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Physics potential of the Tokai-to-Kamioka-and-Korea proposal: An extension
of the Tokai-to-Kamioka neutrino oscillation experiment with a far detector in Korea
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We study the physics potential of placing a far detector in the east coast of Korea, where the off-axis
neutrino beam from J-PARC at Tokai village for the Tokai-to-Kamioka project has significant intensity at
a few GeV range. In particular, we examine the capability of determining the mass hierarchy pattern and
the CP phase of the lepton-flavor-mixing matrix when a 100 kt water Cerenkov detector is placed at
various locations in Korea for the off-axis beam (OAB) of 2.5° and 3.0° at the Super-Kamiokande site.
The best results are found for a combination of 3.0° OAB at SK (L = 295 km) and 0.5° OAB at L =
1000 km, where the mass hierarchy pattern can be determined at 3o level for sin?26gcr = 0.05 (0.06)
when the hierarchy is normal (inverted), after 5 yr of running (5 X 102! POT). We also find that the
leptonic CP phase, Syns, can be constrained uniquely, without invoking antineutrino beams, as long as
the mass hierarchy pattern is determined. Those results are obtained by assuming that the charged current
quasielastic events can be separated from the other backgrounds with high efficiency, the neutrino energy
can be reconstructed with a hundred MeV uncertainty, and the earth matter density along the baseline can

be determined with 3% accuracy.
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I. INTRODUCTION

All the experimental results of the neutrino flavor oscil-
lation [1] are consistent with 3 neutrinos except for the
LSND [2] experiment. Among the 9 parameters of the
three neutrino model, 6 parameters can be measured by
neutrino oscillation experiments: 2 mass-squared differ-
ences, 3 mixing angles, and 1 CP violating phase. As of
the spring of 2006, we have already known 2 mass-squared
differences and 2 mixing angles from the atmospheric
neutrino experiments [3], the long-base-line (LBL) neu-
trino oscillation experiments [4,5], the solar neutrino ex-
periments [6,7], and the reactor neutrino experiments [8,9].
However, the sign of the larger mass-squared difference
(m} — m?), one of the 3 mixing angles (fgcr)', and the CP
phase (dyns) have not been measured yet. The tasks of the
future neutrino oscillation experiments are not only to
confirm the 3 neutrino model, but also to measure those
unknown parameters of the model.

Here we focus our attention on one of the future neutrino
experiments, the Tokai-to-Kamioka experiment (T2K)
[10], which will start in 2008. The center of the T2K
neutrino beam from J-PARC [11] at Tokai village will go
through underground beneath Super-Kamiokande (SK),
and reach the sea level east of the Korean shore. At the
baseline length L = 295 km away from Tokai village the
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upper side of the beam at 2° to 3° off-axis angle is
observed at SK, and the lower side of the same beam at
0.5° to 3.0° off-axis angle can be observed in Korea [12].
An additional far detector in Korea can probe the neutrino
oscillation at a baseline length (L) of 1000 to 1200 km
away from Tokai village [12-14]. The most welcome
feature of this two-detector system has been identified
[14] as the relative hardness of the neutrino beam energy
spectrum at a smaller off-axis angle, which can be ob-
served in the east coast of Korea at L ~ 1000 km.
Accordingly, it is possible to arrange such that a far detec-
tor in Korea probe the oscillation at around the same
oscillation phase, dm?L/2E, at Kamioka. The difference
between the resulting two measurements should then come
from the difference in the matter effects, which can be a
factor of 3 larger in Korea. In Ref. [14], we showed that the
two-detector system can resolve the mass hierarchy ambi-
guity by making use of the strong matter effects on the
v, — Vv, transition probability [15-18] if a 100 kt level
water Cerenkov detector is placed in the east coast of
Korea and if the third mixing angle is not too small. It
has further been shown in [14] that the leptonic CP phase,
OMmns » can be uniquely constrained once the hierarchy
pattern is determined.

In this paper we present details of our findings in
Ref. [14]. The paper is organized as follows. In Sec. II,
we review the formalism of the neutrino-oscillation includ-
ing the matter effect, as well as the constraints in the model
parameters from the present experimental results. In
Sec. III, we briefly introduce the T2K experiment and
discuss merits of the Tokai-to-Kamioka-and-Korea
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(T2KK) proposal, where an additional large detector is
placed in Korea along the T2K neutrino beam baseline.
In Sec. IV, we explain details of our analysis method where
we select the charged current quasielastic events, and a x>
function is proposed that takes into account statistical and
systematic uncertainties in the experiment, as well as a part
of the possible background contaminations. In Sec. V, we
show the results of our numerical calculation on the deter-
mination of the neutrino mass hierarchy. In Sec. VI, we
present our studies on the determination of the CP phase.
In Sec. VII, we summarize our findings and give some
discussions on the possibility of expanding the T2KK two-
detector system, and the necessity of further studies on
backgrounds which we could not include in the present
analysis.

I1. OSCILLATION FORMULAS UNDER THE
EXPERIMENTAL CONSTRAINTS

The neutrino flavor eigenstates, |v,) (o = e, u, 7), are
related to the mass eigenstates |v;) (i = 1, 2, 3) through the
lepton-flavor-mixing matrix, or the Maki-Nakagawa-
Sakata (MNS) matrix [19]

|Va> = Ua/ilyi>~ (1)

The probability that an initial flavor eigenstate v, with
energy E is observed as a flavor eigenstate vz after trav-
eling a distance L in the vacuum is expressed as

Py, = Ug Uy, + UgaUiye ™12 + UpsUtze 852,

2

where the phase A; is
A, =TT g 53 D) [V [km] 3
T T g MU E [GeV] m}. (3

Equation (2) tells us that neutrino oscillation experiments
measure the 2 mass-squared differences and the lepton-
number conserving contributions of the MNS matrix ele-
ments, which can be parametrized by 3 mixing angles and
1 CP violating phase.

The present neutrino oscillation experiments are each
sensitive to only one of the 2 mass-squared differences, and
the amplitude of each oscillation probability can be ex-
pressed in terms of the MNS matrix elements. The atmos-
pheric (ATM) neutrino oscillation experiments [3] and the
LBL neutrino oscillation experiments, K2K [4] and
MINOS [5], which measure the v, survival probability,
are sensitive to the magnitude of the larger mass-squared
difference. The constraints on the mass-squared difference
and the amplitude are [3-5]
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15X 1073 eV2 < |m2 — m2| <34 X103 V2, (4a)
sin?26 ary > 0.92, (4b)

each at the 90% confidence level. The solar (SOL) neutrino
oscillation experiments [6,7] and the KamLAND [8] ex-
periment, which measure the v, and », survival probabil-
ity, respectively, are sensitive to the smaller mass-squared
difference. The present constraints can be expressed as [7]

m3 —m? = (8.0 +0.3) X 1073 eV?, (5a)
sin26g0 = 0.30 = 0.03, (5b)

In the solar neutrino experiments, the sign of m3 — m? is

determined by the matter effect in the sun [20,21]. The
reactor P, experiments at L ~ 1 km are sensitive to the
oscillation with the larger mass-squared difference. No
reduction of the ¥, survival probability has been observed,
and the CHOOZ experiment gives the upper limit on the
amplitude [9]:

sin®26pcr < 020 for [mf — m3| = 2.0 X 1073 eV?,

(6a)
sin®20gcr < 0.16  for [m3 — m?| = 2.5 X 1073 eV?,

(6b)
sin®20gcr < 0.14  for [m3 — m3| = 3.0 X 1073 eV?,

(6¢)

at the 90% confidence level.

