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Abstract We revisit the sensitivity study of the Tokai-
to-Kamioka-and-Korea (T2KK) and Tokai-to-Kamioka-and-
Oki (T2KO) proposals where a water Cerenkov detector
with the 100 kton fiducial volume is placed in Korea (L =
1000 km) and OKki island (L = 653 km) in Japan, respec-
tively, in addition to the Super-Kamiokande for determina-
tion of the neutrino mass hierarchy and leptonic CP phase
(8cp). We systematically study the running ratio of the v, and
v, focusing beams with dedicated background estimation
for the v, appearance and v,, disappearance signals, espe-
cially improving treatment of the neutral-current 7% back-
grounds. Using a v,,—V,, beam ratio between 3:2 and 2.5:2.5
(in units of 10?'POT with the proton energy of 40 GeV),
the mass-hierarchy determination with the median sensi-
tivity of 3-5 o by the T2KK and 1-4 o by the T2KO
experiment are expected when sin® 63 = 0.5, depending
on the mass-hierarchy pattern and CP phase. These sensi-
tivities are enhanced (reduced) by 30-40% in A x2 when
sin63 = 0.6 (0.4). The CP phase is measured with the
uncertainty of 20°-50° by the T2ZKK and T2KO using the v, —
v, focusing beam ratio between 3.5:1.5 and 1.5:3.5. These
findings indicate that inclusion of the v, focusing beam
improves the sensitivities of the T2ZKK and T2KO experi-
ments to both the mass-hierarchy determination and the lep-
tonic CP phase measurement simultaneously with the pre-
ferred beam ratio being between 3:2-2.5:2.5 (x 1021POT).
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1 Introduction

After the accurate measurements of sin® 2613 by DayaBay
[1-6], Reno [7,8] and Double Chooz [9-13] experiments,
determination of the neutrino mass hierarchy and CP vio-
lating phase in the Maki—Nakagawa—Sakata (MNS) mixing
matrix [14] has been the next targets in neutrino physics.
Ideas of extending the Tokai-to-Kamioka (T2K) exper-
iment with additional water Cerenkov detectors placed
in Korea (Tokai-to-Kamioka-and-Korea, T2KK, experiment
[15-26]) orin Oki island (Tokai-to-Kamioka-and-Oki, T2KO,
experiment [25,27]) have been proposed to address those
questions.! It has been shown that the T2KK experiment
with a 100 kton fiducial-volume detector in Korea in addi-
tion to the SK detector is an appealing proposal if we can use
the J-PARC neutrino beam with 0.64 MW beam power and
the 2.5°-3.0° off-axis angle at the SK [17,18,20,22,24]. The
authors of Ref. [17,18,20] investigated the sensitivities to the
mass hierarchy and CP phase with the v, focusing beam in a
simple manner, ignoring the effects of neutral-current (NC)
0 backgrounds, miss-identification of amuon as an electron,
and smearing of reconstructed neutrino energy. Authors of
Ref. [22] then re-evaluated the physics potential of the same
T2KK setup with careful consideration on those effects.
Inclusion of v, focusing beams may improve the sensi-
tivity of long-baseline oscillation experiments to the mass
hierarchy since the matter effects, which enhance the mass-
hierarchy difference in neutrino oscillation patterns, appear
in the opposite way in v, and v, oscillations. The impacts
of including the v,, focusing beam in the T2KK experiment
was studied in Ref. [24]. The authors considered the running

I For the CP phase measurement, there are also proposals to utilize
neutrinos from muon decays at rest [28-30].
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ratio of the v, and v, focusing beams of 5:0 and 2.5:2.5 in
the units of protons on target (POT) and argued that includ-
ing the v, focusing beam improves the sensitivity to the
mass-hierarchy determination significantly. The impact of
anti-neutrino beams was also studied in Ref. [16] for a dif-
ferent T2KK setup; two 270 kton detectors are each placed
at Kamioka and Korea, receiving 2.5° off-axis beams with
the beam power of 4 MW and the total running time of
8 years. The physics potential of the T2KO experiment was
also investigated [25] with a similar analysis and conclusion
as in Ref. [24]. However, those studies again did not con-
sider the effects of the NC ¥ backgrounds, miss-identified
muon, and events from other neutrino—nucleus interactions
than the charged-current quasi-elastic (CCQE) one. There-
fore, it is not very clear whether the v,—v, focusing beam
ratio of 1:1 is the best for the mass-hierarchy determination
and CP phase measurement.

In this paper, we revisit the sensitivity study of the T2KK
[22,24] and T2KO [25] experiments for the neutrino mass
hierarchy and CP phase, studying the dependence of the sen-
sitivities on the v,—v, focusing beam ratio systematically
with dedicated estimation of backgrounds. Especially, the
treatment of the NC 77 backgrounds is improved in this anal-
ysis. The NC ¥ backgrounds is estimated using a realistic
70 rejection probability based on the POLfit (Pattern Of
Light fitter) algorithm [31], and the contribution form the
coherent ¥ production process is taken into account, which
is neglected in the previous analysis [22]. The uncertainty of
the NC ¥ backgrounds is also reconsidered including the
uncertainty from the axial masses in the models of neutrino—
nucleus scattering cross sections [32,33].

The remaining part of this paper is organized as follows.
After describing the T2KK and T2KO experimental setups in
Sect. 2, our analysis details are discussed in Sect. 3. Results
for the sensitivity of the T2KK and T2KO experiments to the
mass-hierarchy determination and CP phase measurements
are presented in Sects. 4 and 5, and our main conclusions are
summarized in Sect. 6.

2 Simulation details of T2KK and T2KO experiments

In this section, we fix our notation and introduce useful
approximated formulas for the v, — v, and v, — v, oscil-
lation probabilities. We then describe the experimental setups
and discuss the simulation details of the expected signal event
number in those experiments, taking into account of smearing
of reconstructed neutrino energy due to the Fermi motions of
target nuclei, detector resolution and contamination of events
from non-CCQE neutrino—nucleus interactions. Simulation
of the background events are also discussed: the NC single-
70 background and its uncertainty, the secondary neutrino
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beam backgrounds, and miss-identified muon/electron back-
grounds.

2.1 Neutrino oscillations in matter

We briefly review the neutrino oscillation probabilities in
matter, presenting analytic approximations for the v, — v,
(v, disappearance) and v, — v, (v, appearance) oscilla-
tion modes, which are useful for understanding the physics
potential of the T2KK and T2KO experiments qualitatively.

We work in the three neutrino flavor scheme, where the
neutrino flavor eigenstate |vy) (¢ = e, i, T) are mixtures
of the three mass eigenstates |v;) with their masses m; (i =
1,2,3) as

3
V) = Z Ugilvi).
i=1

Here U is the Maki—Nakagawa—Sakata (MNS) [14] matrix,
which can be parameterized with the three mixing angles,
012, 013, 023, and three phases, Scp, @1, ¢2 [34]. Among them,
two phases can be eliminated in lepton number conserv-
ing processes, remaining one relevant phase, dcp, to neu-
trino oscillation experiments. The definition regions of the
four parameters are chosen as 0 < 013, 613, 63 < 7/2, and
—7 < 8cp <.

The probability that an initial flavor eigenstate |v,) with
energy E is observed as a flavor eigenstate |vg) after traveling
a distance L in the matter of density p(x) (0 < x < L) is

2.1)

given by
L 2
Py, vy = [(vglexp (—i/ H(X)dX> )| (2.2)
0
where the Hamiltonian inside matter is
0 0 0 1 00
1 ) + a(x)
H(x):ﬁU 0 émz 0O U+E 000
0 0 om 000
1. rMx) O 0 }
=ﬁU(x) 0 nx) 0 0w @3
0 0 Az(x)

withdm;; = m[2 — m% a(x)/2E is the effective potential due

to electrons in matter as

a(x) = 2v2GfpEn,(x)

~ —5r 52 p(x) i
~7.56 x 107" [eV~] (g/cm3> <GeV> ,

where G is the Fermi constant and n.(x) is the electron
number density. In the translation from n.(x) to p(x), we
assume that the number of the neutrons in matter is the same
as that of protons. X;(x)/2E and U (x) are the eigenvalues
and the corresponding unitary matrix of the Hamiltonian at
the distance x, respectively. To a good approximation [24,

2.4)
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35,36], the matter density along the T2K, T2KO and T2KK
baselines can be replaced by the averaged one, p(x) ~ p,
and so as a(x) in Eq. (2.3), a(x) =~ a. Then the oscillation
probability, P,,—.,, can be expressed compactly by using
x-independent eigenvalues, };, and a unitary matrix, U , as

~ ~ ~ ~ . A
ont—”)ﬁ = 3&/3 - 4ZR6(U;lU/SanjU;j) Sln2 #
i>j
_ZZIm(U&kil}ﬂiﬁaj(j;j) sin A, (2.5a)
i>j
A=A
Aij=—p L. (2.5b)

Our numerical results are based on the above solution,
Eq. (2.5a), and the main results are not affected significantly
by the matter density profile as long as the mean matter den-
sity is chosen appropriately [24,25].

