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Leptonic CP violation search, neutrino mass hierarchy determination, and the precision measurements
of oscillation parameters for a unitary test of the leptonic mixing matrix are among the major targets of the
ongoing and future neutrino oscillation experiments. The work explores the physics reach for these targets
by around 2027, when the third generation of the neutrino experiments starts operation, with a combined
sensitivity of three experiments: T2K-II, NOvA extension, and JUNO. It is shown that a joint analysis of
these three experiments can conclusively determine the neutrino mass hierarchy. Also, at certain values of
true dcp, it provides closely around a 5o confidence level (C.L.) to exclude CP-conserving values and more
than a 50% fractional region of true 5cp values can be explored with a statistic significance of at least a 30
C.L. Besides, the joint analysis can provide unprecedented precision measurements of the atmospheric
neutrino oscillation parameters and a great offer to solve the #,; octant degeneracy in the case of
nonmaximal mixing.
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I. INTRODUCTION

Neutrino oscillation, discovered by the Super-
Kamiokande (SK) experiment [1] and the Sudbury
Neutrino Observatory [2,3], establishes palpable evidence
beyond the description of the Standard Model of elementary
particles: neutrinos have masses and the leptons mix. This
phenomenon is described by a 3 x 3 unitary matrix, widely
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where c¢;; = cos6;;, s;; =sin0;; (for i,j=1,2,3), and
P,, = diag(e’1, e”2,0) denotes the diagonal Majorana
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known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
[4,5] matrix, which connects three neutrino flavor eigenstates
(Ve» vy, 1) with three neutrino mass eigenstates (vy, 15, v3)
given by a corresponding mass spectrum (m, m,, msz). The
matrix is commonly parametrized by three leptonic mixing
angles (615, 013, 053), one CP-violating phase (5-p), and two
Majorana phases (p;, p,), and can be written as

—is
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[
phase matrix, which does not have any effect on the
neutrino oscillations.

Neutrino oscillation is typically measured by com-
paring the flux of produced a-flavor neutrinos and
the flux of p-flavor neutrinos observed in a detector
placed at some distance from the production source.
The probability for an a-flavor to oscillate into a
p-flavor, Py depends on three mixing angles
(012, 043, 053), the CP-violating phase (dcp), two
mass-squared splittings (Am3,, Am3,) where Amj; =

m; —mj3, its energy (E,), the propagation distance (L),

Published by the American Physical Society
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TABLE 1. Global constraint of oscillation parameters with
normal mass hierarchy assumed, taken from Refs. [7,9].

Parameter Best fit+ 1o
sin® 0, 0.3109013
sin? 0;3(x1072) 22415057
sin® @y 0.5 58f8:83230
5cp(°) 2225’;g
Am3, (1075 eV2/c*) 7.39%05

Am2, (1073 eV2/c*) 2.523100%

and the density of the matter passed through by the
neutrino p, given by

P(va—wﬁ) = f(912~913’923’5CP2Am%pAm%ﬁEvaﬂ)-

It is well-established from the contribution of many
neutrino experiments [6], using both the natural neutrino
sources (solar and atmospheric neutrinos) and the man-made
neutrino sources (reactor and accelerator neutrinos), that the
two leptonic mixing angles, 0;, and 6,3, are large, 0,3 is
relatively small but nonzero, and the mass-squared splitting
|Am3,| is about 30 times larger than Am3,. The global
analysis of neutrino oscillation data is available, e.g., in
Refs. [7,8], and is briefly summarized in Table I. Although a
few percent precision measurements of three mixing angles
and two mass-squared splittings have been achieved, a
complete picture of neutrino oscillation has not been fulfilled
yet. There are at least three unknowns, which the worldwide
neutrino programs plan to address in the next decades. The
first unknown is CP violation (CPV) in the neutrino oscil-
lations. Despite a recent hint of maximal CPV from the 5-p
measurement by the T2K experiment [10], whether CP is
violated or not requires higher statistics to be established. The
second unknown is the neutrino mass hierarchy (MH),
which refers to the order of the three mass eigenvalues of
neutrino mass eigenstates. Whether the MH is normal
(m; < my < my) or inverted (my < m; < m,) is still ques-
tionable. While the recent measurements from individual
experiments [11-13] mildly favor the former, the efforts
[8,14] for fitting jointly multiple neutrino data samples show
that the preference to the normal MH becomes less signifi-
cant. Thus, more neutrino data is essential to shedding light
on the neutrino MH. The third unknown on the list is about
the mixing angle 6,3. Its measured value is close to 45°,
which means the mass eigenstate v is comprised of an
approximately equal amount of v, and v,, indicating some
unknown symmetry between the second and third lepton
generations. Whether 0,3 is exactly equal to 45° in the lower
octant (LO, 0,3 <45°) or in the higher octant (HO,
0,3 > 45°) is of interest to pursue.

In this paper, we show the prospect of reaching these
unknowns in light of two accelerator-based long-baseline
neutrino experiments, T2K-II and NOvA extended program,

and a reactor-based medium-baseline neutrino experiment,
JUNO. The paper is organized as follows. Section II details
the experimental specifications of these three experiments
and elaborates on the simulation methodology. In Sec. I1I, we
present our results on the MH determination, the CPV
sensitivity, the resolution of the 6,3 octant, and the precise
constraints of the oscillation parameters. We give the
conclusion of the work in Sec. IV.