These observed amplitudes can be identified with the
MNS matrix elements as follows [22]. In the atmospheric
neutrino experiments and the CHOOZ reactor experiment,
[Aj3] ~1> A, is satisfied. Therefore we can set
e~ ~ 1 in Eq. (2) and we find the following relations:

U u31* = sin*Oamm, |Ussl* = sin*frer. (7)

As for the solar neutrino experiments and the KamLAND
experiment, where the A, ~ 1 region is probed, the terms
with A3 oscillate rapidly within the experimental resolu-
tion of L/E. After averaging out the A5 contribution, and
by neglecting the term of order |U,3|?, which is constrained
to be smaller than about 0.04 by the CHOOZ experiment
[9], Eq. (6b), we obtain the relation

4|U, Up,|? = sin®2050; . (8)

These simple identifications, Egs. (7) and (8), are found to
give a reasonably good description of the present data in
dedicated studies [23] of the experimental constraints in
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the three neutrino model. In this paper we parametrize the
MNS matrix in terms of the three positive numbers,
sin@ orm, Sin?Oger, and sin?26go;. with the identification
of Egs. (7) and (8), respectively, and the CP phase

Omns = —argl.,zs. 9)

This convention [22] allows us to express the MNS matrix
in terms of the three observed amplitudes, directly.

The neutrino oscillation through the Earth is compli-
cated by the fact that v, and », have the extra W-boson
exchange interactions with electrons in the matter [20].
The effect is small at low energies, and an approximation
of keeping only the first and second order corrections in the
matter effect and the smaller mass-squared difference has
been found useful for analyzing the LBL experiments at

|

al 1 — 2Sin20ATM

At = — in?6 ~ —0.005(1 — 2sin%6
ALE cos? O art SIN“URcT ( sin®6amm)
Br — % 1 - ZSin20ATM .
4F COSzeATM

in’26 1/2 A
~—[0.037—0.008<u> co MNS}' 3]

0.10

Here the term a gives the contribution of the extra potential
for v,

E

= 2V2G,En, ~7.56 X 1075 eV2[—P_\(-Z_

a = 222G rEn, ~ 7.56 X 1075 ¢ (g /Cm3>< Gev>’
(12)

where n, is the electron number density and p is the matter
density. In the right-hand side of Eq. (11a) and the second
line of Eq. (11b), we employ the mean values of the
atmospheric and the solar oscillation parameters in
Egs. (4) and (5), and p = 3.0 g/cm>. The simple analytic
expressions of Eqgs. (10) and (11) reproduces the survival
probability accurately with 1% error throughout the pa-
rameter range explored in this paper, except where the
probability vanishes.

According to Egs. (4b), (6b), and (11a), the magnitude
of A# around |A 3| = 7 should be smaller than about 2 X
1073 (8 X 1073) at L = 295 km (1000 km), and hence the
amplitude of the v, survival probability is not affected
much by the matter effect. Therefore, we can measure
sin”20 v rather uniquely from the » » disappearance
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sub GeV to a few GeV range [24,25]. Although we evalu-
ate the oscillation probabilities numerically in this paper,
the following analytic expressions are found to be useful
for the T2KK setup where the Earth matter effects can be
treated pertubatively. For the v, survival probability, an
accurate analytic expressions is found by retaining only
those terms linear in A |, and the matter effect term [14,25]:

P

Vu

A
oy, = 1= sin®20,my(1 + A“)sin2<713 + B”).

(10)

Here A* and B* are the corrections to the amplitude and
the oscillation phase, respectively, which are linear in the
smaller mass squared difference and the matter effect term.
These can be expressed as

l L <sin220RCT> (1 la)

A3 295 km\ 0.10

A
12 . . . .
Sln20RCT - T (COS2050L + tan20ATMsm2950L51n20RCT - tanHATM Sln2¢950L Sll’leRCT COS(SMNs)

(11b)

[

probability independent of the neutrino mass hierarchy
and the other unconstrained parameters. The phase-shift
term B* affects the measurement of |[m3 — m?|, whose
preferred value grows (decreases) for the normal (inverted)
hierarchy, and the magnitude of the shift can be about to
2% (3%) when cosdyns = 1 ( — 1) for sin?26gcr = 0.1.
In other words, unless we determine the hierarchy, a few
percent level of uncertainty should remain as a systematic
error of |m3 — m?|.

For the v,, — v, transition probability, we need not only
the linear terms of A, and a but also their quadratic terms
to obtain a good approximation. We find

A
Py, = 4sin26ATMsin20RCT{(1 + Ae)sin2<¥>

+ B sinAB} e (13)

where A¢, B¢, and C¢ are the correction terms:
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al AIZ siHZGSOL . al
Al = —— 260 -—— > sind 1+——
A|3E cos RCT 2 tan@ATM SinﬁRCT st MNS< 2A1’;E>
A L in26 1 3 L
+ =12 A, + a~ sm¢ cosSyns — 28in’fsor | — = (== + o (14a)
4 2F tanHATM SlneRCT 2 4 A13E
L sin220RCT L a
~011— 1-— —0.014 + 0.0087( —
Az 295 km< 2 ) <295 km > <A 295 km)
0.10 \1/2 | |A 5] 0.10 \!/2
- 029 ——— 6 + 0.054 6 —0.11
(sin220RCT> - MNS( p 295 km ) |:<sm 20RCT) COSOMNS }
|A5] L |A;5]
X + 1.7 , 14b
( T 295 km) T (14b)
alL A sin26 .
B¢ = — E COSZHRCT + % <m COS6MNS - 251n2650L>
L A L in2 1 L\2
140k Y Befy aby  sidbsor oo oo 1 (al (14c)
2A13E 8 ZE tan@ATM S]nBRCT A13 2E
L sin?26grcr L \2 0.10 \1/2
~—=0.080 ——— (1 —— 00091— + 015 (—— 6 —-0.11
(295 km>< 2 ) An (295 km) KsinzzeRCT) COSOMNS }
Al 0.10 \1/2 . 1A ] L \IAgl
0.054 + 0.0072( ——— 1) —+ 17 , 14d
( T 295 km) <sin220RCT> - MNS( T 295 km) T (14d)
A2 A IN\2
ce = %SiHZZQSOLCOszeATM 212 ;Z SIHZQSOL SIHZGATM SIHGRCT COS6MNS + (;E) Sin20RCTSin20ATM (146)
A13 2 |A13| L Sin220RCT 1/2 L 2 sin229RCT
~0.0011{—} —0.0013 1) + 0.000 36 14
< p ) 295 km( 0.10 ) COSOMNS (295 km> 0.10 (141)
[
Here = in the second lines of Egs. (14b) and (14d) follows The term proportional to B¢ in Eq. (13) can be reorgan-

the sign of A3. The first and second terms in Egs. (14a)  ized as

and (14c) are linear, and the other terms including

Eq. (14e) are quadratic in A}, and a corrections. The P, _, ~4sin?0 xrysin®Oger(1 + A")sin2<A13 + Be)_’_ce,
quadratic terms can dominate the probability when e 2

sin*20gcr, Which gives the leading term, is very small. (15)
We find that the above analytic expressions, Egs. (13) and

(14), are useful throughout the parameter range of this just like the v, survival formula, Eq. (10), when |A¢| and

repqrt, down to sin*20gcr = Q, exc;ept near the oscillati'on | B¢|are small. Since the term B¢ shifts the oscillation phase
mmlmgm where the appr.ox'lma'twn can lee negative in this limit, we call it the phase-shift term. It shifts the
probability. The largest deviation is found for sin*26gcr = oscillation peak energy higher (lower) for the normal (in-