In this study we are mainly interested in the v, — v,
and v, — v, oscillation modes and their charge conjugated
ones. It is useful to write them down in the approximated
analytic forms as [17]

Py, sy, = 1 —sin® 20, {(1 + A™) sin” Az

+ B*sin(2A31)} + CH, (2.6a)
Py, v, = 4sin? 013 sin” 023{(1 + A) sin® A3
+ B®sin(2A31)} + C¢, (2.6b)

where sin Oym = sin 63 cos 613 and A;; = 8mi2jL/4E. Here
A%, B%, and C%(a = u, e) are corrections due to the matter
effect and the smaller mass difference (Sm%l:

AP~ 0, (2.7a)
B" ~ Ay cos® 62, (2.7b)
Ccr ~0, (2.7¢)
B al sin 2012 .
A° >~ — Ao - sin 8cp, (2.7d)
2A3 E tan 63 sin 013
al Aoy sin 201> .2
B>~ —— 4+ ——————=(cos8cp — 2sin” 013),
4E 2 tan 63 sin ;3 ( e 12)
(2.7¢)
C° ~ A3, sin® 2615 cos® 6a3. (2.7f)

In these expressions we retain up to the sub-leading terms of
As1,sin® 613 and aL /4E. The corresponding probabilities
for anti-neutrino oscillations can be obtained from the above
expressions by reversing the sign of the matter effect term
(a — —a) and the CP phase (§cp — —dcp). These expres-
sions are valid as long as those three parameters are negligibly
smaller than unity; this is the case for T2K, T2KO and T2KK
experiments, where typically L/E ~ O(10>—103)[1/eV?].

The v, appearance mode plays a more important role in
determining the mass hierarchy (i.e., the sign of A3;) than
the v, disappearance mode. This is because the appearance
mode may have sensitivity to the mass hierarchy around

oscillation peaks through the A¢ parameter, while the disap-
pearance mode is lack of sensitivity around oscillation peaks
since A* ~ (. On the other hand, the disappearance mode
is important in constraining the 6,3 mixing angle, which still
has large uncertainty [34]. The v, appearance mode also has
sensitivity to the CP phase. It is sensitive to the sine of §¢p
around the oscillation peaks, mainly through the A¢ param-
eter; on the other hand, it is sensitive to the cosine of Scp
between oscillation maxima and minima, mainly through the
B¢ parameter. Therefore, if we try to obtain the full informa-
tion of the ¢p, it is not enough to observe just around the first
oscillation peak, as we will see later.

2.2 Experimental setups

We use the v, and v, focusing beam fluxes from the J-PARC
with the proton energy of 40 GeV [37]. In Fig. 1, we show
the fluxes corresponding to 102! POT (protons on target) at
the SK. The v, (v,) focusing beams include the primary,
vy (Vy), and secondary, v, (v,), Ve, Ve, components, and we
take them into account in our analyses.

The baseline length from the J-PARC to the SK and Oki
detectors are taken to be 295 km [38] and 653 km [25], respec-
tively. The baseline length to a detector in Korea (Kr detector)
can be taken from 1000 to 1300 km in South Korea [16,17].
In this study, we place a Kr detector at the shortest baseline
length, L = 1000 km, to receive the J-PARC neutrino beams
with the smallest off-axis angle [17], which is preferred in
terms of the sensitivity to the mass-hierarchy determination
[17,18,22,25]. For the nominal 2.5° off-axis angle at the SK,
a Kr detector receives the ~1° off-axis beam (OAB); the case
of 3.0° OAB at the SK is also investigated, corresponding to
the 0.5° OAB at a Kr detector [25]. On the other hand, vari-
ation of the off-axis angle does not affect sensitivities of the
T2KO experiment to the mass hierarchy and CP phase mea-
surements significantly [25], and we only consider the 2.5°
off-axis angle at the SK for the T2KO experiment, corre-
sponding to 0.9° OAB at the Oki detector [25].

The averaged matter densities, p, along the baseline
between J-PARC and SK, Oki or Kr detectors, have been
evaluated in Refs. [24,25] and taken as in Table 1 in this study.
It is sufficient to use those averaged densities in those long-
baseline neutrino experiments [24], and we neglect small
effects from the variation of the matter density along those
baselines.

2.3 Signal events

In this subsection we describe how to estimate the sig-
nal event numbers at the SK, Oki, and Korea detectors.
We consider charged-current quasi-elastic (CCQE) events,
wn—lporvp— In( = pore), from the v, — v,
and v, — v, oscillation modes and their charge conjugated

@ Springer
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Fig. 1 The neutrino fluxes in v, and v, focusing beams at the SK as
functions of neutrino energy. The left and right plots are for the v, and
v, focusing beams, while the upper and lower plots are for the 2.5°
and 0.5° off-axis beams (OAB), respectively. In each plot, the fluxes of

Table 1 Summary of the parameters related to detectors at Kamioka
(SK), Oki island (Oki) and Korea (Kr). L is the baseline length between
the J-PARC and a detector, FV is the fiducial volume of a detector, p
is the average matter density along a baseline, and OA is the off-axis
angle of the J-PARC neutrino (anti-neutrino) beams at a detector. The
first and second OA angles at the Oki and Kr detectors are related to the
corresponding OA angles at the SK. These parameter values are used
as default in our simulation unless otherwise mentioned

Detector L [km] FV [kton] ] [g/cm3] OA [deg.]
SK 295 22.5 2.60 [25] 2.5/3.0

Oki 653 100 2.75 [25] 0.9/-[25]
Kr 1000 100 2.90 [25] 1.0/0.5 [25]

modes as signal events. The CCQE events are identified as
events with only one Cerenkov ring from an electron or muon
where the visible energy of the ring is required to be larger
than 200 MeV. Since the neutrino beam direction at the far
detector is understood well in long-baseline experiments, we
can reconstruct the incoming neutrino energy for the CCQE
events by [39]

m2, — (my — ED)* —m3 /2 +2(m, — E})E¢

E =
e 2(m, — Eb — E¢ + pycos6y)

. (2.8)
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vy, (solid red), v, (dashed-red), v, (solid-blue), and v, (dashed-blue)
are shown. The fluxes are normalized to 102! POT with 40 GeV proton
energy

assuming that target nucleons are at rest. Here E¢, p, and
0, are the charged lepton’s energy, magnitude of the three-
momentum and polar angle about the neutrino beam direc-
tion; m p, m, and m; are the mass of a proton, neutron, and
charged lepton, respectively, and Efj is the neutron binding
energy in the target nucleus. For the anti-neutrino events, m1,,
and m,, should be exchanged and E Z should be replaced with
the proton binding energy E ﬁ’) in Eq. (2.8). It should be noted
that in reality the reconstructed energy may be different from
the incoming neutrino energy due to the Fermi motion of tar-
get nucleons inside nuclei and finite detector resolutions for
lepton momenta and scattering angles.

The numbers of the signal events in the iy, energy bin,
Ele. < E < E{{!, from the v, — vy oscillation mode at
the water Cerenkov detector D (=SK, Oki, Kr) via the X-
type neutrino—nucleus interaction (X = CCQE, non-CCQE)
are calculated as

Ngx(va — vg)
Eif] 00
/ " AEpee / AE, ®P (E,) Pyy vy (Ey, 5°)
E! 0

rec

X Z NZ&jliz(Ev) Sj;z(Ev’Erec),
Z=H,0

(2.9)
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where E!,, = 0.05 GeV x i, E, is an incoming neutrino
energy, (Dv% is the flux of vy at the detector D, P,,_,, 5 is the
neutrino oscillation probability including the matter effects
with the mean matter density ,5D , and Nz is the number of
the Z nuclei (hydrogen (H) or oxygen (O)) in the detec-
tor. &VX - 1s the cross section of the X-type vg—Z interaction
after imposing a CCQE selection cuts. The smearing func-
tion S‘f; 7 (Ey, Erec) returns the probability that the energy
Eec is reconstructed from an event induced by an incoming
neutrino with the energy E,, taking into account the Fermi
motion of the target nucleons and detector resolutions. The
detection efficiency of Cerenkov rings and the electron/muon
identification efficiencies will be discussed in Sects. 2.4
and 3.

In order to estimate the cross sections of the CCQE sig-
nal, 63; ~» we generate events induced by the neutrino and
anti-neutrino charged-current interactions with the Monte-
Carlo event generator Nuance v3.504 [40], imposing the
CCQE selection criteria:

Only one charged lepton (£ = w oret)

with | p¢| > 200 MeV, (2.10a)
No high energy x* (|pzx| > 200 MeV), (2.10b)
No high energy y (|py| > 30 MeV), (2.10¢)
No7°, Ks, K and K. (2.10d)

The lower limit of the lepton momentum in the first crite-
rion, (2.10a), is from the threshold of the water Cerenkov
detector for muons. 7* with |p| > 200 MeV and y with
|p| > 30 MeV as well as 70, Ks, K and K* (which are
assumed to decay inside a detector) give rise to additional
rings. Events with such additional rings are not selected as
the CCQE events and are removed. The surviving events after
imposing the selection cuts consist of the genuine CCQE
events and the other charged-current events (non-CCQE
events). Some of the non-CCQE events arise from single soft
n* emission via the A resonance [22]. We parameterize the
CCQE and non-CCQE cross sections for target nuclei after
imposing the selection criteria (2.10) and summarize them
in Appendix A.

