oscillation

ultra precise 
oscillation

θ13? Δm2 with 
precision ≤1%

&

revolve CPV
matter 
effects

fake CPV
(due to Earth)

CPV and θ23

NuFitv5.0: maginilise today’s world knowledge — CPV, θ23, θ13, …
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only 2 ways to measure…

NOvA Far Detector

Fermilab

810km

NOvA

Matter Effects Oscillations
(CP experiments→ fake CP-violation)

Vacuum Oscillations
(no CP-violation)

arXiv:2008.11280 

Appearance Channel [θ23⊕θ13,δCP,MO]: 
νμ→νe [ν and anti-ν] — CPV & fake-CPV

Disappearance Channel [θ23,Δm232]: 
νμ→νμ “survival probability”
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NOvA/T2K observables…

CP violation and mass hierarchy with a combined sensitivity of T2K-II, NO⌫A and JUNO
Nath Ankur1, Cao Son2, Ngoc Tran Van3, Van Nguyen Th4, Quyen Phan To3, Francis Ng K1

1Tezpur University, Assam, India; 2High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki, Japan;
3Institute For Interdisciplinary Research in Science and Education, Quy Nhon, Vietnam; 4Institute of Physics (IOP), VAST, Hanoi, Vietnam

Abstract

Recent T2K data indicates a CP violation in the neutrino oscillations and mildly favours the normal neutrino mass hierarchy. This work explores
the physics potentials with a combined sensitivity of T2K-II, NO⌫A, and JUNO experiments. T2K-II, a proposed run extension up to 2026 by
T2K collaboration, is sensitive to CP violation at a level of 3� or higher if �CP ⇠ �⇡/2. NO⌫A, proposed to run until 2024, provides a significant
sensitivity to both mass hierarchy and CP violation. JUNO, expected to take data for six years starting from 2021, has 3� or higher sensitivity
to the mass hierarchy and 1% or better precision measurement of solar parameters and atmospheric mass splitting. It is shown that the joint
analysis can determine definitely the neutrino mass hierarchy. Also it provides > 4� to exclude CP conserving values if �CP ⇠ �⇡/2 and > 50%
fractional region of �CP can be explored at � 3� significance.

Objectives

Neutrino oscillations establish that neutrinos have mass and the leptons are mixed. Lepton mixing matrix, which connects the mass
eigenstates and flavor eigenstates of neutrinos, is presumed to be unitary 3 ⇥ 3 matrix, which are commonly parameterized by three mixing
angles ✓12, ✓13, ✓23, one Dirac CP-violation phase �CP

a. The probability for a ↵-flavor to oscillate into �-flavor,P(⌫↵!⌫�), depends on these four
parameters, two mass square splitting �m2

21,�m2
31, its energy, E⌫ , propagation distance L, and amount of matter it passing through, ⇢:

P(⌫↵!⌫�) = f
�
✓12, ✓13, ✓23, �CP ;�m2

21,�m2
31;E⌫ , L, ⇢

�
(1)

• Experiments basically measures the oscillation probabilities to extract parameters, e.g T2K, NOvA measure P(⌫µ!⌫µ) ( ⌫µ disappearance),
P(⌫µ!⌫e) ( ⌫e appearance), and corresponding processes with ⌫µ; JUNO will measure P(⌫e!⌫e)

• Each experiment is sensitive to a specific set of parameters, e.g T2K, NOvA are sensitive to
�
✓13, ✓23, �CP ,�m2

31

�
; JUNO�

✓12, ✓13,�m2
21,�m2

31

�
. Also there are degeneracy among parameters, challenging the precision measurements from single experiment.

It is essential to combine data from multiple experiments to attain a precision measurement. Main objectives of T2K-2, NOvA
and JUNO joint analysis are to (i) determine the neutrino mass hierarchy (MH), (ii) enhance sensitivity to CP violation, (iii)

precision measurement of other oscillation parameters, and (iv) to test the unitary of the lepton mixing matrix.

a
If neutrino is Majorana particle, two additional Majorana-CP-violation phases are included but these are irrelevant for neutrino oscillation

Experimental and Simulation Details

GLoBES [1] is used for simulating the experiments and calculating the
statistical significance. We describe the experiments closely as
much as possible by using the updated information of flux, sig-
nal/background e�ciency, and systematic error. Each experi-
mental setup is validated at the event rate level and sensitivity
level. An overview of experimental specification is shown in Table 1 and
details are described below:

T2K-II An exposure of 20⇥ 1021 proton-on-target (POT) equally di-
vided among ⌫ and ⌫ running modes. The signal/background e�ciency
and spectral information for T2K-II is obtained by scaling the 2017 anal-
ysis [2] to same exposure as T2K proposal [3]. Four data samples are
used: ⌫µ disappearance, ⌫e appearance in both ⌫-mode and ⌫-mode. A
3% systematic error for all samples and 3% energy resolution are used.