0.005, 6yns = 0°, and the inverted hierarchy, where the  verted) hierarchy, by about 5% at L = 295 km and by
analytic formula underestimates the probability by about  about 20% at L = 1000 km, for cosdyyns = 0. The
5% for L = 1000 km. cosdyns dependence of the shift is also significant, which
The term proportional to sinz(%) in Eq. (13)isthemain  can be *10% for cosdyns = *1 if sin?20gcr = 0.1.
oscillation term in our approximation, and A¢ shifts the  Note, however, the factorized expression Eq. (15) ceases
magnitude of the amplitude. From Eq. (14b), we find that ~ to be a good approximation when |A¢| or |B¢| gets larger
the amplitude of the v, — v, transition probability is  than about 0.5, which happens when sin*26gcr ~ 0.01; see
sensitive to the mass hierarchy pattern, because the first ~ Eqgs. (14b) and (14d).
term changes sign. Its magnitude increases (decreases) by The above observation inspires a two-detector system,
about 10% for the normal (inverted) hierarchy at L =  Wwhere both detectors can measure v, — v, oscillations
295 km for sindyns = 0. The difference between the  around the oscillation maximum (|A 5| ~ ) but at signifi-
two hierarchy cases grows with L when L/E is fixed at  cantly different baseline lengths. If the magnitude of the
|Ay5] ~ 77, reaching about +40% at L = 1000 km. The  product of sin? pysin>fgcr is large enough that the v, —
shift is also sensitive to sindyyg, Which can decrease v, oscillation is observed at both detectors, then the dif-

(increase) the amplitude by as much as 30% for sinSyns = ference of the observed oscillation probabilities at the two
1(—1) when sin’20gcr = 0.1, independent of the mass  locations determines the mass hierarchy uniquely, and
hierarchy. hence also the product sin’@,rysin?fger is rather inde-
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pendent of Sys. Once the hierarchy is determined, the
measurements of the magnitude and the phase of the v, —
v, oscillation measure sindyns and cosdyns, respectively,
and hence the CP violating phase Sys can be determined
uniquely. In the following section, we will find that the
T2KK two-detector system can indeed satisfy the above
conditions, and our y? analysis based on the exact numeri-
cal evaluation of the oscillation probability supports the
simple picture presented in this section based on the ap-
proximate formula Eqs. (10)—(14).

III. MERITS OF DETECTING THE T2K OFF-AXIS
BEAM IN KOREA

Many neutrino oscillation experiments [26-32] are
planned to measure sin*26gcr. The T2K neutrino oscilla-
tion experiment which will start in 2008 is one of them. In
T2K, a high intensity v, beam is produced by the proton
accelerator which is under construction at J-PARC in Tokai
village. These v, ’s are shot to Kamioka, 295 km west from
Tokai. SK will measure both the v, — v, survival rate and
the v, — v, transition rate. The measurement of the v, —
v, transition probability is the main purpose of the T2K
experiment, because it tells us the magnitude of sin?@gcr;
see Eq. (13), the last unmeasured mixing angle of the 3 X 3
MNS matrix. In order to observe the signal of v, — v,
clearly, the neutrino beam should satisfy the following
conditions.

(1) The neutrino energy near the oscillation maximum

(IA 3] ~ 7) at L = 295 km is expected to be around
0.5 GeV to 0.7 GeV according to the present experi-
mental bound, Eq. (4). The v, flux should hence be
large in this energy region.

(2) High energy neutrinos produce 7’s via neutral
current, which become background to the v,
charged current quasielastic (CCQE) events.
Therefore, the flux of the »,, beam should be small
at high energies.

0

T2K adopts the off-axis beam which satisfies the above
requirements [10,33]. We show the flux of the T2K off-axis
v, beam [33] in Fig. 1(a), for 10?! POT/yr at L = 295 km
for various off-axis angles between 0° and 3°. It is clearly
seen that the flux peaks at 0.55 to 0.75 GeV at 2° to 3° off-
axis angles. In Fig. 1(b) we show the cross section per
nucleon of the v, and v,, CCQE events off the water target
[4], and in Fig. 1(c), we show the product of the v, CCQE
cross section and the v, flux at 295 km for various off-axis
angles. Because the neutrino energy reconstruction is es-
sential to determine the oscillation phase, we use only the
CCQE events in our analysis. Figure 1(b) shows that the
CCQE cross sections grow quickly above the threshold,
become ~3.5 X 1073 cm? at E, ~ 0.6 GeV, and stay
approximately constant at ~4.5 X 1073 cm? at E, =
0.8 GeV up to ~5 GeV where the flux diminishes. We
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FIG. 1 (color online). (a) The flux of the T2K », beam for
102! POT/yr at L = 295 km for various off-axis angles between
0° and 3°. (b) The cross section per nucleon of the CCQE events
for v, and v, off the water target. (c) The flux at 295 km times
v, CCQE cross section. (d) Probability of v,, — v, transition at
295 km (solid line) and that at 1000 km (dashed line) calculated
for m% — m% =25X%X 1073 eVZ, m% - m% =82 X 1075 eV?,
Sin220ATM = 10, Sin229501_ = 083, sinZZGRCT = 010, SMNS =
0°,and p = 2.8 g/cm? for L = 295 km, and p = 3.0 g/cm? for
L = 1000 km.

also show the typical v, — v, transition probability at
L = 295 km and that at L = 1000 km in Fig. 1(d), calcu-
lated for m3—m?=25X1073¢eV: m5—mi=
82X 1073 eV2, sin?20,rv = 1.0, sin?264o. = 0.83,
sin”20gcr = 0.10, Syns = 0°, and p = 2.8 g/cm? for
L=295km, and p=3.0g/cm® for L = 1000 km.
From Fig. 1(a), 1(c), and 1(d), we confirm that the 2.0°
to 3.0° off-axis beam (OAB) has a strong flux peak where
the oscillation maximum is expected at SK. We also note
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that the beam at smaller off-axis angles has significant flux
in the 1.4 ~ 3 GeV region where the oscillation maximum
of the v, — v, transition is expected at L = 1000 km.
During the T2K experimental period, the center of the
v, beam from J-PARC goes through Kamioka at 2.0° to
3.0° beneath SK, and the lower side of the same beam will
appear in Korea at various off-axis angles. We show in
Fig. 2 the off-axis angle of the v, beam at the sea level for
the 2.5° off-axis beam (a) and 3.0° off-axis beam (b) at SK.
The baseline lengths are shown by vertical contours, and
the off-axis angles at the sea level are shown by elliptic
contours between 0.5° and 3.0°. The SK is slightly off the
corresponding contour because it is about 320 m above sea
level. We find that, when the 2.5° (3.0°) off-axis beam
reaches SK, the 1.0° (0.5°) off-axis beam appears in the
east coast of Korea which is 1000 km away from J-PARC.
If a huge neutrino detector is constructed in the east coast
of Korea, along the T2K beam direction, the two-detector
system, the T2KK experiment, can observe the oscillation
maximum of the v, — v, transition probability at two
vastly different baseline lengths. Our most important ob-
servation for the T2KK proposal is that the matter effect
term in Eq. (14b) at Korea is about 3 times as large as that
at Kamioka. Because the sign of the matter effect in A¢
follows the sign of Aj;, the amplitude of the v, — v,
oscillation for the normal hierarchy at |A 3| ~ 7 is larger
than that for the inverted hierarchy. Because the matter
effect is stronger at Korea, if the probability is found larger
(smaller) at Korea than the one at Kamioka, we can con-

0AB 2.5 at SK

FIG. 2 (color online). The off-axis angle of the neutrino beam
from J-PARC at sea level, when the beam center is 2.5° (a) and
3.0° (b) off at the SK site. The baseline lengths are shown by
vertical contours, and the off-axis angles at sea level are shown
by elliptic contours between 0.5° and 3.0°. The SK is slightly off
the corresponding contour because it is about 320 m above sea
level.