II. EXPERIMENTAL SPECIFICATIONS AND
SIMULATION DETAILS

A. Experimental specifications of T2K-II,
NOvA-I1, and JUNO

1. T2K-11

The ongoing Tokai-To-Kamioka (T2K) [15] is the
second generation of accelerator-based long-baseline
(A-LBL) neutrino oscillation experiments located in
Japan, and T2K-II [16] is a proposal to extend the T2K
run until 2026 before Hyper-Kamiokande [17] starts
operation. The T2K far detector, SK, is located 295 km
away from the neutrino production source, and receives the
neutrino beam at an average angle of 2.5° off-axis to
achieve a narrow-band neutrino beam with a peak energy of
0.6 GeV. Being a gigantic Cherenkov detector with 50 ktons
of pure water and approximately 13,000 photomultiplier
tubes deployed, SK provides an excellent performance of
reconstructing the neutrino energy and the neutrino flavor
classification. This capability allows T2K(-1I) to measure
simultaneously the disappearance of muon (anti-)neutrinos
and the appearance of electron (anti-)neutrinos from the
flux of almost pure muon (anti-)neutrinos. While the data
samples of the v, (v,) disappearance provide a precise
measurement of the atmospheric neutrino parameters,
sin® 26,3 and Am3,, the v, (¥,) appearance rates are driven
by sin?26,; and are sensitive to §cp and the MH. The
sensitivity of the A-LBL experiments such as T2K and
NOvA to 6cp and the MH can be understood via the
following expression of the so-called CP asymmetry [18],
presenting a relative difference between Py, and

P, -z, near the oscillation maximum, and corresponding

|am? |L
to —2— =7/2.
4L, /

Am3, L

sin 26,
Sep
SINOCP = 5800 km

tan 923 sin 2913 |Am§l |

(1)

where the +(—) sign is taken for the normal (inverted)
MH, respectively. With the values listed in Table I,

rsin20, Am
tan 03 sin 20,3 [Am3, |
effect can be observed somewhat between —25.6% and

~0.256, which means the CP violation
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+25.6%. For a 295 km baseline of the T2K experiment, the
mass hierarchy effect is subdominant with ~10.5%. T2K
uses a near detector complex, situated 280 m from the
production target to constrain the neutrino flux and the
neutrino interaction model. T2K made an observation of
electron neutrinos appearing from a muon neutrino beam
[19] and presented an indication of CPV in the neutrino
oscillation [10]. T2K originally planned to take data equiv-
alent to 7.8 x 102! protons-on-target (POT) exposure. At the
Neutrino 2020 conference, T2K [20] reported a collected
data sample from 3.6 x 10*' POT exposure. In Ref. [16],
T2K proposes to extend the run until 2026 to collect 20 x
10?! POT, allowing T2K to explore CPV with a confidence
level (C.L.) of 36 or higher if §-p is close to —z/2 and to
make precision measurements of 6,3 and |Am3,|.

2. NOvA extension or NOvA-11

Ongoing NuMI Off-axis v, Appearance (NOvA) [21] is
also the second generation of A-LBL neutrino experiments
placed in the United States with a baseline of 810 km
between the production source and the far detector. Such a
long baseline allows NOvA to explore the MH with high
sensitivity via the matter effect [22] on the (anti-)neutrino
interactions. From Eq. (1), it can be estimated that the
matter effect in NOvA is ~28.9%, which is slightly higher
than the CP violation effect. However, these two effects,
along with the ambiguity of the 6,; octant, are largely
entangled. In other words, NOvA sensitivity on the
neutrino MH depends on the value of 6c-p. NOVA’s recent
data [23] does not provide as much preference to the
neutrino mass hierarchy as T2K [20] does since NOvA data
shows no indication of the CP violation. Similar to T2K,
NOvA adopts the off-axis technique such that the far
detector is placed at an angle of 14 mrad to the averaged
direction of the neutrino beam. NOvA uses a near detector,
located 1 km away from the production target, to character-
ize the unoscillated neutrino flux. The NOvA far detector is
filled with liquid scintillator contained in polyvinyl chlo-
ride cells, totally weighted at 14 ktons with 63% active
materials. NOVA takes advantage of machine learning for
particle classification to enhance the event selection per-
formance. In 2018 [24], NOvA provided more than a 4¢
C.L. evidence of electron anti-neutrino appearance from a
beam of muon anti-neutrinos. At the Neutrino 2020
conference, NOvA [23] reported a collected data sample
from 2.6 x 10?! POT exposure. In [25], NOvA gives the
prospect of extending the run through 2024, hereby called
NOvA-II, in order to get a 30 C.L. or higher sensitivity to
the MH in case the MH is normal and Sp is close to —z/2,
and more than a 20 C.L. sensitivity to CPV.

3. JUNO

Jiangmen Underground Neutrino Observatory (JUNO)
[26] is a reactor-based medium-baseline neutrino experi-
ment located in China. JUNO houses a 20 kton large liquid

scintillator detector for detecting the electron anti-neutrinos
(v,) from the Yangjiang (YJ) and Taishan (TS) nuclear
power plants (NPPs) with an average baseline of 52.5 km.
Each of the six cores at the YJ nuclear plant will produce a
power of 2.9 GW and the four cores at the TS NPP will
generate 4.6 GW each. They are combined to give 36 GW
of thermal power. JUNO primarily aims to determine the
MH by measuring the surviving 7, spectrum, which
uniquely displays the oscillation patterns driven by both
solar and atmospheric neutrino mass-squared splittings
[27]. This feature can be understood via the U, disappear-
ance probability in the vacuum, which is expressed as
follows:

P, -5, = 1 —cos* 0;5sin? 20, sin> @y,
— Sin2 29]3 (COS2 912 Sin2 (I)3] + Sin2 9]2 Sin2 @32) s
(2)
Am?L
ij

15— Anaveraged 52 km baseline of the JUNO

experiment obtains the maximum oscillation corresponding
to ®,; = z/2 around 3 MeV, and relatively enhances the
oscillation patterns driven by the ®3; and ®;, terms. The
relatively small difference between Am2, and Am3, make
oscillation patterns in the normal and inverted MH scenarios
distinguishable. To realize practically the capability of mass
hierarchy resolution, JUNO must achieve a very good
neutrino energy resolution, which has been demonstrated
recently in Ref. [28], and collect a huge amount of data. With
six years of operation, JUNO can reach a 3¢ C.L. or higher
sensitivity to the MH and achieve better than 1% precision on
the solar neutrino parameters and the atmospheric neutrino
mass-squared splitting |Am3,|.