NO⌫A w/ run extension A total exposure of 7.2⇥1021 POT equally
divided among ⌫ and ⌫ modes; We closely followed [4] to obtain the flux
information and [5] to obtain the signal, background e�ciency and spec-
tral information. A 5% systematic error for all samples and energy reso-
lution from 8�10% are assigned. Fig. 1 shows an example of comparing
event rate obtained by our setup and real NOvA simulation.

JUNO Neutrinos flux is simulated with four isotopes of 235U , 238U ,
239Pu and 241Pu with an e�ciency of 73%, predicting 60 IBD events
per day. Detector setup is simplified with a single reactor core of 36
GW-th and no simulation of background. This simplification a↵ects the
solar parameter precision, but less on the MH sensitivity. A 3% energy
resolution and 1% error for flux and detector uncertainties are used.

Parameters T2K-II NO⌫A JUNO

Exposure (POT) 20⇥ 1021 7.2⇥ 1021 6 yrs. @ 36 GW-th
Baseline (km) 295 810 52.5
Energy peak/range ⇠0.6 GeV ⇠2.0 GeV 1-8 MeV
(Far) Det. Type WC LS LS
(Far) Det. Mass 50 kt 14kt 20kt

Table 1: Experimental Specifications

(a) Appearance (neutrino) (b) Disappearance (neutrino)

(c) Appearance (antineutrino) (d) Disappearance (antineutrino)

Figure 1: NO⌫A FD event spectra: our setup w/ GLoBES compared to [5]

Result

Unless mentioned, the following values (mostly from global analysis [6])
are taken as the truth for sensitivity studies:

�
sin2 ✓12, sin

2 ✓13, sin
2 ✓23, �CP

�
= (0.310, 0.02241, 0.5,�⇡/2)

�
�m2

21,�m2
31

�
=

�
7.39⇥ 10�5eV 2, 2.523⇥ 10�3eV 2

�

Mass Hierarchy (MH) Sensitivity Assume neutrino MH is nor-
mal, statistical significance �2 to exclude the inverted MH is calculated
at each possible true value of �CP .

(a) Individual and combined sensitivity to MH at sin
2 ✓23 = 0.5

(b) Combined sensitivity for three values of sin
2 ✓23

Figure 2: Mass hierarchy resolving as a function of true �CP

Fig.2(a) shows sensitivity to mass hierarchy from di↵erent experiment
and combination at sin2 ✓23 = 0.5. The combined sensitivity for di↵erent
values of sin2 ✓23 is shown in Fig.2(b).

CP Violation Sensitivity Considering �CP can be varied between
(�⇡,+⇡), the statistical significance of excluding the CP-conserving val-

ues, �CP = 0,⇡, is calculated assuming either the MH is known or not
known. Although the result below is tagged as with “unknown” MH, it
should be closely equivalent to “known” MH when all experiments are
combined since MH is solved definitely in this case.

(a) For ✓23 =
⇡
4 , MH is not known

(b) For di↵erent values of ✓23, MH is not known

Figure 3: Sensitivity to CP violation

Fig. 3(a) shows the sensitivity to the leptonic CP violation for
the case when ✓23 = ⇡

4 and the MH is assumed to be “not

known” by adding up experiments starting from T2K-2. Fig. 3(b)
shows the combined sensitivity to CP violation at di↵erent val-
ues of sin2 ✓23. Table 2 shows the fractional region of �CP in
which CP violation can be explored with 3� or higher significance.

sin2 ✓23 0.43 0.50 0.60
Fraction of �CP 61.6% 54.6% 53.3%

Table 2: Fractional region of �CP , depending on sin
2 ✓23, can be explored

with 3� or higher significance

Summary and Discussion

• Mass hierarchy will be determined with this joint analysis

• CP violation can be explored > 4� if �CP ⇠ �⇡/2 (T2K data
indication) and > 50% fractional region of �CP with � 3� signifi-
cance.