PHYSICAL REVIEW D 76, 093002 (2007)

clude that the hierarchy is normal (inverted), irrespective of
the other model parameters such as sin’20gcr and Syns
[14]. Let us examine this observation semiquantitatively by
using the approximate formulas in Egs. (13) and (14). The
difference between the v,, — v, oscillation amplitude at a
far detector and that at a near detector is

APV#—'VZ(A13) = Pvﬂ—we(Lfar;AB) - PV#—n/a(Lnear;AB)-
(16)

The error of the AP, _, (A;3) can be estimated as

[8(AP,, ., (A1) = [8P,, ., (Loca) P
6Py, (Liu)F
Py L)\
- (=)
W

Here N, is the number of v, appearance events. The ratio
between N and N at the maximum value of the
oscillation probability, A3 = +r, can be expressed as

Nzar _ Viar (I)far(EV at Alg =, Lfar)
Ngear Vnear q)neaI(EV at AIS =, Lnear)’

a7

(18)

where V denotes the fiducial volume of the detector and
®(E,, L) is the neutrino beam flux at L, which is propor-
tional to (1/L). The cross section ratio at different ener-
gies drops out, because the neutrino cross section of CCQE
events is almost constant in the 0.7-5 GeV region; see
Fig. 1(b). We therefore need to estimate the number of v,
CCQE events near the oscillation maximum at SK, N,.,;.
We show in Fig. 3, typical numbers of expected CCQE
events for the u events (a) and the e events (b), for the 3.0°
OAB at SK. The open squares show the expected numbers
of events in a 200 MeV wide E, bin, after 5 yr (5§ X
10%! POT), at sin*20gcr = 0.1 and Syng = 0° for the
normal hierarchy, just as in Fig. 1(d). From the two bins

600 100
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.
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FIG. 3. The typical numbers of the u events (a), and those of
the e events (b), for the exposure time of 5 yr (5 X 10?! POT),
for the 3.0° OAB at SK (open square), and for the 0.5° OAB at
L = 1000 km with a 100 kt water Cerenkov detector (solid
circles). The input parameters are the same as those of
Fig. 1(d) [14].
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around E, = 0.6 GeV in Fig. 3(b), we may estimate
Npear ~ 130.

The difference between the maximum value of the os-
cillation probability, AP,,ﬂﬁ,,e, for the normal hierarchy
(A3 = +77) and that for the inverted hierarchy (A3 =
—1r) can be expressed as

[AP, _, (+m) — AP, _, (~m)]~ 0.01<

< Lfar —1
295 km
where we set L., = 295 km and used the approximation
of Egs. (13) and (14b). The difference grows linearly with
the distance, Ly, as long as the oscillation maximum is

covered by the flux. The significance of excluding the fake
hierarchy can then be estimated as

sin?26gcr
0.10 )

APV#_,,}?("‘W) - APV,L—WL,(_W)
5P, _, (+m)
—23 Sin220RCT 1/2 Lfar _
' ( 0.10 ) (295 km )

L 2100 kt7-1/2
far ) (19)
295 km) Vg,

X |:1 + 0.225<

We find that when we put a 100 kt detector at L =
1000 km, the significance can exceed the 30 level in this
very rough estimate, which is confirmed in the following
numerical studies.

The phase-shift factor B¢ of Eq. (15) also contributes to
the determination of the neutrino mass hierarchy pattern.
Since sin’(x) is an even function of x, the magnitude of
|A3/2 + B¢| controls the v, — v, oscillation in Eq. (15).
Because the value of |A5/2 + B¢| varies by changing the
sign of A3, we have the possibility to distinguish the sign
of A3 by measuring the v, — v, oscillation phase. At
Kamioka, however, B¢ is governed by the term propor-
tional to cosdyns; see Eq. (14d), and hence the fake
hierarchy can reproduce the same |A3/2 + B¢| by chang-
ing the sign of cosdyns. In Korea, the magnitude of the
matter effect term in Eq. (14d) is larger than that of the
cosdyns terms, and hence the fake hierarchy cannot re-
produce the same oscillation phase. The efficiency of the
phase-shift contribution grows with the magnitude of B¢,
which grows as cosdyng decreases. We find that the effect
of the phase difference becomes as important as that of the
amplitude difference at cosdyns ~ — 1.

From the above consideration, we observe that it is
useful to have a far detector in Korea in the region where
the neutrino flux is significant around the v, — v, oscil-
lation maximum, which is typically between 1.4 GeV to
3 GeV; see Fig. 1(d). Figures 1(a) and 1(c) show that beams
at an off-axis angle smaller than 1° have this property.
Figures 2(a) and 2(b) show that such an off-axis beam will
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appear in a specific region near the east coast of Korea
during the T2K experimental period.

Once the neutrino mass hierarchy is determined, the
T2KK experiment also has the ability to measure the
leptonic CP phase uniquely without using the antineutrino
beam. From Egs. (13) and (14b), there are 2 unmeasured
parameters which control the amplitude of v, — v, oscil-
lation, sin?fgcr and sindys. Because of the significantly
different matter effect at |A 3| = 7 between Kamioka and
Korea, we can constrain both sin?260g 1 and 8yns uniquely
from the two amplitudes. The value of cosdyg is mea-
sured through the energy dependence of the v, — v,
oscillation probability, through the phase-shift B¢,
Eq. (14d). Since both sindyg and cosdyns can be mea-
sured independently, the CP phase dyns can be con-
strained uniquely.

IV. ANALYSIS METHOD

Before we present the results of our numerical calcula-
tion, we would like to explain our treatment of the signals
and background. In our case study, we consider a 100 kt
level detector, in order to compensate for the decrease in
the neutrino flux which is about (300 km/1000 km)? ~
1/10 of that at SK. We adopt a water Cerenkov detector
because it allows us to distinguish clearly the e* events
from u™ events. We use the CCQE events in our analysis,
because it allows us to kinetically reconstruct the neutrino
energy event by event. Since the Fermi-motion of the target
nucleon dominates the uncertainty of the neutrino energy
reconstruction, which is about 80 MeV, we take the width
of the energy bin as §E, = 200 MeV for E, > 400 MeV,
in the following analysis.” The event numbers of vy from
Vo flux (@, ) which is delivered by J-PARC [33] in the ith
energy bin, E,, =200 MeV X (i + 1) < E, < E, + SE,,
are then calculated as
Ei,+

. SE, QE
N;;(Va) = MNA[ (I)VQ(E)PVQ—'VB(E)O-IB (E)dE;

i
v

(20)

where P, _,, is the neutrino oscillation probability in-
cluding the matter effect, M is the detector mass, Ny =
6.017 X 10% is the Avogadro constant, and o3" is the
CCQE cross section per nucleon in water [4]. All the
primary as well as secondary fluxes used in our analysis
are obtained from the website [33]. The fiducial volume of
Super-Kamiokande is 22.5 kt, and we assume that a detec-
tor in Korea is 100 kt. CCQE events have been selected as

2At a few GeV region, contributions from soft-charged 7
emission processes to the CCQE signal events become signifi-
cant [34]. Those events have soft-charged 7’s which do not emit
Cerenkov lights, and hence the reconstructed neutrino energy is
underestimated by about 300 MeV [10]. In this analysis we do
not consider the contribution from non-CCQE events, and leave
the studies of their impacts for the future.

093002-7



KAORU HAGIWARA, NAOTOSHI OKAMURA, AND KEN-ICHI SENDA

single-ring events at K2K. Efficiency of the technique has
been estimated to be about 80% around 600 MeV and about
60% around a few GeV [10,34]. In the following numerical
analysis we set the efficiency to be 100% at both SK and at
a far detector for brevity.?