Although T2K and NOvA experiments have already
collected 18% and 36% of the total proton exposure
assumed in this study, respectively, we do not directly
use their experimental data to estimate their final reaches.
The main reason is that measurements of the CP violation,
the mass hierarchy, and the mixing angle 6,3 are so far
statistically limited except for a specific set of oscillation
parameters. We thus carry out the study with the
assumption that all values of dc-p and the two scenarios
of the neutrino mass hierarchy are still possible, and the
mixing angle 6,3 is explored in a range close to 45°.

Reaching the three above-mentioned unknowns depends
on the ability to resolve the parameter degeneracies among
Scp, the sign of Am3,, 0,3, and 053 [29]. Combining the data
samples of the A-LBL experiments (T2K-II and NOvA-II)
and JUNO would enhance the CPV search and the MH
determination since the JUNO sensitivity to the MH has no
ambiguity to 6-p. To further enhance the CPV search, one
can break the 5-p — 63 degeneracy by using the constraint of
0,3 from reactor-based short-baseline (R-SBL) neutrino
experiments such as Daya Bay [30], Double Chooz [31],
and RENO [32]. This combination also helps to solve the 053
octant in the case of nonmaximal mixing.

where @;; =
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B. Simulation details

The General Long-Baseline Experiment Simulator
(GLoBES) [35,36] is used for simulating the experiments
and calculating their statistical significance. In this simu-
lator, a number of expected events of v; from v; oscillation
in the n-th energy bin of the detector in a given experiment
is calculated as

N [E.+AE,

Rn(l/i_”/j)zﬁ dEr
E,—-AE,

< [AE®,(E) o, Ry e, (E)Py o (),

(3)
where i, j are the charged lepton(s) associated with the
initial and final flavor(s) of the neutrinos, ®; is the flux of
the initial flavor at the source, oy, is the cross-section for the

final flavor f, L is the baseline length, E, and E, are the
incident and reconstructed neutrino energy, respectively,
€;(E,) is the detection efficiency of the final flavor f, and N
is the normalization factor for standard units in GLoBES.
We describe the experiments using updated information of
fluxes, signal and background efficiencies, and systematic
errors. Remaining differences between the energy spectra
of the simulated data sample at the reconstruction level
obtained by GLoBES and the real experiment simulation
can be due to the effects of the neutrino interaction model,
the detector acceptance, detection efficiency variation as a
function of energy, etc. These differences are then treated
quantitatively using post-smearing efficiencies, conse-
quently allowing us to match our simulation with the
published spectra of each simulated sample from each
experiment. Each experimental setup is validated at the
event rate level and sensitivity level to ensure that physics
reaches of the simulated data samples we obtain are in
relatively good agreement with the real experimental setup.

For each T2K-II and NOvA-II experiment, four simu-
lated data samples per each experiment are used: v,(7,)

disappearance and v, (7, ) appearance in both v-mode and
v-mode. The experimental specifications of these two
experiments are shown in Table II. In T2K(-II), neutrino
events are dominated by the charged current quasielastic
(CCQE) interactions. Thus, for appearance (disappearance)
in v-mode and 7-mode, the signal events are obtained from
the v, - v, (v, = v,) CCQE events and the v, - 7,
vy = ,) CCQE events, respectively. In the appearance
samples, the intrinsic v, /D, contamination from the beam,
the wrong-sign components, i.e., v, —» v, (v, = v,) in v-
mode (7-mode), respectively, and the neutral current (NC)
events constitute the backgrounds. In the disappearance
samples, the backgrounds come from v, , charged current
(CC) interaction excluding CCQE, hereby called CC non-
QE, and NC interactions. We use the updated T2K flux
released along with Ref. [37]. In simulation, the cross
section for low- and high-energy regions are taken from
Refs. [38,39], respectively. In our T2K-II setup, an expo-
sure of 20 x 10! POT equally divided among the v-mode
and the 7-mode is considered, along with a 50% effectively
statistic improvement as presented in Ref. [16]. The signal
and background efficiencies and the spectral information
for T2K-II are obtained by scaling the T2K analysis
reported in Ref. [33] to the same exposure as the T2K-II
proposal. In Fig. 1, the T2K-II expected spectra of the
signal and background events as a function of reconstructed
neutrino energy obtained with GLoBES are compared to
those of the Monte-Carlo simulation scaled from Ref. [16].
A 3% error is assigned for both the energy resolution and
the normalization uncertainties of the signal and back-
ground in all simulated samples.

For NOvA-1II, we consider a total exposure of 72 x 102
POT equally divided among v-mode and r-mode [25]. We
predict the neutrino fluxes at the NOvA far detector by
using the flux information from the near detector, given in
Ref. [40], and normalizing it with the square of their
baseline ratio. A 5% systematic error for all samples and 8—
10% sample-dependent energy resolutions are assigned.