• (Not shown in the poster), a joint analysis provides a great im-

provement in solving the ✓23 octant degeneracy, more precise
measurements on other oscillation parameters and provide a great
test to the standard neutrino oscillation paradigm.

• Further consideration: background simulation for JUNO; sys-
tematic modeling; correlation among experiments)
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NOvA & T2K: direct comparison of oscillation with neutrino & anti-neutrino

Appearance Channel [θ23⊕θ13,δCP,MO]: νμ→νe [ν and anti-ν]
Disappearance Channel [θ23,Δm232]: νμ→νμ “survival probability” (not shown)
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accelerator sensitivity now
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the JUNO (hardest) way…
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Δm2
32 = 2.411 × 10−3eV−2

min Δm2
32 = − 2.532 × 10−3eV−2

NMO is true Illustration only

Oscillation parameters 
from NuFit5.0

θ13
θ12 Δm2

32

Δm2
21MO (vacuum) ~3  significanceσ

6 years (~100k stats.) + systematics 
data ≥2023 (end)

JUNO ultra-precise oscillometry: 2 oscillations & interference terms (hard physics)

energy resolution (see wiggles) & energy control (distort pattern)

Disappearance Channel [θ12,δm212,Δm232,MO — θ13]: νe→νe [anti-ν]
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still, ~5σ before 2030…

•T2K Appearance (≤2024) — no! 

•NOvA Appearance (≤2026) — unlikely! 

•JUNO (≥2022) — no! 

⟹ T2K + NOvA + JUNO = yes? → but no!
(just adding)

⟹ T2K ⊕ NOvA ⊕ JUNO = yes!
(synergies: appearance & disappearance)

arXiv:2008.11280 
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T2K⊕reactor powerful symmetry: CP-Violation17

CPV phase vs θ13
[constrained by reactor]

CPV phase vs θ23 
[octant ambiguity]

CPV phase vs (Atmospheric) Mass Ordering

θ13 implications
powerful constraint

input
JUNO
DUNE

HyperK
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the building blocks…
18

direct 
sensitivity

nuisance sensitivity combined 
sensitivity

JUNO ultra precision 
oscillation

θ13? ~3σ δ(Δm2)≤0.5%

NOvA

fake CPV
(due to Earth)

mainly CPV 
(θ23 too)

~3-4σ
(~800km baseline)

δ(Δm2)~1.0%

T2K
≤2σ

(~250km baseline)

δ(Δm2)~1.0%

HyperK δ(Δm2)~0.5%

DUNE >5σ !
(~1200km baseline)

δ(Δm2)~0.5%

Atmospherics mainly θ23

(CPV too)
~3-6σ

(many baselines)
δ(Δm2) poor
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the power of synergies…
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arXiv:2008.11280 

≥5σ ≥5σ
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Mass Ordering: JUNO⊕NOvA⊕ T2K…
20

synergy I (JUNO vs NOvA⊕T2K): high precision disappearance Δm232 measurement

synergy II (NOvA vs T2K): MO⊕CPV complementary phase space discrimination

≥5σ

3σ

JUNO: unique vacuum oscillations
(≥5σ!!!)

Δm2 boosting is blinded to matter-effect

PTEP 2015, 043C01 K. Abe et al.

(a) (b)

(c) (d)

Fig. 21. The predicted !χ2 for rejecting the incorrect MH hypothesis, as a function of δCP for T2K (red),
NOνA (blue), and T2K + NOνA (black). Dashed (solid) curves indicate studies where normalization system-
atics are (not) considered. The “true” value of sin2(θ23) is assumed to be 0.5, and the “true” MH is assumed to
be the NH (top) or the IH (bottom). The “test” MH is unconstrained. (a) 1:0 T2K, 1:1 NOνA ν:ν̄, NH. (b) 1:1
T2K, 1:1 NOνA ν:ν̄, NH. (c) 1:0 T2K, 1:1 NOνA ν:ν̄, IH. (d) 1:1 T2K, 1:1 NOνA ν:ν̄, IH.

optimize the experiment to any one analysis without significant degradation of the sensitivity to any
other analysis. A more detailed optimization of the ν:ν̄ run ratio will require tighter constraints on
oscillation parameters from future analyses, a more detailed treatment of systematic uncertainties
from both T2K and NOνA, and a clear prioritization of analysis goals from the T2K and NOνA
collaborations.