When the secondary neutrino flux (v,, 7,, 7,,) of the v,
primary beam is considered, the e-like and u-like events
for the ith bin are obtained as

Z NL(VB),

VBZVe,ﬂ(,,PM

N, =N(v,)+ (@=e pn). (1)

The second term in Eq. (21) corresponds to the contribu-
tion from the secondary neutrino flux. In our analysis, we
calculate N), , by assuming the following input parameters:
|m3 — m3|mPet = 2.5 X 1073 eV?
(m3 — m3)mPut = 8.2 X 1073
. 2 pinput __
sin“0 = 0.5,

0.83,

(22)

2A pinput __
Sin“20g45;, =

with the constant matter density, p™* = 2.8 g/cm? along
T2K and p™P"t = 3.0 g/cm? for the Tokai-to-Korea base-
line, which goes through deeper in the Earth than that of
T2K.* We use the above numerical values in order to keep
the consistency with our previous report [14]. Our results
are not sensitive to the small change in the input values in
Eq. (22) but the quantitative results on the mass hierarchy
determination depend on the matter density along the
baseline. Dedicated study on the impacts of the matter
density profile along the T2KK baseline will be reported
elsewhere. We examine various input values of sin*26ycr,
Smnss and the sign of m% — m?. Since our concern is the
possibility to distinguish the neutrino mass hierarchy and
to constrain the CP phase uniquely, we study how the
above “data’ can constrain the model parameters by using
the y? function

AXZ :X§K+X2Kr+/\/§ys+/\/gara‘ (23)

Here the first two terms, y3x and x%,, measure the parame-
ter dependence of the fit to the SK and the Korean detector
data,

2
XSK Kr

=2 > ((Nli;t— ) (24)

i a=eu

*Our results can be regarded as those for larger fiducial
volumes, such as 28.1 kt at SK and 167 kt at a far detector, if
we take the efficiencies of 80% and 60% estimated in
Refs [10,34].

“Because the sea between Japan and Korea is less than 1 km
deep, there is no contribution from the water to the average
density.
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where the summation is over all bins from 0.4 GeV to
5.0 GeV for N,, 04 GeV to 1.2 GeV for N, at SK, and
04 GeV to 2. 8 GeV for N, at Korea. Here N;M is the
calculated number of events in the ith bin, and its square
root gives the statistical error. We include the contribution
of the u events in order to constrain the absolute value of
A5 strongly in this analysis, because a small error of A3
dilutes the phase-shift B¢ [14,25].

Nfit is calculated by allowing the model parameters to
vary freely and by allowing for systematic errors. In our
analysis, we consider 4 types of systematic errors. The first
ones are for the overall normalization of each neutrino flux,
for which we assign 3% errors,

st =1=*0.03, (25)

for all neutrino flavors, which are taken common for T2K
and the Tokai-to-Korea experiment. The second systematic
error is for the uncertainty in the matter density, for which
we allow 3% overall uncertainty along the baseline, inde-
pendently for T2K (f3*) and the Tokai-to-Korea experi-
ment (f§"):

fit — i ,input

P LD (i = SK, Kr). (26)
The third uncertainty is for the CCQE cross section. Since
v, and v, CCQE cross sections are expected to be very
similar theoretically, we assign a common overall error of
3% for v, and v, ( FE = fSE = f?E), and an independent
3% error for v, and v, CCQE cross sections (fSE =
f%E = f%E). The last one is the uncertainty of the fiducial
volume, for which we assign 3% error independently for
T2K (f3X) and the Tokai-to-Korea experiment (fX"). Nifit
is then calculated as

[N (v p) sk ke = o fE SNy (wg), Q27

and ngs has four terms;

)(gysz Z (f?) 03 ) Z(f(f% >

a=e,e,u, il =

Bl ) e

In short, we assign 3% errors for the normalization of each
neutrino flux, the »; and »; CCQE cross sections, the
effective matter density along each baseline, and for the
fiducial volume of SK and that of the Korean detector.

Finally, X%ara accounts for the external constraints on the
model parameters:
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X2 _ (m% _ m%)ﬁt _ (m% _ m%)input 2
pare 0.6 X 107
sin2008, — sin?2055\2
< 0.07 )
¥ (SinzZ@{%tcTO; lsin229i?3‘¥>2, 29)

The first two terms correspond to the present experimental
constraints summarized in Eq. (5). In the second term, we
adapt the larger error than that shown in Eq. (5b) for
continuity of the previous work, Ref. [14]. In the last
term, we assume that the planned future reactor experi-
ments [26,27] should measure sin?26gcr with the expected
uncertainty of 0.01, during the T2KK experimental period.
In total, our A y? function depends on 16 parameters, the 6
model parameters, and the 10 normalization factors.

V. DETERMINATION OF THE MASS HIERARCHY
PATTERN

In this section we show the results of our numerical
calculation. First, we search for the best combination of
the off-axis angle at SK and that at a Korean detector, as
well as the baseline length up to the Korean detector for
determining the sign of m3 — m?. For this purpose, we first
calculate the expected number of the v, — v, CCQE
events at both detectors by assuming either normal or
inverted hierarchy, and then examine if the resulting
““data’ can be fitted for the opposite hierarchy by adjusting
the model parameters.

We show in Fig. 4 the minimum A y? expected at the
T2KK two-detector experiment after 5 yr of running (5 X
10?! POT), as functions of the off-axis angle and the base-
line length of the far-detector site from J-PARC at Tokai,
when the normal hierarchy (m} — m? > 0) is assumed in
generating the events, and the inverted hierarchy (m3 —
m% << 0) is assumed in the fit. The left-hand figure (a) is for
the 2.5° OAB at SK, and the right-hand one (b) is for the
3.0° OAB beam at SK. The input parameters are chosen as
in Eq. (22), sin?20ger = 0.10 and Syig = 0°. The four
symbols, solid circle, open circle, triangle, and square are
for L = 1000 km, 1050 km, 1100 km, and 1150 km, re-
spectively. There are no data points at 0.5° in Fig. 4(a) for
the 2.5° OAB at SK, because the 0.5° off-axis beam does
not reach Korea: see Fig. 2(a). It is clearly seen from Fig. 4
that the best combination of off-axis angles are 3° for SK
and 0.5° for the Korean detector at L = 1000 km. The 0.5°
off-axis beam has strong flux up to ~2.2 GeV, which
overlaps significantly with the broad peak of the v, —
v, oscillation at L = 1000 km; see Fig. 1(a), 1(c), and
1(d). Because the number of the v, CCQE events is large
enough around the oscillation maximum for sin*20gcr ~
0.1, both at SK and at the far detector in Korea, we are able
to measure the difference in the magnitude of the v, — v,
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FIG. 4. Minimum A y? of the T2KK two-detector experiment
after 5 yr of running (5 X 10?! POT) as functions of the off-axis
angle and the baseline length of the far detector from J-PARC at
Tokai, when the normal hierarchy (m3 — m? > 0) is assumed in
generating the events, and the inverted hierarchy (m2 — m? < 0)
is assumed in the fit. The left-hand figure (a) is for the 2.5° OAB
at SK, and the right-hand one (b) is for the 3.0° OAB beam at
SK. The input parameters are the same as those of Fig. 1(d); in
particular, sin®20pey = 0.10 and Sy = 0°.

probability at two vastly different baselines, and can hence
distinguish between the normal hierarchy and the inverted
hierarchy. We can reject the fake hierarchy at 4.7-¢ level in
our simple simulation with this combination of 3.0° at SK
and 0.5° at L = 1000 km. If we remove the constraint of
the future reactor experiment, the last term in Eq. (29), the
minimum A x? value drops from 23 to 18, for the combi-
nation of 3.0° at SK and 0.5° at L = 1000 km; see [14].