The smearing effects due to the Fermi motion and detector
resolution shown in Table 2 are taken into account by smear-
ing functions. We made fitting formulas of the anti-neutrino
smearing functions for numerical simulations and show them
in Fig. 2 for incoming anti-neutrino energy of 1 and 2 GeV.
The explicit expressions of the anti-neutrino smearing func-
tions are found in Appendix B. Those for neutrinos are in
Ref. [22]. The red circles show simulated distributions for
genuine CCQE interactions, while the red histograms show
the distributions based on the fitting formulas. The blue dia-
monds and histograms are for non-CCQE interactions. We
see that the fitting formulas describe the simulated distribu-
tions well. Anti-neutrinos can interact with protons in hydro-

Table 2 The momentum and angular resolutions for muons and elec-
trons at the SK detector [41]

sp/p (%) 86 (°)
m 1.7+ 0.7//p[GeV] 1.8°
e 0.6 +2.6/+/p[GeV] 3.0°

gen, in addition to oxygen. Thus, the reconstructed energy
distributions show sharper peaks than those for neutrinos
since protons in hydrogens do not have the Fermi motion and
are almost at rest for anti-neutrinos with O(1) GeV energy.
(The smearing functions for neutrinos are shown in Fig. 3 in
Ref. [22].)

2.4 Background events

In this section we discuss the sources of background events
taken into account in this study: neutral-current (NC) single-
7% events, secondary neutrinos in the v, and ©, focusing
beams and misidentified muon and electron events.

NC single-7° events can be a substantial background
source for the v, and v, appearance modes, where one of the
photons from a 7° decay is lost, or the produced 77° is so ener-
getic that it decays to unresolved photons, mimicking an elec-
tron ring. NC neutrino—nucleus scatterings occurs through
the quasi-elastic (NCQE), resonant 70 production (NCRes),
coherent 7° production (NCCoh) or deep-inelastic (NCDI)
scatterings. The numbers of the NC single-7° events in the
igy energy bin, EL,, < E < E!1!, at the water Cerenkov
detector D (=SK, Oki, Kr) via the Y-type neutrino—nucleus
interaction (Y = NCQE, NCRes, NCCoh and NCDI) induced
by the v, component of the v, or v, focusing beam are cal-
culated as

. i S

i,Y D
Nﬂo‘D(Voz) = / : dErec / dE, vaa (Ev)
' Erec 0
X Y Nz6&y(Ey) Sy(Ey, Ereo),
Z=H,0

@2.11)

where E,, = 0.05GeV x i, and c?%/ and Sg are the cross
section and smearing function for the Y -type v—Z interaction

after imposing the NC single-7” selection criteria:

No charged leptons, (2.12a)
Only one 710, (2.12b)
No high energy Tt (|pzx| > 200 MeV), (2.12¢)
No high energy y (|p,| > 30 MeV), (2.12d)
No Ky, K; and K*. (2.12¢)

The first condition, Eq. (2.12a), selects NC events, while the
other conditions eliminate multi-ring events. The 7 momen-
tum distributions from the v,, focusing beams after imposing

@ Springer
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Fig. 2 The normalized reconstructed energy distributions of CCQE
(solid circles) and non-CCQE (solid diamonds) events initiated by
monochromatic anti-neutrinos: a v, and b v, with £, = 1 GeV; ¢
vy, and d v, with E,, = 2 GeV. Those events are generated by Nuance

the above criteria are shown in Fig. 3 for various off-axis
beam angles. The NC single-7° events are produced more
with smaller off-axis beam angle because the fluxes of such
neutrino beams are distributed in a higher energy region as
shown in Fig. 1. This is a disadvantage of using neutrino
beams with smaller off-axis angles at a far detector, and a low
7° misidentification probability is needed especially for the
CP phase measurements. We parameterize the 7° misidenti-
fication probability, P, /705 used in our analysis as a function
of 7% momentum x [GeV], as

Py jz0(x) = ax(x +b), (2.13)
a = 0.222 [1/GeV?],
b = 0.802 [GeV], (2.14)

based on the simulation [42] of the POLfit 77 *-rejection algo-
rithm? [31]. The reference data and the fitted function are

2 Recently, more efficient 70 rejection algorithm has been developed
by the T2K collaboration [43], and our NC 70 background estimation
may be regarded as a conservative one.
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v3.504 [40], imposing the CCQE selection cuts (2.10) and applying
the detector resolutions in Table 2 to the produced muons and electrons.
The solid-red and dotted-blue histograms show the fitting formulas of
the CCQE and non-CCQE smearing functions, respectively

shown in Fig. 3b. The misidentification probability is kept
less than 0.2 for po < 0.6 GeV, where the 7° backgrounds
mostly distributes. The background events are then selected
from the simulated NC single-7” events according to the
misidentification probability, and the reconstructed energy of
each background event is calculated with Eq. (2.8), assuming
the misidentified 77° to be an electron.

The NC single-7° backgrounds significantly affect the
sensitivity to the mass hierarchy and CP phase [22], and it is
important to include their uncertainty properly in our analy-
ses. One of the major uncertainty sources of the NC single-
70 backgrounds is modeling of neutrino—nucleus interac-
tions. In Fig. 4 we show the reconstructed energy distri-
butions of the NC single-7” backgrounds calculated with
Nuance for different neutrino—nucleus interactions. We see
that the 7% backgrounds mainly distribute in low-energy
region, where the contributions from resonant and coherent
single-7” production processes dominate. These processes
are implemented in Nuance based on the Rein—Sehgal cal-
culations [32,33]. Among the modeling parameters of the
NC neutrino—nucleus interactions, axial form-factor masses
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Fig. 3 a The 7° momentum distributions of NC single-7 events
selected by the criteria (2.12) for various off-axis angles at a far detector.
The event numbers are obtained with a 100 kton water target at 1000 km
away from the J-PARC and the v, focusing beam flux corresponding
to 5 x 102! POT with the proton energy of 40 GeV. b The probability

.
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Fig. 4 The reconstructed energy distributions of the NC single-7°
backgrounds for the v, (left) and v, (right) focusing beams. The solid-
red and solid-blue histograms show the NC resonant and coherent

single-® components calculated with the axial masses (m1/§es and mCA"h)

of 1.1 and 1.03 GeV, respectively. The dashed-red and dashed-blue
histograms show the 1o uncertainty ranges of the resonant and coher-

(m4) have not been measured accurately. Therefore, we
vary the axial masses of the resonant and coherent single-
pion production processes within their uncertainties: ml/}es =
1.1£0.11 GeV [44] and mS°" = 1.03 £0.28 GeV [45]. As
shown in Fig. 4, those uncertainties can be well approximated
by 13 and 15% normalization uncertainties for the NC reso-
nant and coherent single-7 backgrounds, respectively.

Another major source of uncertainty of the NC single-7°
backgrounds arises from the 7° misidentification probability,
Eq. (2.13). The T2K collaboration estimated 10.8% uncer-
tainty in the NC-7¥ background estimation due to the POLfit
algorithm [42]. Since our modeling of the 7° misidentifica-
tion probability is based on the POLSfit algorithm, we assign
11% uncertainty to the normalization of the NC single-r°
backgrounds due to the 7° misidentification.

(b) miss ID probability

1.0
POLfit simulation ——

0.8 Fit function —
- 06
IS
Q:.)

0.4

0.2 M

0.0 b= M

0.0 02 04 06 08 1.0 1.2 1.4 1.6

pr0 [GeV]
of misidentifying a 7% to an e* as a function of 7° momentum, based
on the POLfit algorithm [31]. The black points show simulated data by
the T2K collaboration [42], and the red curve show the fitted function
to the data, Eq. (2.13)

‘
Total NC 1’ —
NC Res 1n° —
116 (my") -
+13% (norm.) -----
NC Coh 1z’ —
tlo (m§") -
+15% (norm.) g
NCDI 1° —

NC QE 17’ 1

v, focusing 0.5° OAB

Events / 50MeV

0.5 1 1.5 2 2.5 3

E.. [GeV]

ent axial masses, respectively. The solid-green and purple histograms
show the NC deep-inelastic (DI) and quasi-elastic (QE) single-7” com-
ponents, and the black histogram is for the total NC single-7° back-
grounds. Event numbers are calculated for a 100 kton detector using
the 0.5° off-axis beam with the v, (v,) flux corresponding to 5 x 102!
POT with the proton energy of 40 GeV

All in all, we include the 13 and 15% normalization uncer-
tainties for the NC resonant and coherent single-° back-
grounds, respectively, and 11% normalization uncertainty for
the total NC single-7° backgrounds. This treatment allows
independent normalization corrections for the resonant and
coherent NC single-7° backgrounds.