TABLE II. Experimental specifications of the A-LBL experiments T2K-II and NOvA-II .
Characteristics T2K-II [16,33] NOvA-II [24,25]
Baseline 295 km 810 km
Matter density [34] 2.6 gcc™! 2.84 gec™!
Total exposure 20 x 10! POT 72 x 10 POT
Detector fiducial mass 22.5 kton 14 kton
Systematics” 3% (0.01%) 5% (2.5%)
Energy resolution 0.03 x \/E(GeV) x % /E(GeV) "

Energy window
Bin width

0.1-1.3 GeV (APP°), 0.2-5.05 GeV (DIS%)
0.125 GeV/bin (APP), variable® (DIS)

0.0-4.0 GeV (APP), 0.0-5.0 GeV (DIS)
0.5 GeV/bin (APP), variable (DIS)

*Normalization (calibration) error for both signals and backgrounds.
by = 0.107, 0.091, 0.088, and 0.081 for v,, v, ¥,, and 7,, respectively.

“Shortened for the appearance sample.
4Shortened for the disappearance sample.
Used the binning as in [24].
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Expected event spectra of the signal and background as a function of reconstructed neutrino energy for T2K-II. The top

(bottom) spectra are for the appearance (disappearance) samples and the left (right) spectra are for v-mode (v-mode). The same

oscillation parameters as in Ref. [33] are used.

Significant background events in the appearance samples
stem from the intrinsic beam v, /7,, NC components, and
cosmic muons. In the appearance sample of the p-mode,
wrong-sign events from v, appearance events are included
as the backgrounds in the simulation. We use the recon-
structed energy spectra of the NOvA far detector simulated
sample, reported in Ref. [41], to tune our GLoOBES
simulation. The low- and high-particle identification score
samples are used, but the peripheral sample is not since the
reconstructed energy information is not available. In the
disappearance samples of both v-mode and v-mode, events
from both CC v, and 7, interactions are considered to be
signal events, which is tuned to match with the NOvA far
detector simulated signal given an identical exposure.
Background from the NC v, (7,) interactions is taken into
consideration and weighted such that the rate at a prede-
fined exposure is matched to a combination of the reported
NC and cosmic muon backgrounds in Ref. [41]. Figure 2
shows the simulated NOvA-II event spectra as a function of
reconstructed neutrino energy for v, appearance and v,
disappearance channels in both v-mode and 7-mode, where
normal MH is assumed, 6p is fixed at 0°, and other
parameters are given in Table L.

Tables III and IV detail our calculated signal and
background detection efficiencies for the electron (anti-)

neutrino appearance and muon (anti-)neutrino disappear-
ance, respectively, in T2K and NOvA. The two neutrino
experiments reach a relatively similar performance for
selecting the electron (anti-)neutrino appearance samples.
While T2K gains due to the excellent separation of muons
and electrons with the water Cherenkov detector, NOvA
boosts the selection performance with the striking features
of the liquid scintillator and the powerful deep learning. For
selecting the disappearance samples, T2K outperforms
since the T2K far detector is placed deep underground
while the NOvVA far detector is on the surface and suffers a
much higher rate of cosmic ray muons.

In JUNO, the electron anti-neutrino 7, flux, which is
produced mainly from four radioactive isotopes (**°U, 238U,
2%py, and 2*'Pu [42]), is simulated with an assumed
detection efficiency of 73%. The backgrounds, which have
a marginal effect on the MH sensitivity, are not included in
our simulation. In our setup, to speed up the calculation, we
consider one core of 36 GW thermal power with an average
baseline of 52.5 km instead of the true distribution of the
reactor cores, baselines, and powers. The simulated JUNO
specification is listed in Table V and the event rate
distribution as a function of the neutrino energy is shown
in Fig. 3. For systematic errors, we commonly use 1% for
the errors associated with the uncertainties of the
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FIG. 2. Expected event spectra of the signal and background as a function of reconstructed neutrino energy for NOvA-II. The top
(bottom) spectrum is for the appearance (disappearance) channel and the left (right) spectrum is for v-mode (v-mode). Normal MH,
dcp = 0, and other oscillation parameters given in Table I are assumed.

normalization of the 7, flux produced from the reactor core,
the normalization of the detector mass, the spectral nor-
malization of the signal, the detector response to the energy
scale, the isotopic abundance, and the bin-to-bin recon-
structed energy shape.

Besides T2K-II, NOvA-II, and JUNO, we implement a
R-SBL neutrino experiment to constrain sin’ ;3 at 3%
uncertainty, which is reachable as prospected in Ref. [44].
This constraint is important to break the parameter degen-
eracy between JOcp — 63, which is inherent from the
measurement with the electron (anti-)neutrino appearance
samples in the A-LBL experiments.

To calculate the sensitivity, a joint ° is formulated by
summing over all individual experiments under consider-
ation without taking any systematic correlation among
experiments. For T2K-II and NOvA-II, we use a built-in
x* function from GLoBES for taking the signal and
background normalization systematics with the spectral
distortion into account. For JUNO, a Gaussian formula for
x? is implemented thanks to a high statistics sample in
JUNO. For a given true value of the oscillation parameters,

3 _ . 2 2
Ouputh = (012,013, 023, 5cp; Amsy, Am5, )y at a test set of
oscillation parameters, Oy, and systematic variations,

TABLE III.  Detection efficiencies® (%) of signal and background events in appearance samples. Normal mass
hierarchy and 6-p = 0 are assumed.

Uy = U, v, =, v, CC v, CC v, CC v, CC NC

T2K-1I v mode 65.5 46.2 0.02 0.02 19.8 19.8 0.41

U mode 45.8 70.7 0.01 0.01 17.5 17.5 0.45

NOvA-II v mode 62.0 38.0 0.15 . 79.0 69.0 0.87

U mode 25.0 67.0 0.14 0.05 20.7 40.7 0.51

"Defined per each interaction channel as the ratio of selected events in the data sample to the totally simulated

interaction supposed to happen in the detector.
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TABLE IV. Detection efficiencies (%) of signal and background events in disappearance samples. Normal mass

hierarchy is assumed.

v, CCQE v, CCnon-QE o, CCQE p, CCnon-QE (v, +7,) CC NC vy, —v,
T2K-II v mode 71.2 20.4 71.8 20.4 0.84 2.7 0.84
U mode 65.8 24.5 77.5 24.5 0.58 2.5 0.58
NOvA-II v mode 31.2% 27.2 0.44
7 mode 33.9 20.5 0.33

“The efficiency for CCQE and CC non-QE interactions are considered equal.