We find from Fig. 4 that the 1.0° OAB in Korea still
keeps the sensitivity to the neutrino mass hierarchy, where
both a combination of 1.0° at L = 1000 km and 2.5° OAB
at SK (Fig. 4(a)) and that of 1.0° at L = 1000 km ~
1150 km and the 3.0° OAB at SK (Fig. 4(b)) distinguish
the neutrino mass hierarchy nearly at 4-o level in our
simulation. This is because the CCQE cross section times
the flux of 1.0° OAB extends to ~1.7 GeV (see Figs. 1(a)
and 1(c)), which barely overlaps with the broad peak
region of the v, — v, oscillation probability shown in
Fig. 1(d). From Figs. 2(a) and 2(b), we find that the 1.0°
OAB is observable only in the east coast of Korea (L ~
1000 km) for the 2.5° OAB at SK, whereas for the 3.0°
OAB at SK, it can be observed at various baseline lengths
up to ~1150 km. The small values of A y? for larger off-
axis angles in Fig. 4 tell us that it is essential to choose the
location of the detector in Korea where the off-axis angle is
smaller than 1.0°.

Figure 5 is the same as Fig. 4, but when the input data is
calculated for the inverted hierarchy and the fit is per-
formed by assuming the normal hierarchy. It is remarkable
that almost the same level of the capability to distinguish
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FIG. 5. The same as Fig. 4, but when the input data is calcu-
lated for the inverted hierarchy (m% - m% < 0) and the fit is
performed by assuming the normal hierarchy (m% — m? > 0).
All the other parameters are the same as those in Fig. 4.

the neutrino mass hierarchy can be achieved for the OAB
= 1° at L ~ 1000 km even when the hierarchy is inverted
(m3 — m?} <0). Slight decreases of the minimum A y?
value of the best combinations, 23.5 in Fig. 4(b) to 21.3
in Fig. 5(b), and 14.8 in Fig. 4(a) to 14.6 in Fig. 5(a), can be
attributed to the smaller expected number of the v, appear-
ance events because of the matter effect which suppresses
the probability in the inverted hierarchy. We may conclude
that a far detector that observes the T2K neutrino beam at
L ~ 1000 km and the off-axis angle =< 1.0° has the poten-
tial to determine the neutrino mass hierarchy whether it is
normal or inverted.

Because we find from Figs. 4 and 5 that a combination of
0.5° OAB at L ~ 1000 km and the 3.0° OAB at SK has a

(a) input : normal, fit : inverted
180 -
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significantly better capability of determining the neutrino
mass hierarchy, we study in the following the physics
potential of this preferred T2KK setup in more detail. In
particular, we investigate the whole unexplored parameter
space of the three neutrino model.

First, in Fig. 6, we summarize our findings on the
capability of the T2KK experiment to determine the neu-
trino mass hierarchy in the whole space of sin?26ycr and
Omns- Figure 6(a) shows our result when the mass hier-
archy is normal (m3 — m? > 0), and (b) when it is inverted
(m3 — m?} <0). In each figure the input data are calculated

for the model parameters at various sin>20per and Syvg
points, and the fit has been performed by surveying the
whole parameter space, but under the opposite mass hier-
archy. The resulting values of the minimum A y? are shown
as contours for 2, 3, 4, and 5-¢0. The wrong mass hierarchy
can be excluded with the corresponding confidence level if
the true sin?26gcr value lies in the right-hand side of each
contour along the true value of Syng (Si\r}l‘f\}g). In particular,
the minimum Ay?> values of 22 for the point
(sin®20per, Syins) = (0.10,0°) in Fig. 6(a) corresponds
to the highest point in Fig. 4(b), and the corresponding
value of 21 in Fig. 6(b) is the highest point in Fig. 5(b). We
find that the wrong hierarchy can be excluded at the 3o
level if sin?2@geq > 0.05 (0.06) if the hierarchy is normal
(inverted).

It is remarkable that the dyng = 0° case chosen to plot
Figs. 4 and 5 turns out to be the case when it is most
difficult to determine the neutrino mass hierarchy. If
Omns = 180°, the wrong hierarchy can be excluded at
the 30 level for sin?2@zeq = 0.02 for the normal hierarchy
(Fig. 6(a)) or sin?2@zer = 0.03 for the inverted hierarchy
(Fig. 5(b)). The origin of the &yns dependence is the

(b) input : inverted, fit: normal

180

o . i - AyP=25

90 4 o Gb' - iy

input

8 MNS
°

input

8 MNS
o

-90

-90

i

180 L\

80

000 002 004 006 008 010 0142 014
. input

Sin?20RET

FIG. 6 (color online).

-180 - -
000 002 004 006 008 010 012 014

. il it
Sin226RRT

Capability of the T2KK two-detector experiment to determine the neutrino mass hierarchy, (a) when the mass

hierarchy is normal (m% - m% > (), and (b) when it is inverted (m% - m% < 0). The numerical results are obtained for a combination of
3.0° OAB at SK and 0.5° off-axis at L = 1000 km with a 100 kt water Cerenkov detector, after 5 yr of running (5 X 102! POT). In
each figure the input data are calculated for the model parameters at various sin22t9'R"g%t and 6}\')[‘;\%, and the fit has been performed by
surveying the whole parameter space with the opposite mass hierarchy. The resulting values of minimum A y? are shown as contours
for 2, 3, 4, and 50. The wrong hierarchy can be excluded with the corresponding confidence level if the true sin?26gcr and Syns
values lie in the right-hand side of each contour. The model parameters are set at (m% - m%)input =25X1073eV? (a),
—2.5X 1073 eV2 (b), (m3 — m?)"Put = 82 X 1075 eV?, sin220§$ﬁ = 1.0, sin2219isn(‘,’it =0.83, p" =28 g/cm?® for SK, and
p"P = 3.0 g/cm? for L = 1000 km.
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difference of the oscillation phase at the far detector in
Korea. From Egs. (14d) and (15), the difference of the
oscillation phase near the oscillation maximum, |A ;| =
ar, between the input and the fit is expressed as

Ap _ ‘ A

|T+Bienput T+Bte'it

. 0.10 \1/2
t
+ 0. 15{00583‘,}?\}15 <m>
RCT

4 0.10 \1/2)/1A;51\ _ L
+ cosdht . 58— ).
o8 MNS(sin220{;tCT> K - >+ 058<1000 km)

(30)

The upper sign is for the normal hierarchy, and the lower
sign is for the inverted hierarchy. The phase-shift differ-

ence depends on both cosdyis and cosdhiy. As explained

in Sec. III, below Eq. (19), when cosdymns ~ 1 (Syis ~
0°) the phase shift is smaller than that with the other Sy
at L = 1000 km. Therefore the fitted value of cosdyns
(cosdlit <) also tends to be large and has the opposite sign
for the fake hierarchy. If cosSyjxg ~ —1, it is not possible
to compensate for the phase-shift difference of Eq. (30)
even by choosing cosdll s = 1, and the significantly
higher minimum A y? value results in Figs. 6(a) and 6(b).
In general, cosdiit s > 0 is favored even when cosSyg <
0 in order to minimize the phase-shift difference of
Eq. (30). This is clearly seen in Fig. 7, where we show
the values of the best fit parameters, sin*26f.. and 8fit\ ¢,
at the minimum A y? point of the analysis of Fig. 6. The
results for the normal hierarchy (a) and those for the
inverted hierarchy (b), are shown correspondingly to the
fit of Figs. 6(a) and 6(b), respectively. The thick vertical
lines are the sin?26ft.. contours at 0.02, 0.06, 0.10, and
0.14. The thinner contours give the 8if ¢ values. We find
that the value of 8fif < around 0° is almost always favored
as expected.

Here let us try to explain more detailed features of
Figs. 6 and 7 by separating the parameter space of
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sin22052 and Syvs into 4 regions.