The v, (v,) focusing beams contain not only v, (v,) but
also other neutrino flavors, v,, v, and v, (v,), secondary
neutrino beams. Especially, for the v, — v, and v, — v,
oscillation modes, the v, and v, secondary beams become
major background sources. We simulate these secondary-
neutrino events in the same way as the signal events described
in Sect. 2.3.

There is also some probability of misidentifying a muon
(electron) Cerenkov ring as an electron (muon), P,/ (Ppe).

@ Springer
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Although these probabilities depend on the detector design
and performance, we assume the same probabilities for the
SK and the far detector in Oki and Korea as

Pojy=Pyje =1+ 1%. (2.15)

3 x2 Analysis

Using the simulated signal and background events, we esti-
mate the sensitivity of the T2ZKK and T2KO experiments to
the mass hierarchy and CP phase (8cp), performing the x>
analysis. The x2 function used in this study can be written
as

2_ 2 2 2 2
X =Xk T XOki/Kr + Xsys + Xpara* (3.1

The first two terms measure deviations of data from the the-
oretical predictions at the SK and a far detector in Oki or
Korea,

(N;Z,D)ﬁt _ (N/Z,D)inpm

i (NL’D)ﬁt

(N;’D)ﬁt _ (NL’D)input

/(NL,D)m
(N D)ﬁt (Né’D)input
/(Nei,D)ﬁt
(Nep)™ = Nep
/(NZ,D)ﬁt ’
where (N L )P and (Nei, )P denote the /4~ and e-like

event numbers, respectively, in the ith bin of the E\¢. distri-
butions measured at a detector D (=SK, Oki, Kr) from the
v, focusing beam, and (N p)™PU and (N eD p)"PU are those
from the v, focusing beam "The summation runs over all the
E.ec bins from 0.4 to 5.0 GeV at both the SK and the far (Oki
or Kr) detectors.

The - and e-like event numbers are calculated using the
CC signal and NC single-7° background events (NiD’X and

N' (}/D defined by Egs. (2.9) and (2.11)) as

)input

3.2)

(N )™t = (1= PD el Y (NG  (vg — 1)
X, vy
+ NBX(Va —> )}
+P,u/e e {NBX(Va_)Ve)
X, vy
+ Np¥ (v = D)), (3.3a)

@ Springer

(NLp)™ = P el > (NGX (va = vp)
X, vy

+ N5 (v = 7,0}

+(1=PE) el Y NG (va—ve)
X, vy

+ N  (va— P} + Y NI (), (3.3b)
Y, vy

where 8D (8D ) is the efficiency of detecting muon (elec-

tron) Cerenkov rings, and PP e/t (P, is the probability

u/e
of misidentifying the detected muon (electron) Cerenkov
ring as an electron (muon) Detected neutrino flavors are

already summed in N" 0 D The anti-neutrino event num-

bers (N L. D)”‘Put and (N . D)“‘p“t are calculated with similar
expressions as Eqgs. (3.3a) and (3.3b). It should be noted that
we neglect statistical fluctuations in the input event numbers,
and those event numbers should be considered as averaged
ones. The reconstructed energy distributions for the ;- and e-
like events are shown in Figs. 5, 6 and 7, which are calculated
using the input parameter values in Table 3.

As shown in those figures, T2KK and T2KO experiments
can observe up to the second peak of the v, — v, and
V. — V, oscillations due to their long-baseline length, while
the T2K experiment only observes the first peak. Observing
the several peaks of those oscillation modes has advantages
especially for the accurate CP phase measurement because
tails of the oscillation peaks have the information of both
sin 8cp and cos Scp.

On the other hand, the theoretical predictions of the - and
e-like event numbers, (NL’ p)itand (N ef o), are calculated
as

(NL )™ = 17| A= PhOED Y AU NG (0= vp)

X, vy
+ NG (e — )
/L/e e vaa{fu):NiéX(Va_)Ve)

X, vy

+ AN (g — o)} | (3.4a)

(Né,[))ﬁt = fVD Pc/u w vao,{fvu D (Va_>V/1,)

X, vy
+ FEN (v > 50}
+ 1= /L/(,)SD Z fva{f\)g N} X(Voz_> Ve)

X, vy

+ NG (v = 90)}
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Fig. 5 The reconstructed energy distributions at the SK detector with
the v, (left panels) and v, (right panels) focusing beams. The former
four panels show distributions for e-like events, and the latter four panels
are for p-like events. The first and third rows are for the normal hier-
archy case, while the second and fourth rows are for the inverted hier-
archy case. The dashed-blue, dotted-green, red and dash-dotted-purple
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histograms are for CCQE, non-CCQE, NC single-7? background and
misidentified muon/electron background events, respectively. The black
histogram shows the total of those contributions. The event numbers are
calculated for the T2K experiment with the 2.5° OAB and the beam flux
corresponding to 5 x 102! POT with the proton energy of 40 GeV
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Fig. 6 Same as Fig. 5 but for the T2KO experiment with the 0.9° OAB at an Oki detector with the 100 kton fiducial volume
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Fig. 7 Same as Fig. 5 but for the T2KK experiment with the 1.0° OAB at a Kr detector with the 100 kton fiducial volume
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Table 3 The systematic and

physical parameters in the x2 Systematic parameters (.5) Input value (Sinput) Uncertainty (§.5)
g‘g‘ncéis"i{‘(;r'igé(g’e'g’cx‘:ir; ?SK’ Fiducial volume of detectors (/) 1.00 0.03 [22]
Oki and Kr), and vy or vg Neutrino flux at a detector ( fvg ) 1.00 0.03 [22]
denoEes neutrin(z species . CCQE cross sections ( flgCQE) 1.00 0.03 [22]
(V> Yy, ve and V). These input . nonCCQE
values and uncertainties are Non-CCQE cross sections ( fy, ) 1.00 0.20 [22]
used in the sensitivity study Misidentified NC 7% events (1) 1.00 0.11
otherwise mentioned Misidentified NC resonant 7 events ( £NCRe) 1.00 0.13
Misidentified NC coherent 7° events ( fﬁ)cc"h) 1.00 0.15
Detection efficiency of electron Cerenkov rings (e2) 0.90 0.05 [22]
Detection efficiency of muon Cerenkov rings (ef ) 1.00 0.01 [22]
u-to-e miss-ID probability (Pel/)u) 0.01 0.01 [22]
e-to-p miss-ID probability (PP, ) 0.01 0.01 [22]

wnle

Physical parameters (P)

Input value (Pinput) Uncertainty (5§ P)

sin% 26,
sin? 203
Sin2 923
sm3, [eV]?
8m3,| [eV]?
dcp

A% [g/em?]
PN [g/em?]
AR [g/em?]

0.875 0.024 [34]

0.095 [34] 0.005 [46]

0.5 0.1 [34]

7.50 x 1073 0.20 x 1075 [34]
2.32x 1073 0.10 x 1073 [34]
0° -

2.60 6% [25]

2.75 6% [25]

2.9 6% [25]

D D /NC; /NCRes 7i,NCRes
+ fv E fuafno {fﬂo eSN;[O,D (Var)
Vo

NCCoh »7i,NCCoh
+ FNCCoh NENCCOn ()

b
+ NI o) + NI (), (3.4b)

where f\f) and flg are the normalization factors for the fidu-
cial volume of and the v, flux at a detector D (=SK, OKki,
Kr), respectively. fv); is the normalization factor for the CC
cross section of a neutrino flavor vg via a X (=CCQE or non-
CCQE) interaction. fg)CRes and fﬁ)cc"h are the normaliza-
tion factors for the NC cross sections of resonant and coherent
single-7% production processes, respectively, while fg)c is
the overall normalization factor for the NC single-7° back-
grounds, mainly reflecting the uncertainty of the 7° misiden-
tification probability, Eq. (2.13). These factors are varied in
the minimization of the x 2 function, and their deviation from
unity measures systematic uncertainties.

Using the above normalization factors, detection efficien-
cies (&, €,,) and misidentification probabilities (Pe/y., Ppye).
we take into account the effects of the systematic uncertainty
in the x? function as

Stit — Sinput >
2 inpu
-y ()

N

(3.5)

@ Springer

where Sg; is the systematic parameter value used to calculate
the theoretical predictions, Sinpu is the one used to gener-
ate the data, and §S is the uncertainty of the parameter. We
summarize the systematic parameters used in our analysis in
Table 3, where the uncertainties related to the NC 70 back-
grounds are assigned based on the discussions in Sect. 2.4,
while the other uncertainties are taken as in the previous study
[22].

Finally, Xﬁam accounts for external constraints on the phys-
ical parameters as

3~ (£ Pl ?
2 . inpu
Xpa_ra - < (SP ) El

P

(3.6)

where Py is the parameter value used to calculate the theo-
retical predictions, Pipyt is the one used to generate the data,
and § P is the uncertainty of the parameter. We summarize the
physical parameters used in our analysis in Table 3 as well,
where the parameter values are based on Ref. [34], except
the uncertainty of sin? 26013, for which we use the uncertainty
achieved by DayaBay collaboration [46], and the matter den-
sities, which are taken from the Refs. [24,25].