TABLE V. JUNO simulated specifications.
Characteristics Inputs
Baseline 52.5 km
Density 2.8 gec™! [43]
Detector type Liquid Scintillator
Detector mass 20 kton

v, Detection Efficiency 73%

Running time 6 years
Thermal power 36 GW
Energy resolution 3%/+/E (MeV)
Energy window 1.8-9 MeV
Number of bins 200

Ssyst-» & Measure g2 G |é[est, Sgyst.) 1s calculated. It is then
minimized over the nuisance parameters (both syste-
matic parameters and marginalized oscillation parameters)
to obtain the statistical significance on the hyperplane of
parameters of interest.

III. RESULTS

Throughout this work, unless otherwise mentioned, we
consider the frue mass hierarchy to be normal and oscillation
parameters to be as given in Table I. Dependence of the MH

JUNO 6 years simulated data @36GWth

1200 = JUNO TDR report

—— GLOBES, total signal

—— GLoBES, signal from U235

—— GLoBES, signal from U238
GLOBES, signal from Pu239

—— GLoBES, signal from Pu241

1000

600

v, events

400

200

ol v v v L b L L L n
2 3 4 5 6 7 8 9

Neutrino energy [MeV]

FIG. 3. JUNO event rate calculated at the same oscillation
parameters as Ref. [26].

resolving on the 8,3 mixing angle is compensated for in the
Appendix A. In Appendix B, as a message to emphasize the
vitality of statistics in neutrino experiments, we provide a
study on how the total of the T2K-II POT exposure can have a
significant impact on the sensitivity results.

A. Determining the neutrino mass hierarchy

To estimate quantitatively the sensitivity of the
experiment(s) to the MH determination, we calculate the

statistical significance \/Ay” to exclude the inverted MH
given that the null hypothesis is a normal MH, which is
indicated by the recent neutrino experiment results. The
sensitivity is calculated as a function of true dcp since for
the A-LBL experiments, the capability to determine the
MH depends on the values of the CP-violating phase.
Technically, for each true value of 6-p with normal MH
assumed, marginalized y? is calculated for each rest value of
dcp with the MH fixed to inverted. Then for each true value
of 5¢p, the minimum value of y?, which is also equivalent to
Ay? since the test value with normal MH assumed would
give a minimum y? close to zero, is obtained. The results, in
which we assume sin’ 8,5 = 0.5, are shown in the top plot of
Fig. 4 for different experimental setups: (i) JUNO only;
(i1)) NOvA-II onlys; (iii) a joint of JUNO and NOvA-II; and
(iv) a joint of JUNO, NOvA-II, T2K-II, and the R-SBL
experiment. It is expected that the MH sensitivity of JUNO is
more than a 3¢ C.L. and does not depend on §p. On the other
hand, the NOvA-II sensitivity to the MH depends strongly on
the true value of dcp. A joint analysis of JUNO with the
A-LBL experiments, NOvA-II and T2K-II, shows a great
boost in the MH determination. This is expected since a joint
analysis will break the parameter degeneracy between Scp
and the sign of Am3,. Due to the parameter degeneracy
among Scp and the sign of Am3,, 03, and 6,3 in the
measurement with the A-LBL experiments, we also expect
that the MH determination depends on the value of 6,5. The
combined sensitivity of all considered experiments at differ-
ent values of 0,5, (i) maximal mixing at 45° (sin® 6,3 = 0.50),
(i) LO at 41° (sin? 6,3 = 0.43), and (iii) HO at 51°
(sin? B,3 = 0.60), is shown in the center plot of Fig. 4. In
the bottom plot of Fig. 4, we compare the MH sensitivity for
two hypotheses: the MH is normal and the MH is inverted.
The result reflects what we expect: (i) the MH resolving with
JUNO is less sensitive to its truth since the dominating factor
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1O though a different calculation method and assumption of the
9E True: NH, sin?0,,=0.5 .
8;/;/\ experimental setup are used.
’g 7E
% 6F B. Unravelling leptonic CP violation
N% i, _ NOVAI o) The gtatistical significance of \/Ay? exp!uding the CE—
g 3 ~JUNO only conserving values (6cp = 0,7) or the sensitivity to CPV is
2B _ NOVA-Il + JUNO evaluated for any true value of 6-p with the normal MH
1E ~Joint analysis assumed. For the minimization of y* over the MH options,
00: S S R S we consider two cases: (i) MH is known and normal, the same
8cp [rad.] (True, NH assumed) as the truth value, or (ii) MH is unknown. Figure 5 shows the
CPV sensitivity as a function of the true value of 6-p for both
10g MH options obtained by different analyses: (i) T2K-II only;
Zg (ii) a joint of T2K-II and R-SBL experiments; (iii) a joint of
2 7; T2K-II, NOvA-II, and R-SBL experiments; and (iv) a joint of
5 oE T2K-II, NOvA-II, JUNO, and R-SBL experiments. The
5 S result shows that whether the MH is known or unknown
=4 Jolnt analysis affects the first three analyses, but not the fourth. This is
g 3E 6in’0,, = 0.50 because, as concluded in the above section, the MH can be
2F §inc0,, = 0.60 determined conclusively with a joint analysis of all consid-
1E §in6,, = 0.43 ered experiments. It can be seen that the sensitivity to CP
00: : T S e violation is driver} by T2K—H and NOI.JA-.H. Contribution of
8. [rad.] (True, NH assumed) the.R—SBL neutrino experiment is significant only at the
region where dp is between 0 and 7z and when the MH is not
10 determined conclusively. JUNO further enhances the CPV
= EM sensitivity by lifting up the overall MH sensitivity and
g £ consequently breaking the MH-dp degeneracy. At §-p close
z 6; to —z/2, which is indicated by recent T2K data [10], the
g 5* 7777777777777777777777777777777777777777777 sensitivity of the joint analysis with all considered
T 4;True: sinf0,,=0.5 . .
= 3E Joint analysis 9§ True: NH, sin®0,,=0.5
G N — NH assumed as true S 8? — T2K-ll only
| 3 — |H assumed as true OOE; 7? —— + short-baseline reactor
0; ) L 5 6F —— + NOvA-II
0 1 2 3 4 5 6 -%; 5;.,,,,,,,,,,,,,,,,,j,tJ,UN,Q ,,,,,,,,,,,,,
¢p [rad.] (True, NH(IH)) % 4E
D A LT N G G
FIG. 4. MH sensitivities as a function of true d.p calculated for g JE
various experimental setups (top plot); for all considered experi- & E
ments but at different sin’>@,; values (center plot); and for 05 L \ VT
comparing two possible MH hypotheses (bottom plot). For the -3 -2 -1 0 1 2 3
top and bottom plots, sin> #,; = 0.5 is assumed to be true. True values of 8¢ [rad ]
95 True: NH, sin’6,,=0.5
is the separation power between two oscillation frequencies o 8 —— T2K-llonly
driven by |Am3,| and |Am3,|, shown in Eq. (2), and the < TE —— + short-baseline reactor
relatively large mixing angle 0;,; and (ii) for the A-LBL % 6F T rNovAdl
experiments like T2K and NOvA, the MH is determined ok O
through the MH-0.p degeneracy resolving, as concisely 5 4F
described in Eq. (1). The A -p amplitude is almost unchanged S SN
when one switches from a normal MH to an inverted MH and §> 2E
simultaneously flips the sign of §.p. Those results conclude 2
that the wrong mass hierarchy can be excluded at a C.L. e T S B