(1) small sin?20per
Syivs: In this region the phase difference Eq. (30) is
mainly controlled by the cosdyng terms, because of
the 1/4/sin?20gcr enhancement over the matter
effect term. It is hence relatively easy to make

region (sin?20pRs < 0.04) at any

the difference small by adjusting cosdiify g +
cosSyius ~ 0. The hierarchy is determined essen-
tially by the difference of the v, — v, oscillation

amplitude only.

(2) sin220p = 0.04 at Sy ~ 180°: Although the
effect of cosdyng ~ —1 is canceled by choosing

cosdlil s ~ +1, the difference from the matter ef-
fect term in Eq. (30) cannot be canceled. Therefore
in this region the hierarchy is determined by the
differences of both the amplitude and the oscillation
phase.

sin?20per = 0.04 at Sy ~ £90°: In Eq. (30), the
difference is controlled by the matter effect term and
the cosdliyg term because cosdyive ~ 0. In this
region, we can make the phase-shift difference small
by choosing cosdfit ¢ > 0.

sin?20per ~ 0.04 to 0.08 at Sy ~ 0°: In this re-
gion the phase-shift difference Eq. (30) at [A ;3| ~ 7
can be made small at cosdlil s ~ 1, but the differ-
ence at |A 3] ~ 27 becomes large. Because the flux
of 0.5° off-axis beam is strong at lower energies
where 7 < |A 3] <2, the growth of the phase-
shift difference Eq. (30) at larger |A 5| cannot be
compensated. This explains why the minimum A y?
value in this region is larger than the one for the
case 3.

3)

4

The systematics of the oscillation phase is rather compli-
cated, but its effect turns out to be significant in determin-
ing the neutrino mass hierarchy.

Before _closing the section, let us brieﬂy study the value
of sin*26ft... in Fig. 7. In Fig. 7(a), sin*26%L. is larger than

(a) input : normal, fit : inverted (b) input : inverted, fit: normal
180 1 \ 180
— \ \\ Slins=0: % = \] ) 30° \}
L 30°
90 o I e 90 o 1R
o 1200 > \ 00 i ] o 12 °’/‘ 500 .
8 o/ ) 30 g o e e — a0
© L/ R s 7%—0
- [ 7 - Ay 0 = |
wlad T ol [ !
|\002 (\0.06 (\010 0.14 0.02| sin 29$'éfoﬂ 0a...0.10\ —
) i
-180 \ A\ -180 ——

000 002 004 006 008 010 012 014
. input
Sin20 ReT

t

000 002 004 006 008 010 012 014
. input
Sin20ReT

fit

FIG. 7 (color online). The values of the fit parameters, siHZZGQCT and O\, at the minimum A x? point of the analysis of Fig. 6 are
shown. The results for the normal hierarchy (a) and those for the inverted hierarchy (b) are shown correspondingly to the fit of
Figs. 6(a) and 6(b), respectively. The thick vertical lines are the sin2219§tCT contours at 0.02, 0.06, 0.10, and 0.14. The thinner contours

give the 8lif ¢ values.
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sin22052 | whereas in Fig. 7(b), sin?26f... is smaller than

sinZZGgIg}t. This is because the same oscillation amplitude
can be obtained by choosing sin?26%t... > sin?2¢5E when
the hierarchy is normal but it is assumed to be inverted in
the fit, and vice versa for the opposite case. The fitted value
of sin?20e; cannot deviate too much from the input value
of sin220glgl}t, however, because of the constraint from the
proposed reactor experiments, according to the last term in
Eq. (29), and also because of the SK measurement of the
v, — v, probability, which is much less sensitive to the
mass hierarchy difference.

VI. MEASUREMENT OF THE CP PHASE

In this section we investigate the measurement of
sin’20gcr and Syns for our preferred combination of the
3.0° OAB at SK and 0.5° OAB at L = 1000 km. This
combination of the T2KK experiment allows us to measure
the v, — v, oscillation around the oscillation maximum at
two baseline lengths, which can be parametrized as in
Eq. (13), in terms of the amplitude shift Eq. (14b) and
the phase-shift Eq. (14d). Once the neutrino mass hierarchy
is determined as explained in the previous section, the
terms proportional to |A3|/7 in the amplitude shift
Eq. (14b) measure sindyg, and those in the phase-shift

180
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Eq. (14d) measure cosdyns. In the T2KK two-detector
system, both sin?26gcr and sindyng can be determined
uniquely because the amplitude shift Eq. (14b) has signifi-
cantly different matter effect contributions between SK and
the far detector. The phase-shift measurement of the term
Eq. (14d) constrains cosdys independent of sindys-

We show in Fig. 8 and 9 regions allowed by this experi-
ment in the plane of sin?20gcr and Syns. The mean values
of the input data are calculated for the parameters of
Eq. (22). In each figure, input points (sin?260per, Sy
are shown by solid circles for sin?20pe between 0.02 and
0.1, with an interval of 0.02, and for four values of Sys;
0° (a), 90° (b), 180° (c), and —90° (d). The regions where
the minimum A y? value is less than 1, 4, 9 are depicted by
solid, dashed, and dotted boundaries, respectively. Figure 8
is for the normal hierarchy, and Fig. 9 is for the inverted
hierarchy. From these figures, we find that dyg can be
constrained to +30° at 1-o level, when sin*26gpy = 0.02
as long as the neutrino mass hierarchy is determined. If we
remove the last term in Eq. (29), the error of &g changes
little but that of sin*260xcr grows significantly; see Fig. 5 of
Ref. [14]

As shown in Figs. 6(a) and 6(b), the mass hierarchy
cannot be determined at 3o level (Ay?>>9) when
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FIG. 8 (color online).
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Capability of the T2KK two-detector experiment for measuring sin>20gcr and Syns. Allowed regions in the

plane of sin?20gcr and Sy are shown for a combination of 3.0° OAB at SK and 0.5° at L = 1000 km with a 100 kt water Cerenkov
detector after 5 yr of running (5 X 10>' POT). The input values of sin>26xcr are 0.02, 0.04, 0.06, 0.08, and 0.10 for Syns = 0° (a),
90° (b), 180° (c), and —90° (d). The normal hierarchy is assumed at m% - m% = 2.5 X 1073 eV?, and the other parameters are the
same as those in Fig. 6. The input points are shown as solid blobs, where A y> = 0 by definition. The 1, 2, and 30 contours are then
shown by solid, dashed, and dotted lines, respectively. For the input values of (sin220gg‘¥, 6;}'{&’; = (0.02, 0°) (a), (0.02, 90°) and (0.04,
90°) (b), and (0.02, —90°) (d), there appear additional allowed regions when the mass hierarchy is chosen with the wrong sign in the

fit, where the local minimal A y? point is depicted by a solid square.
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FIG. 9 (color online). The same as Fig. 8, but when the events are calculated for the inverted hierarchy, i.e., m3 — m} = —2.5 X

1073 eV?2. Just like in Fig. 8, additional allowed regions, when the wrong sign of the m% - m% is chosen in the fit, appear for all the

i t
Sying cases at

sin22(77i§(lgl}t is too small. In case of the input parameters of

Fig. 8 for the normal hierarchy, this is the case for
sin*20per = 0.02 at Sy = 0° (a), sin’260pey = 0.02
and 0.04 at Sy = 90° (b), and sin*260pey = 0.02 at
Syins = —90° (d). For those input points, there appears
an additional allowed region whose center (local minimum
of Ax?) is shown by a solid square. No extra allowed
region appears for dys = 180° in Fig. 8(c), in accordance
with the result of Fig. 6(a). In case of Fig. 9 for the inverted

hierarchy, the local minimum appears for sin’260pe; =

0.02 at SR =0° (a), sin®20p2 = 0.02 and 0.04 at

Sy = 90° (b), sin226p2r = 0.02 at Sy = 180° (c),
and sin?20per = 0.02 at Syjxg = —90° (d).