The sensitivities to the mass hierarchy are then estimated
using the test statistic defined as

A)(1%/11{ = Xr%linhH - Xélin|NH, 3.7



Eur. Phys. J. C (2017) 77:138

Page 13 of 25 138

where Xr%lin|NH(IH) is the minimum of the X2 function under
the assumption of the normal (inverted) hierarchy. The dis-
tribution of the A XI%/IH due to the fluctuation of data can be
approximated as [47-49]

Axym ~ N (Axfm, 2/ |AX1\2/[H|) :

where N (u, o) denotes the normal distribution with mean

(3.8)

u and standard deviation o; A XI\Z/IH is the A Xl%/IH obtained
with the average experiment (the Asimov data set [50]). It
has been shown with explicit Monte Carlo studies that this
approximation holds with good accuracy for long-baseline

experiments which give | A Xl%/lH' > 1[49]. With this approx-
imation, we may calculate the probability that an experiment
rejects the wrong mass hierarchy hypothesis with a given
confidence level. For example, ~50% is the probability for
an experiment to reject the wrong mass hierarchy with the

VIA X]\Z/[H |-o confidence level.

The sensitivity to the CP phase measurement is estimated
in terms of (A XZ)min defined as

(AxDmin(®) = rr;i,nxz((?, 0)liruemn

— min x(0, ) iruemn. 3.9)
6,0

where the minimum of the x? function in the first term is
found by fixing some model parameters 6 and marginalizing
the other parameters 0, assuming that the true mass hierar-
chy is known, while the minimum of the X2 function in the
second term is found by marginalizing the whole parameters,
6 and 6. Under certain conditions (especially linear depen-
dence of the theoretical prediction on the parameters 6), the
(A Xz)min(etrue) is known to be approximately distributed as
the X2 distribution of Ny degrees of freedom (d.o.f) when
the data size is large, where Oy is the true values of the
parameters 6, and Ny is the number of the fixed parameters
[51].

Since the CP phase is a cyclic parameter in the oscillation
probabilities, the linearity condition is not satisfied in gen-
eral, and deviation of the distribution of (A Xz)min(SCPm,e)
form the Xz distribution of 1 d.o.f would be expected [52,53].
However, this deviation is not so significant for experiments
with sufficiently high sensitivity such that the 1-o uncer-
tainty of §cp measurement is less than ~20° for §cp = 0°
[52]. This is the case for the T2ZKK and T2KO experiments
as we will see later, and we estimate the sensitivity to the
CP phase of those experiments based on the 2 distribu-
tion approximation of the (A Xz)min((SCpm) distribution.3
The n-o confidence interval of the CP phase measurement,

3 In this approximation, the resultant sensitivities would be slightly
overestimated, as discussed in Ref. [52].

[68p, 82plne (8% < 82p), is then estimated such that

(AXDmin(8%p) = (Ax)min(88p) = n? <> [8%p, 82p o
(3.10)

4 Sensitivity to the mass-hierarchy determination

In this section, we present the results for the sensitivity stud-
ies on the mass-hierarchy determination by the T2KK and
T2KO experiments, discussing the sensitivity dependence on
the v,,—v,, focusing beam ratio and sin2 653.

In Fig. 8, the sensitivity of the T2KK experiments to the
mass-hierarchy determination is shown. The left and right
panels are for the normal and inverted hierarchy cases, while
the upper and lower panels are for the 3.0° (0.5°) and 2.5°
(1.0°) off-axis beams, OAB, at the SK (Kr) detector, respec-
tively. The true value of sin” 63 is assumed to be 0.5. The
blue (dashed-blue), green (dashed-green), orange (dashed-
orange) and red curves show the absolute value of the A XI%,[H,
Eq. (3.8), for rejecting the wrong mass hierarchy when the
ratio of the v, and v, focusing beams is 5:0 (0:5), 4:1 (1:4),
3:2(2:3) and 2.5:2.5 (x 10?! POT with the proton energy of
40 GeV), respectively. It is shown that including v,, focusing
beam can improve the sensitivity, especially in high sensi-
tivity regions. Although inclusion of the v,, focusing beam
causes the reduction of sensitivities for some §cp, this can be
alleviated by adjusting the beam ratio appropriately.

In order to minimize the reduction of the sensitivities,
vy v, = 4:1 s the best ratio for both OAB cases. Compar-

ing the lowest |A X1%4H| in the whole range of the CP phase,
vy : vy = 4:11is the bestratio for the 3.0° OAB at the SK, and
3:2-2:3 are the best for the 2.5° OAB at the SK. In terms of the
highest sensitivity, 4:1, 3:2, and 2.5:2.5 beam ratios give com-
parable sensitivity for the normal hierarchy, but 3:2-2.5:2.5
are significantly better than 4:1 for the inverted hierarchy
case. Thus, around 3:2-2.5:2.5 would be a preferred choice
for 3.0° OAB at the SK. For the 2.5° OAB at the SK, the beam
ratio of 3:2-2.5:2.5 would be a preferred choice. Although
there is not such a v,—v,, focusing beam ratio that gives the
best sensitivity for any dcp values and mass hierarchies, the
beam ratio between 4:1 and 2.5:2.5 would be a reasonable
choice for both 2.5° and 3.0° OAB at the SK.

In Fig. 9, we show the sensitivities of the T2KO experi-
ment. Improvement of the sensitivities by including the v,
focusing beam is significant in the high sensitivity region,
preferring the running ratio of 3:2-2:3, while improvement
in the low sensitivity region is not so evident. Comparing to
the T2KK experiments, the sensitivity is lower by 20-80%

in |A Xl%/IH" The lower sensitivity in the T2KO experiment
is basically due to the smaller matter effects. The difference
between the mass hierarchies mainly shows up in A€ and B¢
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Fig. 8 The|A X]%/[H| for the T2KK experiment to reject the wrong mass
hierarchy as a function of the CP phase, §cp, with sin2 63 = 0.5. The
left and right panels are for the normal and inverted hierarchy cases,
while the upper and lower panels are for the 3.0° (0.5°) and 2.5° (1.0°)
off-axis beams at the SK (Kr) detector, respectively. The blue (dashed-

in Eq. (2.6b) through the matter effects, and is enhanced by
the baseline length. Because of the shorter baseline length to
the Oki detector than the detector in Korea, this enhancement
is reduced more easily by adjusting the CP phase, resulting
in the lower sensitivity to the mass hierarchy in the T2KO
experiment.

We show the sin” 63 dependence of the sensitivity to
the mass-hierarchy determination in Fig. 10. The left and
right plots are for the T2KK and the T2KO experiments with
the 2.5° OAB at the SK, respectively. The red and dashed-
blue curves are for the normal and inverted hierarchy cases.
sin? 0»3 is assumed to be 0.6, 0.5, and 0.4 from the top to
the bottom curves for both mass hierarchy cases. We fix the
v~V beam ratio at 2.5:2.5, but dependence on sin? 6,3 are

similar in the other beam ratios. The |A XI%/IHl is reduced by
up to 30—40% when sin® 6,3 decreases by 0.1 since the num-
ber of the v, appearance signal decreases. We will reject the

wrong mass hierarchy with |A Xl%/lHl > 8 (T2KK) and >3
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blue), green (dashed-green), orange (dashed-orange) and red curves
show the sensitivities when the v, —v,, focusing beam ratio is 5:0 (0:5),
4:1(1:4),3:2(2:3) and 2.5:2.5 x 10?! POT, respectively, with the proton
energy of 40 GeV

(T2KO) for any CP phases and sin? 6r3 > 0.4. In the most
sensitive region around dcp = —90° for the normal hier-
archy case, we may reject the wrong mass hierarchy with
AN XI%/IH | > 201in the T2KK experiment and > 14 in the T2KO
experiment with sin® 653 > 0.4. For the inverted hierarchy
case, the most sensitive region is around dcp = 90°, and we

may reject the wrong mass hierarchy with |A Xl%dl—l' > 18 1in
the T2KK experiment and > 14 in the T2KO experiment with
Sin2 923 > 0.4.

5 Sensitivity to the CP phase measurement

In this section, we discuss the sensitivities of the T2KK and
T2KO experiments to the CP phase measurement, comparing
to an experiment where a 100 kton detector is placed at the
Kamioka site in addition to the 22.5 kton SK detector, which
is called the T2K 2> experiment in this study. Comparison
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Fig. 10 The dependence of the |A Xl%/lH' on sin? 63 for the T2KK and
T2KO experiments to reject the wrong mass hierarchy as functions of
the CP phase. The left and right plots are for the T2KK and T2KO exper-
iments with the 2.5° OAB at the SK, respectively. The red and dashed-

with this experiment will clearly show the dependence of the
CP phase sensitivity on the baseline length. We put emphasis
on the effects of including the v, focusing beam.