greater than 5o for all the frue values of §-p and for any value
of 6,3 in the range constrained by the experiments. In other
words, the MH can be determined conclusively by a joint
analysis of JUNO with the A-LBL experiments, NOvA-II
and T2K-II. We find out that in Ref. [45] the authors address a
similar objective and come to a quite similar conclusion, even

True values of . [rad.]

FIG. 5. CPV sensitivity as a function of the true value of dcp
obtained with different analyses. Normal MH and sin” 6,5 = 0.5
are assumed to be frue. The top (bottom) plot is with the MH
assumed to be unknown (known) in the analysis, respectively.

112010-8



PHYSICS POTENTIAL OF THE COMBINED SENSITIVITY OF ...

PHYS. REV. D 103, 112010 (2021)

Joint analysis
8in%6,, = 0.50
Sin°8,, = 0.60
sin"8,, = 0.43

True: NH

Sigma to exclude sind,=0

S = N W A N J 0 \O

‘Ouul‘“‘ZHH3
True values of 8 [rad.]

|
w

|
]

|
—_

Joint analysis
8in°8,, = 0.50
sin%6,, = 0.60
Sin"0,, = 0.43

True: IH

Sigma to exclude sind,=0

S = Y W A N 0 O

e b N L

True values of J, [rad.]

|
o8}

FIG. 6. CPV sensitivity as a function of the true value of dcp
obtained with a joint analysis of all considered experiments at
different true sin® @, values (0.43, 0.5, 0.6). The top (bottom)
plot is with the normal (inverted) MH, respectively, and assumed
to be true. The MH is assumed to be unknown in the analysis.

experiments can approximately reach a 5¢ C.L. We also
calculate the statistical significance of the CPV sensitivity as a
function of true 5cp at different values of 6,3, as shown in
Fig. 6. When an inverted MH is assumed, although Acp
amplitude fluctuates in the same range as with a normal MH,
the probability and rate of v, appearance becomes smaller to
make the statistic error, o*?}f“, lower. In sum, sensitivity to CP
violation, which is proportional to Acp/o;*", is slightly
higher if the inverted MH is assumed to be true as shown
at the bottom of Fig. 6. Table VI shows the fractional region of
all possible true 5-p values for which we can exclude CP-
conserving values of §.p to atleast a 3¢ C.L., obtained by the
joint analysis of all considered experiments. Due to the fact
that the MH is resolved completely with the joint analysis, the
CPV sensitivities are quantitatively identical no matter
whether the MH is assumed to be known or unknown.

C. Precision measurement of other
oscillation parameters

1. 0,3 mixing angle and atmospheric
oscillation parameters:

The 6;; mixing angle can be constrained precisely by
measuring the disappearance of 7, in the R-SBL neutrino
experiment. The A-LBL experiments, on the other hand,
can provide a constraint of the #3 mixing angle correlated
to ocp, mainly thanks to the measurements of the appearance

TABLE VI. Fractional region of §¢p, depending on sin® 6,3,
can be explored with 3¢ or higher significance.

Value of sin® 6y, 0.43 0.50 0.60

Fraction of true 6cp values (%), NH 61.6 54.6 53.3
Fraction of true é.p values (%), IH 61.7 57.2 54.2

of v,(7,) from the beam of v,(7,), respectively. The
sensitivities are calculated at three different true values of
Scp (0,£%). A 36 C.L. range of sin? 65 [0.02046, 0.02440]
is taken from Ref. [7]. Figure 7(a) shows a 3¢ C.L. allowed
region of sin’@,3-6p obtained with a joint analysis of the
T2K-II and NOvA-II experiments. The precision of sin” ;5
can be achieved between 6.5% and 10.7% depending on the
true value of dcp. It will be interesting to compare the
measurements of 63 from R-SBL experiments and from
the A-LBL experiments with such high precision.