It is remarkable that the error of Syng is almost inde-

pendent of sin?26p2 value between 0.02 and 0.1, for all
the four input values of Syjs, 0°, £90°, and 180°. This is
remarkable because the event number N, is proportional to
sin*26xcr according to Eq. (13), and hence the statistical

error of the measurement of the amplitude and the phase

should be proportional to 1/4/N,, or 1/+/sin?fgcr. This

increase in the error for small sin%ﬁi{lg‘}t values is canceled
by the increased sensitivities of both the amplitude and the

phase shift to sindyns and cosdyns, respectively, which

are both proportional to 1/+/sin’fgcr. The two effects
cancel rather accurately, and we find that the error of
Oumns 18 almost independent of the input values of
Si]’l220RCT and 5MNS'

sin220pP = 0.02, and for Spie = 90° (b) at sin>20p2y = 0.04.

VII. CONCLUSION AND DISCUSSIONS

In this paper we study the physics potential of the T2KK
proposal [12-14], where a far detector along the T2K
neutrino beam line is placed in Korea. We find that the
off-axis neutrino beam from J-PARC at Tokai village for
the T2K project has significant intensity at a few GeV
range when the far detector is placed in the east coast of
Korea where the beam at less than 1.0° off-axis can be
observed at a baseline length of L ~ 1000 km. The result-
ing two-detector system can observe the v,, — v, oscilla-
tion probability near the oscillation maximum at two
different energies, if sin?26gcr is not too small. We exam-
ine, in particular, the capability of determining the mass
hierarchy pattern and the CP phase of the lepton-flavor-
mixing matrix when a 100 kt water Cerenkov detector is
placed at various locations in Korea for the off-axis beam
(OAB) of 2.5° and 3.0° at the Super-Kamiokande site. The
best results are found for a combination of 3.0° OAB at SK
(L = 295 km) and 0.5° OAB at L = 1000 km, where the
mass hierarchy pattern can be determined at 3o level for
sin*260gcr = 0.05 (0.06) when the hierarchy is normal
(inverted), after 5 yr of running (5 X 10?! POT). The sen-
sitivity of the T2KK experiment on the neutrino mass
hierarchy depends not only on sin*26gcr but also on
Omns. We explore the sensitivity in the whole space of
sin*260gcr and Syns, and the results are shown in Fig. 6(a)
for the normal hierarchy and in Fig. 6(b) for the inverted
hierarchy. Significantly higher sensitivity is found for
Smns ~ 180° for both hierarchy cases.
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We also find that the leptonic CP phase, dyns , can be
constrained uniquely, without invoking antineutrino
beams, as long as the mass hierarchy pattern is determined;
see Fig. 8 for the normal hierarchy, and Fig. 9 for the
inverted hierarchy.

Those results are obtained by assuming that the neutrino
energy can be reconstructed with a hundred MeV uncer-
tainty for the charged current quasielastic events, and the
earth matter density along the baseline can be determined
with 3% accuracy. All our numerical results have been
understood semiquantitatively, by using the approximative
expression for the v, — v, and v,, — v, oscillation prob-
abilities, Egs. (10), (11), and (13)—(15), where only the
linear and quadratic terms in the matter effect and those in
sin’20gcr are kept in the oscillation probabilities.

Our results are based upon a very simple treatment of the
systematic errors where 3% overall errors are assigned for
all the 10 normalization factors of Eq. (28). We find that the
significance of the mass hierarchy determination is not
affected much even if we enlarge all the systematic errors
to 10% except for the matter density uncertainties. This
means that the errors of the T2KK experiment proposal in
this paper are dominated by the statistical error. Therefore,
if we make the detectors at Kamioka and/or Korea larger,
or if the intensity of the J-PARC beam is stronger, the
significance of the measurement will grow as proportional
to the square root of the product of the volume, the inten-
sity, and the exposure time. It is not so clear, however, what
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FIG. 10 (color online).
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is the best volume ratio between the detector in Kamioka
and that in Korea. We show in Fig. 10 the minimum A y? as
functions of the volume ratio of the near (Kamioka) and far
(Korea) detectors while keeping the total volume at 600 kt
for 5 X 10?! POT. We assume the normal hierarchy for the
input and the inverted hierarchy in the fit. We examine 8

. input o . input
cases, for sin*26per = 0.1 (solid lines) and sin*26per =

0.06 (dotted lines), and for Syis = 0° (a), 90° (b),
180° (c), and —90° (d). It is clearly seen from Fig. 10
that a 600 kt detector in Kamioka alone cannot resolve the
mass hierarchy at all, because there is a little difference in
v, — Vv, transition probability between the normal hier-
archy and the inverted hierarchy. On the other hand, in the
case of only a Korean detector with 600 kt, the minimum
A x? value is not much smaller than the best case. This is
because the constraint of sin?20gcr from the future reactor
neutrino experiment replaces the role of the near detector
which measures the v, — v, transition at low energies
where the matter effect is small. We find that the minimum
A x? value of 23.5 in Fig. 10(a) at the volume ratio of 1:5
(= 22.5:100) is about 4.5 times as large as the minimum
A x? value in Fig. 4(b), confirming the dominance of the
statistical error in our analysis. If we request that the
minimum A y? should be at least 80% of its optimal value,
then the near-to-far volume ratio should be between 0.5:5.5
and 2.5:3.5. More volumes should be given to the far
detector than to the near detector. The above results are
obtained with a 100% detection efficiency for the CCQE
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Optimal ratio of the fiducial volumes of two detectors, one at Kamioka (L = 295 km) and the other at

L = 1000 km in Korea, for determining the neutrino mass hierarchy. The input data are calculated for the normal hierarchy at m3 —

input

mi = 2.5 X 107? eV? and the minimum A y* of the fit with the wrong hierarchy is shown for sin®26p¢ = 0.10 (solid lines) and 0.06
(dotted lines) and for 8:}}]’\}’; = 0° (a), 90° (b), 180° (¢), and 270° (d), when the sum of the fiducial volumes is fixed at 600 kt. The other
parameters are same as those in Fig. 1(d), and the results are calculated for 5 X 10?! POT.
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events. If we set 80% efficiency for SK and 60% efficiency
for a far detector in Korea [34], the value of A x? in Fig. 4
for the combination of 3.0° for SK and 0.5° for a far
detector placed at L = 1000 km drops from 22.6 to 14.5,
roughly scaling with the effective number of events at a far
detector.

We note here that our proposal is significantly different

from that of Ref. [13] in the following aspects:

(1) We propose to use a combination of large off-axis
angle at SK and a small off-axis angle at the far
detector, so that the first oscillation maximum can
be observed at both detectors.

(2) As a consequence, the CP phase can be determined
uniquely without invoking experiments with an an-
tineutrino beam.

(3) We propose that the far detector should have larger
fiducial volume in order to maximize the physics
outputs; see Fig. 10.

The use of two different off-axis angles implies that our
proposal should suffer from larger systematic errors, espe-
cially for high energy events at the far detector. Among the
potentially serious background which we could not esti-
mate in this paper are
(i) possible miss-identification of NC 77° production as
v, CCQE events,
(ii) possible miss-identification of soft 7 emission
events as CCQE events.

PHYSICAL REVIEW D 76, 093002 (2007)

Although the above uncertainties were found to be rather
small at K2K experiments [35], we should expect them to
be more serious at high energies. Dedicated studies on the
fake reconstructed neutrino energy of the NC 7 events
and those on the correlation between the true and the
reconstructed neutrino energy of the CC soft 7 events
are mandatory. In addition, careful studies including pos-
sible energy dependence of the flux and cross section
uncertainties, and also the location dependence of the
matter density, may be needed to justify the physics case
of the T2KK proposal.
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