In Fig. 11, we show the uncertainties of the CP phase
measurements as functions of the true CP phase, S‘Crge, for
the four experiments: (a) T2KK with 3.0° OAB at the SK
and 0.5° OAB at the Kr, (b) T2KK with 2.5° OAB at the
SK and 1.0° OAB at the Kr, (¢c) T2KO and (d) T2K7>. The
uncertainty is defined by the deviation of the test cp from
the true §cp which gives (A Xz)min = 1. The curves corre-
spond to the different v,—v, focusing beam ratios: 4.5:0.5
(solid-red), 3.5:1.5 (solid-blue),2.5:2.5 (solid-green), 1.5:3.5
(dashed-blue) and 0.5:4.5 (dashed-red) in units of 102! POT.
The uncertainty of the CP phase measurements is smallest
around Scp = 0° and 180°. This is because the uncertainty
mainly reflects the sin §cp dependence of the signal event
number since the magnitude of the sin cp term is larger than
that of the cos §cp term in Eq. (2.6b) on average.

40 T ;
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blue curves are for the normal and inverted hierarchy cases. sin” 6,3 is
assumed to be 0.6, 0.5, and 0.4 from the top to the bottom curves. The
v, —v, focusing beam ratio is fixed at v, : v, = 2.5:2.5 x 102! POT
with the proton energy of 40 GeV

On the other hand, the uncertainty is largest around §cp =
+60° and +120° as clearly shown in the T2K 7, experi-
ment, Fig. 11d; for the T2KK and T2KO experiments, the
low sensitivity regions slightly shift from £60° and £120°
due to the matter effects [54]. This low sensitivity reflects the
degeneracy between d¢cp and 1 — §cp in sin dcp. To resolve the
degeneracy, we need information of the cos dcp term, which
becomes large around tails of oscillation peaks. The T2KK
and T2KO experiments observe up to the second peak of
the v, — v, and v, — V. oscillations, while the T2K 2,
experiment only observes the first peak (see Figs. 5, 6, 7).
Therefore, the former experiments are more sensitive to the
cos écp term and can measure the CP phase more accurately
around those low sensitive regions.

As for the v;,—v,, focusing beam ratio, v,:v, = 3.5:1.5—
1.5:3.5 give the smallest uncertainty for most of the CP
phases, except for the low sensitivity region, where the ratio
of 4.5:0.5 gives the best accuracy. Using the 2.5:2.5 beam
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Fig. 11 The uncertainty of CP phase measurements as functions of
the CP phase when sin® 63 = 0.5, and the mass hierarchy is known to
be the normal hierarchy. The solid-red, solid-blue, solid-green, dashed-

ratio, for example, the T2KK and T2KO experiments mea-
sure the CP phase with the uncertainty of ~20°-50° (T2KK
with 3.0° OAB at the SK), ~20°-45° (T2KK with 2.5° OAB
atthe SK and T2KO) and ~15°-70° (T2K132), depending on
the CP phase.

The effects of including the v, focusing beam can be
understood in terms of correlations of the oscillation param-
eters between the v, and v, focusing beams. We illustrate
this point taking the T2K > experiment as an example. In
Fig. 12, we show the A2 minimums and pull factors of
the oscillation parameters for the different v,—v, focusing
beam ratios as functions of the test §cp. The pull factor of a
fitting parameter X is defined as (Xfit — X1PU) /s X where
8 X is the uncertainty of the parameter. In the upper-left panel
(a), solid-red, dashed-red and dash-dotted blue curves show
the A x? minimums for the v, —v,, focusing beam ratios of
5:0, 0:5 and 2.5:2.5 (x 10?! POT with the proton energy of
40 GeV), respectively. Here, the true CP phase is assumed to
be 0°, and the mass hierarchy is known to be the normal hier-
archy. In the lower plot (c), we show the corresponding pull
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blue and dashed-red curves are for the v, —,, focusing beam ratio of
4.5:0.5,3.5:1.5,2.5:2.5,1.5:3.5,and 0.5:4.5 x 102! POT with the proton
energy of 40 GeV, respectively

factors of the oscillation parameters for v,:v,, = 5:0 (upper-
half panel) and 0:5 (lower-half panel). We see that each pull
factor of sin? 263 and sin? 623 shows clear anti-correlation
between the v, and v, focusing beams, i.e., the sign of the
each pull factor is opposite between those focusing beams.
This is because the sign of those pull factors is mainly related
to the sign of the sin §cp termin the v, — v, oscillation prob-
ability (Eq. (2.6b)), which is inverted for the anti-neutrino
beam case. Thus, inclusion of the v, focusing beam would
restrict the deviations of sin% 26,3 and sin2 6,3, resulting in
the larger A x* minimum for the 2.5:2.5 beam ratio than 5:0
in the upper panel (a). For the §5¢ = 60° case (right panels
in Fig. 12), on the other hand, the anti-correlation of the pull
factors is not so evident for 60° < 8¢ < 120° resulting in
the rather reduction of the accuracy of the CP phase measure-
ment when including v, focusing beams. A similar situation
occurs for 85¢ ~ —60° and £120°.

In Fig. 13, we show the uncertainties of the CP phase
measurements for the inverted hierarchy case. The uncer-
tainties show similar dependences on the v,—v, focusing
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Fig. 12 The (Ax%)min (a, b) and pull factors of the oscillation param-
eters (¢, d) as functions of the test §cp in the T2K 22 experiment. The
left (a, ¢) and right (b, d) panels are for §%'¢ = 0° and 60°, respectively.
Solid-red, dashed-red and dash-dotted blue curves in the panels a and
b show the sensitivity with v,—v,, focusing beam ratio of 5:0, 0:5 and

beam ratio as in the normal hierarchy case, showing that
the 3.5:1.5-1.5:3.5 beam ratio give the smallest uncertainty
except for §cp ~ £60° and £120°. Using the 2.5:2.5 beam
ratio, the T2KK, T2KO, and T2K 7> experiments measure
the CP phase with the uncertainty of ~20°-50° (T2KK
with 3.0° OAB), ~20°—45° (T2KK with 2.5° OAB), ~15°—
45° (T2KO) and ~15°-75° (T2K22), depending on the CP
phase.

We also show the sensitivities to the CP phase measure-
ments in the test-6cp vs. true-6cp plane in Fig. 14 when
sin?6y; = 0.5 and the mass hierarchy is known to be
the normal hierarchy. The v,—v, focusing beam ratio is
fixed at 2.5:2.5. The solid-red, dashed-blue and dash-dotted-
green contours show (A Xz)min = 1,4,9, respectively, for
(a) T2KK with 3.0° OAB at the SK and 0.5° OAB at the
Kr, (b) T2KK with 2.5° OAB at the SK and 1.0° OAB
at the Kr, (c) T2KO and (d) T2K 7, experiments. We see
that both 85" = 0° and 180° are rejected with the sig-

2.5:2.5 x10%! POT with the proton energy of 40 GeV, respectively. The
upper- and lower-half figures in the panels ¢ and d show pull factors
with v,:v, = 5:0 and 0:5, respectively. It is assumed that the mass
hierarchy is known to be the normal hierarchy and sin2 63 = 0.5

nificance of (A)(z)min > 9 for —100° < §cp < —60°
and 70° < 6cp < 120° by the T2KO experiment and for
—120° < §cp < —60° and 60° < Scp < 120° by the T2K 22
experiment. The T2KK experiment has less sensitivity to the
CP violation than the T2KO and T2K 7, experiments and
rejects both 85 = 0° and 180° with the significance of
9 > (Ax®)min > 4 for —120°(—135°) < 8cp < —45° and
45° < dcp < 140° for the normal (inverted) hierarchy case.
The low sensitivity regions due to the §cp and w — d¢p degen-
eracy of sin dcp can be seen around 853" = 7 — Scp. We also
show the sensitivity plots for the inverted hierarchy case in
Fig. 15. The sensitivity is similar to that of the normal hier-
archy case with a slight difference due to the relative sign
change between the sin §cp and cos dcp terms in the v, — v,
and v, — v, oscillation probability, Eq. (2.6b).

The sin® 6,3 dependence of the sensitivity to the CP phase
measurements is shown in Fig. 16. These are the same sen-
sitivity plots as Fig. 14a but for sin” 623 = 0.4 (left plot) and
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Fig. 13 Same as Fig. 11 but for the inverted hierarchy case

0.6 (right plot) for the T2KK experiment with 3.0° OAB at
the SK and 0.5° OAB at the Kr. It is assumed that the mass
hierarchy is known to be the normal hierarchy. The sensi-
tivity is better for smaller sin? 6>3, as shown in the figure.
This is because the coefficients of the sin §cp and cos §cp in
the v, — v, oscillation probability, Eq. (2.6b), is propor-
tional to 1/ tan 653. The percentages of the regions rejected
with (A Xz)min > 1,4, 9 in the test-S¢p Vs. true-S¢cp plane are
83% (80%), 67% (60%) and 44% (35%), respectively, for
sinZ 63 = 0.4 (0.6). Similar dependences are found for the
inverted hierarchy case and other experiments.