As shown in Fig. 7(b), both JUNO alone and a combined
sensitivity of T2K-II and NOvA-II experiments can reach a
sub-percent-level precision on the atmospheric mass-squared
splitting Am3,. A comparison at such precision may provide
avery good test for the PMNS framework. Besides, assuming
a maximal mixing sin” 8,3 = 0.5, a combined sensitivity of

6 T2K-Il + NOVA-Il
5 ; 3-6C.L, é
F —8cp =32 R
4 —8gp = +1/2 .
= “ip=0
= 3 [NuFIT4.1,8,, —
e ) 3 True: NH, sin%6,;=0.5
1E E
0:‘\”“”\‘ ] \Hmumumumu\:X10_3
16 18 20 22 24 26 28 30 32 34
sin@, ,
(a)
-3

2.65?10‘ L I ]
C Joint analysis, 90% C.L. ]
C —— T2K-Il w/ reactor constraint ]
2.6 +NOVA-II .
. F +JUNO ]
-, L ——— JUNO onl ]
2255t Y 3
2o (T
a5 —
g "r ]
< [ True: NH, sin6,,=0.5 ]
245~ -
24;\ PR I TS IS I A S ) N S S S AR SR | \;

044 046 048 05 052 054 0.56

sin2623
(b)

FIG. 7. (a) Allowed region of sin’@;; —dcp at a 36 C.L.
compared with a joint analysis of T2K-II and NOvA-II and the
present constraint from the global data [7]. (b) Allowed region in
the sin® 6,3 — Am3, space at a 90% C.L. with various experimental
setups. Normal MH and sin® 8,; = 0.5 are assumed to be true.
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T2K-1I and NOvA-II can achieve approximately 6% and
3% precision for the upper and lower limit on sin?6,s.
A capability to solve the 6,5 octant in case the mixing angle
6,3 is not maximal is discussed below.

2. Resolving the octant of the 0,3 mixing angle

We consider a range [0.3, 0.7] of possible true sin’ 0,5
values and that the frue MH is normal. For each true
sin® @55 value, the marginalized y? is calculated at various
values of test value 0,5 with both possibilities of the MH.
The minimization over the MH options is firstly performed
to obtain global minimum y? for any combination of the
true and test values of 6,5. The allowed regions of sin® 6,3
as a function of sin® 8,5 can be obtained, e.g.,ata30 C.L,
as shown in Fig. 8(a). The statistical significance to exclude
the wrong octant given a true (nonmaximal) value of 6,5 is
calculated by taking the difference between the mimimal
value of the global  in the wrong octant and the true
octant of 6,5. The octant resolving sensitivities with T2K-
IT, NOvA-II alone, or with a combined analysis is shown in
Fig. 8(b). The 0,5 octant resolving power can be enhanced
significantly when combining T2K-II and NOvA-II data

Y/ — -
F 3cC.L. a
0.65E ToK-I E
S (.6E=NOvAI E
§ "“E—Joint analysis E
S 055 3
R sty /At SEEEEL ¢ (TR -
b = 3
% 0.45F =
< g ! ]
g 0.4 ! True: NH, 8 =-m/2
0.35F | =
P 2 I I I T TR T

‘03 035 04 045 05 055 0.6 065 0.7

sin0,; (True, NH)

(@)

T T
—T2K-II
— NOVA-II

— Joint analysis

—_— N W A N J 0 O

1) ULLLE LLLE LLALY LALLN LLLLY LLRLY LRSS RN~ SLhl |

True: NH, SCP:-n/Z

VA % to exclude 0,, wrong octant

<=4 \\\\‘\\\\‘HH‘HH‘HH‘HH‘HH Nl |

(=)

035 0.4 045 0.5 055 0.6 0.6
sin0,; (True, NH)

(b)

7

FIG. 8. Allowed region of sin’#,; at a 3¢ C.L (a) and the
statistical significance of excluding the wrong octant as a function
of sin” 8,5 (b). Normal MH and 6-p = — 7 are assumed to be true.

samples, particularly the 6,3 octant can be determined at a
3¢ C.L. or higher if sin” 8,5 is < 0.46 or > 0.56.

D. Discussion

We briefly discuss the implications that have arisen from
our results in light of the recent updated results from T2K
[20], NOVA [23], SK [46], IceCube DeepCore [47], and
MINOS(+) [48] presented at the Neutrino 2020 conference.
T2K prefers the normal MH with a Bayes factor of 3.4; SK
disfavors the inverted MH ata71.4-90.3% C.L.; both NOvA
and MINOS(+) disfavor the inverted MH at a C.L. less than
lo. The prospect of completely resolving the MH by
combining T2K-II, NOvA-II, and JUNO by 2027 is thus
very encouraging. On the leptonic CPV search, the leading
measurement is from T2K where 35% of 6.p values are
excluded at a 30 C.L. Comparing this to Ref. [10], although
the statistic significance of excluding CP conservation is
reduced from a 95% C.L. to a 90% C.L., the updated data
looks more consistent with the PMNS prediction than before.
While SK also favors the maximum CP violation, NOvA
shows no indication of asymmetry of neutrino and antineu-
trino behaviors. With the combined analysis of T2K-II,
NOvA-II, and JUNO by 2027, it is expected that more than
half of the §-p values can be excluded with more than a 36
C.L. If the true 6¢p is near 6cp = £, discovery of the
leptonic CPV with a 5¢ C.L. is within reach. Regarding the
octant of the 6,3 mixing angles, T2K, NOvA, SK, and
MINOS(+) data prefer nonmaximum with statistic signifi-
cance between a 0.5¢ to 1.5¢ C.L. If the true value of 6,5 is
close to the best fit in the global data fit [8], 6,3 = 0.57, a
combined analysis of T2K-1I, NOvA-II, and JUNO can
exclude the wrong octant with a 3¢ C.L. There is a room for
improvement in the above-mentioned physic potentials, for
example, by adding an atmospheric neutrino data sample
from the SK experiment. There are ongoing efforts to
combine data from T2K and SK along with a joint analysis
of T2K and NOvA. Such activities are vital to realizing a
grand framework for combining the special-but-statistically-
limited neutrino data in the future.