7. Summary

In this paper we have presented studies of the T2K experiment sensitivity to oscillation parameters
by performing a three-flavor analysis combining appearance and disappearance, for both ν-mode and
ν̄-mode, assuming the expected full statistics of 7.8 × 1021 POT. The T2K precision study includes
either statistical errors only, systematic errors established for the 2012 oscillation analyses, or conser-
vatively projected systematic errors, and takes into consideration signal efficiency and background.
We have derived the sensitivity to the oscillation parameters sin2 2θ13, δCP, sin2 2θ23, and !m2

32 for
a range of the true parameter values and using constraints from other experiments. For example,

31/36

 at CBPF BIBLIO
TECA

 on A
ugust 15, 2015

http://ptep.oxfordjournals.org/
D

ow
nloaded from

 

NOvA and T2K

T2K @ PTEP (2015)

NOvA⊕T2K

NOvA: strong matter effects

T2K: clean PMNS-CPV info
→

arXiv:2008.11280 

boost

LBνB disappearance statistics

ultimate T2K⊕NOvA + all others!!

ultimate DUNE⊕HyperK

now!!
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all about the Δm2 synergy…

sensitivity, which is to be described next.

Synergetic Mass Ordering Resolution Power

A remarkable synergy exist between JUNO and LB⌫B
experiments thanks to their complementarity [? ? ?
? ]. In this case, we shall explore the contribution via
the LB⌫B’s disappearance channel (DC); i.e. the tran-
sitions ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ. Again, this might appear
counter-intuitive, since DC is practically blinded (i.e. a
<1% e↵ect) to MO; as proved in Appendix-B. Instead,
DC provides a complementary precise measurement of
�m2

32
. This information unlocks a mechanism, to be

described below, enabling the intrinsic MO sensitivity
of JUNO to be enhanced by the external �m2

32
. This

highly non-trivial synergy may yield a MO leading order
role but introduces new dependences explored below.

Both JUNO and LB⌫B analyse data in the 3⌫ frame-
work so they can provide �m2

32
(or �m2

31
) directly as

output. The 2⌫ approximation leads to e↵ective ob-
servables, such as �m2

µµ and �m2
ee [? ] detailed in

Appendix-C. The LB⌫B DC information precision on
the �m2

32
measurement is limited by a �CP-driven ambi-

guity. The role of this ambiguity is small, but not fully
negligible and will be detailed below. The dominant
LB⌫B-II’s precision is today ⇠2.9% per experiments [?
? ]. The combined LB⌫B-II global precision on �m2

32
is

already ⇠1.4% [? ]. Further improvement below 1.0%
appears possible within the LB⌫B-II era when integrat-
ing the full luminosities. An average precision of 0.5%
is reachable only upon the LB⌫B-III generation. In-
stead, JUNO precision on �m2

32
is expected to be well

within the sub-percent (<0.5%) level [? ].

The essence of the synergy is here described. Upon
3⌫ analysis, both JUNO and LB⌫B experiments obtain
two di↵erent values for �m2

32
. Since there is only one

true solution, either NMO or IMO, the other solution
is thus false. The standalone ability to distinguish be-
tween those two solutions is the intrinsic MO resolution
power of each experiment. The key observation tough
is that the general relation between the true-false so-
lutions is di↵erent for reactors and LB⌫B experiments,
as illustrated in Figure 3. For a given true �m2

32
, its

false value, referred as �m2
32

false
, can be estimated, as

shown in Appendix C. Regardless, all experiments
must agree on the unique true �m2

32
solution. As a

consequence, the corresponding JUNO (�m2
32

false

JUNO
) and

LB⌫B (�m2
32

false

LB⌫B
) false solutions will di↵er, if the over-

all �m2
32

precision allows their relative resolution. This
false solution di↵erence can be exploited as an extra ded-

icated discriminator characterised by the term

��2

BOOST
⇠
 
�m2

32

false

JUNO
��m2

32

false

LB⌫B

�(�m2
32
)LB⌫B

!2
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Expected Δm2
32 LBνB
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Figure 3: JUNO & LB⌫B Mass Ordering Synergy.
Semi-quantitative and schematic illustration of the JUNO-
LB⌫B MO resolution synergy is shown for the cases where the
true MO is normal (left panels) or inverted (right panels). For
each case, the true values of �m2