6 Summary and conclusion

In this paper, we have revisited the previous analysis of
Ref. [22,24,25] on the sensitivities to the mass-hierarchy
determination and leptonic CP phase measurements of the
Tokai-to-Kamioka-and-Korea (T2KK) [15-26] and Tokai-
to-Kamioka-and-Oki (T2KO) experiments [25,27], putting
emphasis on the v, and v, focusing beam ratio with
dedicated estimation of backgrounds. We place a Super-
Kamiokande (SK) type water Cerenkov detector of 100 kton
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fiducial volume in Korea (T2KK) or Oki island (T2KO) at
1000 km and 653 km away from the J-PARC neutrino facility,
respectively. The neutral-current (NC) single-7? background
and its uncertainty are estimated by using the realistic 7°
rejection probability based on the POLfit algorithm [42],
taking into account the coherent 7% production processes,
which is neglected in the previous analysis [22], and includ-
ing the uncertainty of axial masses in the neutrino—nucleus
interaction model [32,33]. The sensitivities are then evalu-
ated using the standard x 2 analysis.

We found that the wrong mass hierarchy is rejected with
|Axgy! > 10 in the T2KK and |A xZy,| > 3 in the T2KO
experiment for any CP phases when sin® 6»3 = 0.5, using
the v, and v,, focusing beam ratio between 3:2 and 2.5:2.5
(in units of 102!POT with the proton energy of 40 GeV).
It should be noted that the |A X1\2/1H| quoted in this study is
regarded as the average sensitivity expected for an experi-
ment because we neglect the statistical fluctuations in input

data set. Although a rigorous interpretation of the |A XI\Z/IH|

needs dedicated statistical consideration, above | A Xl\24H| may
be roughly interpreted as the 80% probabilities of determin-
ing the mass hierarchy with >2.6 ¢ for T2KK and >1.3 o for
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Fig. 14 The sensitivities to the CP phase measurements in the test-5cp
vs. true-cp plane when sin? 623 = 0.5, and mass hierarchy is known to
be the normal hierarchy. a T2KK with 3.0° OAB at the SK, b T2KK
with 2.5° OAB at the SK, ¢ T2KO and d T2K ;. The v;,—v, focus-

T2KO, respectively, assuming the Gaussian distribution for
the A XI%/IH in the T2KK and T2KO experiments (see Fig. 2
in Ref. [49] for the interpretation).

In the most sensitive region around Scp ~ —90° for the
normal hierarchy case, we reject the wrong mass hierarchy
with |A X1\2/1H| ~ 32 in the T2KK experiment (3.0° OAB at
the SK) and with |A X1\2/1H| ~ 20 in the T2KO experiment,

using the 3:2-2.5:2.5 beam ratio. These |A X1\2/IH| correspond
to the 80% probabilities of the mass-hierarchy determination
with >4.9 ¢ for the T2KK experiment and with >3.8 o for
the T2KO experiment. On the other hand, for the inverted
hierarchy case, we reject the wrong mass hierarchy with

|Axgy! ~ 30 in the T2KK experiment (3.0° OAB at the

ing beam ratio is fixed at 2.5:2.5 x 102! POT with the proton energy
of 40 GeV. The solid-red, dashed-blue and dash-dotted-green contours
show (Ax?)min = 1.4, 9, respectively

SK) and with |A XI%/IHl ~ 18 in the T2KO experiment around
dcp ~ 90°, using the same beam ratio as the normal hierarchy

case. These |A Xf,"_[| correspond to the 80% probabilities of
the mass-hierarchy determination with >4.7 o for the T2ZKK
experiment and with >3.6 o for the T2KO experiment. These
sensitivities are obtained for sin? 63 = 0.5 and enhanced
(reduced) by 30-40% in |A x2yy| for sin 623 = 0.6 (0.4).
We also examined the sensitivity to the CP phase measure-
ments. The v, and v, focusing beam ratio between 3.5:1.5
and 1.5:3.5 give the smallest uncertainty for most of the CP
phases. Employing the 2.5:2.5 beam ratio, the T2KK and
T2KO experiments measure the CP phase with the uncer-
tainty of ~20°-50° (T2KK with 3.0° OAB at the SK), ~20°—
45° (T2KK with 2.5° OAB at the SK and T2KO), depend-
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ing on the CP phase. We can measure the CP phase most
accurately around dcp ~ 0° and ~180°, while the uncer-
tainty is largest around 8cp ~ £60° and ~ £ 120°. A long
baseline is helpful to improve the CP phase measurements
around those large uncertainty regions. The mass hierar-
chy and sin® 6,3 dependence of the CP phase measurements
are not so large. The CP violation in the lepton sector is
detected with (A Xz)min > 9 for —100° < §cp < —60° and
70° < §cp < 120° by the T2KO experiment, while the T2KK
experiment detects the CP violation only with (A x 2y hin > 4.
In either experiment, we need larger statistics to establish the
CP violation in a wide range of the CP phases.

As discussed in this paper, the T2KK and T2KO exper-
iments can improve their sensitivity to both the mass-
hierarchy determination and the leptonic CP phase measure-
ment using v, and v, focusing beams with 3:2-2.5:2.5 beam
ratio. This improvement is significant especially for the mass
hierarchy determination, lifting the highest sensitivities in the
T2KK (both 2.5° and 3.0° OAB at the SK) and T2KO exper-
iments. The lowest sensitivities are improved in the T2KK
experiment with 2.5° OAB at the SK, while the improvement
is not so evident in the other experiments. The T2KK experi-
ment allows us to determine the mass hierarchy and measure
the leptonic CP phase simultaneously. The T2KO experiment
also has the sensitivity to the CP phase measurement, while
its physics potential for the mass hierarchy determination is
not as good as that of the T2KK experiment.
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Appendix A: Signal cross sections

We parameterize the CCQE cross sections for oxygen nuclei
after imposing the selection criteria (2.10) as follows:

65 (E) = oS (E,)
1+(ﬂa/E,,)8 (02 <E, <0.8GeV),
¢+ cYEv + ¢ E} + ¢S E) (0.8 < Ey < 5GeV),

(A.1)

Table 4 The parameters for the parameterization, Eq. (A.1), of the
oxygen CCQE cross sections after imposing the CCQE selection crite-
ria (2.10)

CCQE-O « B co cl (&) c3
Yy = Ve 0.998 0.284 1.02 —0.0323 0.00413 0
Dy = Ve 0.733 0275 0.718 0.0253  0.00990 0.00107

CCQE
where v denotes vy, ve, v, and v, and o, Q is for the

CCQE cross sections for a water target without any cuts
[55]; E, is in GeV units. The parameters «”, ¥ and ¢"’s
are summarized in Table 4.

The hydrogen CCQE cross sections can be parameterized
as

ACCE
®E,) =

CCQE
Vu/eH (Ev)

Vt/
0.324 — 0.116E,

x 1 0.271 — 0.0580E,
+0.0172E2 — 0.00169E3

(02 <E, <0.8GeV),

(0.8 < E, <5GeV).
(A.2)

Note that only anti-neutrinos interact with hydrogens via the
CCQE interactions.

The non-CCQE signal cross sections, &, (E,), are
the total cross sections of all the non-CCQE events that satisfy
the CCQE selection criteria (2.10) and can be parameterized
for the v—O and V-0 interactions as

nonCCQE

~ CCQE
G0 ) = oS H(E,)
al)
x { 1+(B"/E)3 (0.2 < E, < 1.1GeV),
)+ cVEy+eSE2 + c3E3 (1.1 < E, <5GeV),

(A.3)

and for the v—H and v—H interactions as

~nonCCQE
VuseH

al)
1+(ﬂ /E,,)s

(Ey) = oS (E,)

(02 < E, < 1.1GeV),
(1.1 < E, < 5GeV),
(A.4a)

Co + ¢ VE +02E2 + c3E3

5o () = o5 ()
(02 < E, <0.6GeV),
(0.6 < E, < 5GeV).

(A.4b)

aﬁ
x {4 1+(B7/ENO
c(‘j+c‘1’Ev—i—c2 EZ—}—c3 E3

The parameters «”, BY and ¢V are summarized in Table 5.
We find that those parameterizations reproduce well the
results of Nuance for £, < 5 GeV.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

138 Page 22 of 25

Eur. Phys. J. C (2017) 77:138

Table 5 Same as Table 4 but for

the non-CCQE o p €0 ‘1 @2 “

neutrino—nucleus interactions, nonCCQE-0

Egs. (A.3) and (A.4)
v 0418 0.820 0.0429 0.355 —0.0767 0.00608
Ve 0.434 0.764 0.0318 —0.403 —0.0921 0.00753
i 0.232 0.747 —0.0433 0.291 —0.0648 0.00524
Ve 0.242 0.688 —0.0289 0.301 —0.0691 0.00571
nonCCQE-H
vy 0.0396 0.676 0.0184 0.0230 —0.00669 0.000674
Ve 0.0422 0.637 0.0286 0.0127 —0.00262 0.000183
Uy 0.0213 0.484 0.0259 —0.00877 0.00274 —0.000271
Ve 0.0238 0.463 0.0244 —0.00538 0.00152 —0.000142

Appendix B: Smearing functions S‘{ 7(Ey, Erec)

In this appendix, we show our parameterizations of the
smearing functions, Séi 7 (Ey, Erec), which map the incom-
ing anti-neutrino energy, E\,, onto the reconstructed energy,
Erec, for the charged-current (CC) events. Smearing func-
tions for neutrinos was already constructed in Ref. [22].
The superscript X denotes the event type, X = CCQE for
the charged-current quasi-elastic (CCQE) events or X =
non-CCQE for the other CC events that pass the CCQE
selection criteria of Eq. (2.10). The subscript v, and Z
denote an incoming anti-neutrino (v, and v,) and a target
nucleus, respectively. These functions take account of the
Fermi motion of target nucleons inside an oxygen nucleus
and the finite detector resolutions for muons and electrons
in a water Cerenkov detector and valid in the region of
0.3GeV < E, <5.0GeV for 0.4 GeV < Ec < 6.0GeV.