IV. CONCLUSION

We have studied the physics potentials of a combined
analysis of the two accelerator-based long-baseline experi-
ments, T2K-II and NOvA-II, and a reactor-based medium-
baseline experiment, JUNO. We have shown that the
combined analysis will unambiguously determine the neu-
trino mass hierarchy given any true values of dc-p and 6,5
within the present allowed range. The combined analysis
provides a very appealing sensitivity for the leptonic CP
violation search. Particularly, CP-conserving values of §-p
can be excluded with at least a 3¢ C.L. for 50% of all the
possible true values of 6-p. At CP violation phase values close
to 6cp = £7, a discovery of CP violation in the leptonic
sector at the ~5¢ C.L. becomes possible. Besides, acombined
analysis of T2K-II and NOvA-II can reach a few percent
precision on the 6,3 mixing angle and sub-percent-level
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precision on the Am3, mass-squared splitting, which can
provide interesting tests of the standard PMINS framework by
comparing the results to measurements from reactor-based
short-baseline neutrino experiments and JUNO, respectively.
Also, a combined analysis of T2K-II and NOvA-II offers
a great sensitivity to determine the octant of the 63
mixing angle.

Finally, we would like to emphasize that the joint
analysis in reality is foreseen to be more complicated than
what we have done. Many systematic sources must be
taken into account for each experiment and for a joint
analysis; the correlation of systematic errors among experi-
ments are important for extracting precisely the oscillation
parameters. However, we affirm that the above conclusions
are still valid since the measurement uncertainties, particu-
larly for CP violation and the neutrino mass hierarchy, are
still dominated by statistical errors.
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APPENDIX A: DEPENDENCE OF MASS
HIERARCHY DETERMINATION ON 643

As pointed out in Ref. [18], the CPV sensitivity with the
A-LBL neutrino experiments does not depend on the true

10¢
9? True: NH, sin2923:0.5
= 8;/\—/\
T 4B
g =
z 6F
T SEeromoememmmoenemsoneo
n.:; 4E Joint analysis
g 3E — sin0,,=0.02241
2F — sin%0,,=0.02221
1= — sin’,,=0.02034
ot I PN NI T O S B S RS T
0 1 2 3 4 5 6

8cp [rad.] (True, NH)

FIG. 9. Dependence of the neutrino MH sensitivity on the 63
true values: sin”@;; = 0.02241 is the best fit obtained with
NuFIT 4.1 [7], sin® 0,5 = 0.02221 is with NuFIT 5.0 [8], and
sin? ;3 = 0.02034 is a 36 C.L. lower limit. Normal MH and
sin” @3 = 0.5 are assumed to be true.

value of 6,;3. However this is not the case for the MH
sensitivity since the 7, disappearance rate in JUNO is
proportional to sin® 26,5 as shown in Eq. (2). This feature is
presented in Fig. 9 where the sensitivities of the neutrino
MH are studied with three different values of sin’#5:
sin? 0,3 = 0.02241 is the best fit obtained with NuFIT 4.1
[7], sin?@,3 = 0.02221 is with NuFIT 5.0 [8], and
sin® 0,5 = 0.02034 is a 3¢ C.L. lower limit. Although
the neutrino MH sensitivity is slightly reduced with smaller
values of sin® 6,5, the MH resolution is still well above a
5¢ C.L.

APPENDIX B: SENSITIVITY WITH DIFFERENT
SCENARIOS OF THE T2K-II POT EXPOSURE

Due to the budget issue, it is possible that T2K-II will
take data less than the original proposal as discussed in
Ref. [45]. In this sense, we study three scenarios of the
T2K-1I POT exposure: 20 x 10?!, 15 x 10!, and 10 x 10*!
POT. While the MH resolving is still well above a 5¢ C.L.,

10¢
9E True: NH, sin%0,,=0.5
= SV—A
T e
E 'F
2 6
& _F
= 5? ****************************************
N; 4? Joint analysis
g 3 —w/ T2K-Il 20x10%' POT
2F —w/ T2K-Il 15x10°' POT
1E —w/ T2K-Il 10x10°' POT
0: | e b e b e b 1
0 1 2 3 4 5 6
dcp [rad.] (True, NH)
(a)
9; Joint analysis
o 8 True:NH,sin'e,,  — w/TaK-Il 20x10°' POT
& TE —— w/ T2K-Il 15x10°' POT
£ 6 ——— w/ T2K-Il 10x10*' POT
Q C
E 5? ****************************************
g 4
e 3 Y NN\ NN
g
& 2F
N =
053 -2 -1 0 1 2 3
True values of §, [rad.]
(b)

FIG. 10. Dependence of the combined sensitivity on T2K-II
POT exposure. (a) MH sensitivities as a function of true dcp. (b)
CPV sensitivity as a function of the frue value of d-p obtained
with a joint analysis of all considered experiments. Normal MH
and sin” #,; = 0.5 are assumed to be true.
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the CPV sensitivity depends significantly on the POT
exposure as shown in Fig. 10. However there is still a
large fraction of §-p value excluded with a 36 C.L. The

study emphasizes the importance of providing as many
proton beams as possible to the T2K experiment for
reaching the highest capability of CPV search.
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