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

32, pos-
sible range of the false values of �m2

32 expected from LB⌫B
DC is indicated by the yellow color bands where their width
reflects the ambiguity due to the CP phase (see Appendix
C). The approximated current 1� allowed regions from Nu-
Fit5.0 are indicated by the dashed green curve whereas the
future projections assuming the current central values with
1% (0.5%) uncertainty of �m2

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

32 from JUNO alone
are indicated by the blue color bands though the ones in the
wrong MO region would be disfavored at ⇠ 3� CL by JUNO
itself. When the MO assumed in the fit coincides with the true
MO, allowed region of �m2

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

32 by
LB⌫B and JUNO do not agree, as shown in the panels I(b)
and II(a), which is the origin of what we call the boosting
e↵ect in this paper.

5

Δm232[reactor] vs Δm232[LBνB]

•JUNO alone ~3σ
standalone JUNO (intrinsic): “self Δm232”

•≥2026: JUNO⊕Δm232[NOvA⊕T2K] ~5σ
JUNO exploits Δm232[NOvA⊕T2K] via PDG

•≥2030: JUNO⊕Δm232[DUNE⊕HyperK] >5σ
JUNO exploits Δm232[DUNE⊕HyperK] via PDG!
⟹ DUNE does not care about JUNO!! (too powerful)

JUNO alone

JUNO marginalised

JUNO is world best Δm2 (~0.1%!!)→ Accelerator experiments improving ≤1.0% NOvA⊕T2K
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~5σ maybe even by ≥2026!! (if lucky)
!1
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T2K data (2026) and NOvA data (2024)→ release most precise Δm232

NMO
~2 years…
5σ @ 50% CL

IMO
~3 years…
5σ @ 50% CL

NMO or IMO
~6 years…
5σ @ >80% CL
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time evolution… new physics?
23
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first? MO @ ≥5σ possible (≥90% CL) — follow JUNO [2028] discovery: physics BSM?

arXiv:2008.11280 

Vacuum  Mattervs
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correct? missing something?
atmospheric neutrinos were not covered — extra info→ even more significance!
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validation↔agreement…
25

our results (end of August 2020) confirmation (end of September 2020)
[poster @ Nu2020]

arXiv:2008.11280 
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PINGU⊕JUNO (2019) & ORCA⊕JUNO (2022)
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main nuisance: the θ23 octant…

θ23 octant ambiguity withholds much (up to ~2x in NMO) of the atmospheric potential… 
•if normal-MO sensitivity (best): combined [5,8]σ 

•if inverted-MO sensitivity (worse): combined [5,6]σ

~[3.5,7.0]σ ~[3.5,4.0]σ
~[5.0,6.0]σ~[5.0,8.0]σ

max θ23 mixing max θ23 mixing
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ORCA⊕JUNO sensitivity…

combination goes beyond the simple sum of X2… boosting term but less strong

optimistic θ23 optimistic θ23

“time” assumes completed both JUNO and ORCA full array
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ORCA⊕JUNO: poorer boost

ORCA’s intrinsic precision on Δm2 is limited — instead JUNO is world best!
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Mass Ordering: benefits from all…
many experiments with sensitivity…

now running (alphabetical)…
   •NOvA — direct sensitivity
   •Reactor-θ13 — indirectly (via Δm2)
   •SuperK — direct sensitivity 
   •T2K — indirect sensitivity (via Δm2 & CPV)
   ⟹ see impact and details in NuFit5.0, Bari, Valencia, Madrid global analyses

forthcoming (alphabetical)…
   •DUNE — direct sensitivity
   •HyperK (atmospheric) — direct sensitivity
   •JUNO — direct sensitivity
   •ORCA — direct sensitivity
   •PINGU — direct sensitivity
   •T2HK — indirect sensitivity (via Δm2 & CPV)

very exciting field — including CPV measurement
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Neutrino Mass Ordering resolution…

•fully resolved (≥5σ) by 2026-2028: JUNO⊕NOvA⊕T2K — plus atmospheric!

•role of atmospheric very important — full exposure needed for statistical power.

•first measurement a mixture of vacuum(JUNO)⊕matter(all others)

•ultimate vacuum(JUNO) vs matter(DUNE): discovery?

anatael@in2p3.fr
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