B.1 CCQE events
B.1.1 %0 interaction

The Eye. distributions of the anti-neutrino induced CCQE
events via interactions with oxygen nuclei, which are gener-
ated by Nuance v.3.504 package [40], can be parameterized
by three Gaussians,

3
1
gacoQE(Ev: Erec) = m er?(Ev)
n=1
(Erec - Ev + 8Eg(Ev))2 }

2(o (Ev))? @D

xexp{—

Here the incoming anti-neutrino energy, E,, and E are in
MeV units. Each function is normalized by

3
A(E,) =21 Y rd(Ey)oy (E,). (B.2)
n=1

@ Springer

For the v, case, the weight factors Y, variances o, and

the energy shifts § EY, are functions of the dimensionless

parameter, z = E, /(1000 MeV), and expressed as

' =3.20-2.16 z +0.562 z* — 0.0504 23,

ry =2.05 — 1.52z + 0.406 2% — 0.0360 z°,

ri = 0.110 — 0.0828 z +0.0224 22 — 0.00198 z°, (B.3)
off = 11.3+27.4z - 1.012%,

o)t =36.0+49.0z —3.312%,

r

o} = —18.0+241z—56.827 +4.852°, (B.4)
SE| =435—9.64z+2.862% — 02292,
SE) =28.1-2.897 —0.4822%,
SEY = —4.84 — 5347 — 15972 (B.5)

The variances and the energy-shift terms § E are given in
units of MeV.
For the v, case, we find

ri =1,

r$ = 0.586 — 0.258 z +0.122 z* — 0.0137 °,

r$ = 0.0140 — 0.00131 z 4 0.00502 7%, (B.6)
of =23.342587 — 1.5422,
of =53.8446.57 —2.7922,
0f =12.54+250z — 66.1 2> +6.43 77, (B.7)

SE{ =429 110744427 — 03827,
SES =27.3 - 6432,
SE§=—176+ 178z — 865>+ 15.52° — 1.04z*. (B.8)

B.1.2 Proton interaction
The Ee distributions of the v, induced CCQE events via

interactions with protons can be parameterized by up to two
Gaussians,
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1
CCQE -
l_}MF(IQ (Ey., Erec) = D [r¢(E,) B.2 Non-CCQE events
v
(Evec — Ey + SEY (Ey))? B.2.1'°0 interaction
X exp § —
2(0f(Ev))? o . L
The E.. distributions of the anti-neutrino induced non-
P (E,) exp | — (Erec — Ey + SES(E,))? CCQE events via interactions with oxygen nuclei can be
2 (Ev)exp 2(c%(E,))? arameterized by up to four Gaussians,
2 p y up
nonCCQE _ 1
X @(Z — 07)} 5 (B9) S;,Dto (Ev, Erec) = A% (E,)
. (Erec — Ey + SE{ (E,))

where O is a step function. The weight factors r, variances x| (Ev)exp g = 208 (Ey))?

oy (MeV) and energy shifts §EYY (MeV) are expressed as

o _ (Erec — Ey +8E5 (E)))° B
B | +7r3 (Ey)exp { 20T (B } ®(z—0.7)
Vl =1,
Eree — E, + 8EY(E)))?
Pl = 0.106, (B10)  4rf(E)exp {_( s }@(z ~1.0)
of' =3.20+255z, ’ )
Eiec — E, +8ESY(E,
ol = —373+ 5272, (B.11) + rX‘(EV)exp{—( 2(G§:’EU))‘;( ) }@(1.5—@]
SEY = 0.00, (B.19)
SEY =11.6—17.0z. (B.12)

Each function is normalized as in Eq. (B.2). The fourth Gaus-

For the v, case, the Ey distributions are parameterized  sian takes into account the effects of the event selection cut.

by up to three Gaussians, For the v, case, the weight factors r;;, variances o,y (MeV)
and energy shifts 6 E (MeV) are

SR (Ey. Ere)
‘ 5 rf =1,
_ o
= 25 [ri’(Ev) exp {_ (Erec z(iua:rESilz(EvD } ry =0.325—-0.0652z +0.0142 2%,
' b r4 = 0.0804 — 0.00176 z + 0.00194 7%,
5 (B.13) ry = —0.32640.229z, (B.20)
Erec — E, 4+ SES(E
By exp {_( 2(ava(+E ))22 (Ev)) } ok =703 41392,
2 ol =114 +40.1z,
B.14
E E 8Ea : 5 ( ) O_?f/v — 452(600105Z _ e—1.672+1.98)’
+ r‘gf(Eu) exp _( rec — va+ 32( v) O(z — 1'0) ) Uf — 111(6_1'67Z _ 8_323Z), (B.21)
2(03 (Ev)) u
B.15) SEV =355,
‘ 539
SEY =

1+ 1.53¢-2762"

The weight factors, variances o (MeV), and energy shifts
s w (MeV) = SEL =850+ 327,

SEY (MeV) are

SE!' = —214+998 . (B.22)

rf{ =1, _

Fe = 447( 0N _ ~0.6982-236) For the v, case, we find

r$ = 0.00532 %6207, (B.16) ri=1,

of = 268(e~00225% _ ,~0.1352-0.0470) r$ = 0.143 4 0.0605 z,

o = 297(1 — ¢~0235%) r{ = —0.0459 4+ 0.105z — 0.0134 22,

036 _ 4‘41(80.05842-&-4.27 _ 6—0.4892-&-4.47)’ (B.17) rj =0, (B.23)
. 18.3 of = 729+ 12.8z,

P 14340710227 of = 105 +40.2z,

SE; = —7.26 —5.66z, of = 1474927z, (B.24)
(SEg — 665(670.261 Z+0.08]1 _ 870.1071). (B18) (SE? _ 348 + 0352Z’
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— 443
27 1 —0.434 709022
SE§ = 753+ 17.62. (B.25)

B.2.2 Proton interaction

The Ee. distributions of the v, induced non-CCQE events
via interactions with protons can be parameterized by up to
four Gaussians,

o OBy, Eree) = o (IEV)
e
+ ri (Ev) expy— L _zfr}eriigz(Eu))z}(a(z — 1.0)]

(B.26)

The function is normalized as in Eq. (B.2). The fourth Gaus-
sian parameterizes the long low-energy tail of the distribu-
tion. The weight factors ry;, variances o,° (MeV) and energy
shifts EY (MeV) are

V{L — 670‘4421 +7.84€72‘902,
ry = 1.7¢709122,

ri =0.893¢71%¢,

rzl( — 0.0624(6_0'3522 _ 6_0'4341-"_0‘0365), (B.27)
of' =18.04+ 2287,
o)t =8.61+13.5z,
o} =31.5+46.62 — 62777,
o) = —498 + 7637 — 203 7% +18.7 2%, (B.28)
SE} =21243.81z—0.5362%,
SEY =202 —1.632,
SEY =284 —6.237 4 16.1 2,
SE! =655+ 352, (B.29)

For the v, case, Erec distributions are also parameterized
by up to four Gaussians,

1
CCQE
Sf;‘, (Ev, Erec) = AU(Ey)
(Erec — E, + 8E{(E,))?
o E _
X |:r1 (Ey) exp { 2(af‘(Eu))2

o (Erec — Ey + 8E§ (Ey))?
+ 15 (Ey) exp {— z(ag‘(Eu))22 }

@ Springer

w (Erec — Ey 4+ 8ES(E)))?
+I’3 (EU) eXp {_ Z(Ug(Eu))z }
N (Erec — Ev+SES(E)))?
+ ri(Ey)exp {— 20 (En)? } ®(z—1.5):| .

(B.30)

The weight factors, variances oY (MeV), and energy shifts
SEY (MeV) are

r{=1+6.60e""7'%,

r§ = 227¢ 2707 £ 0.507 ¢ 0272,

r§ = 0.0117 %1902 4 0.375 ¢ 3882,

r{ = 0.0122%003%, (B.31)
of = 17.0+23.9z — 1.16 2%,
of = 29.5446.27 —1.702%,
of = —162+ 3457 — 42.62°,
of = 62.6e%91% (B.32)
SES = 206,
SES = 272 —3.13 %6822
SE§ = 210+ 387z — 6027,
SE{ = —143 x10° +1.66 x 10°z — 1182%.  (B.33)
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