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Abstract

The Tokai-to-Kamioka-and-Korea (T2KK) experiment has a high sensitivity
to determine the neutrino mass hierarchy for a combination of relatively large
(~ 3.0°) off-axis angle beam at Super-Kamiokande (SK) and small (~ 0.5°) off-

axis angle beam for 100kton water Cerenkov detector at L ~ 1,000 km in Korea.
We elaborate our previous analyses by using the realistic energy resolution for
the reconstructed neutrino energy and applying the detector efficiency for both v,
and v, event. We also take account of the 7% background and probability of the
particle miss identification between p and e. It is found that the mass hierarchy
pattern can be determined at 3¢ level for sin? 205r = sin? 2013 > 0.08 (0.09) when

the hierarchy is normal (inverted), after 5 x 102! POT exposure. We also find that
the leptonic CP phase can be constrained as +45° at 1o level for both hierarchy
assumed without anti-neutrino running, when sin® 20icr = 0.10 and dyns = 0°.
However, dyns cannot be determined at 3o level.

1. Introduction

Under the three generation framework, neutrino oscillation is governed by 2
mass-squared differences and 4 independent parameters in the Maki-Nakagawa-
Sakata (MNS) matrix [1], that is 3 mixing angles and 1 CP phase (dyns). The
absolute value of the larger mass-squared difference, |[dm?;| = |m3 — m?|, and one
of the MNS matrix elements U,3 = sin0,rv, are determined by the atmospheric
neutrino observation [2, 3]. The first generation long baseline neutrino oscillation
experiments, K2K [4{ and MINOS [5] confirmed the results of them. But, the
sign of the dm?; has not been determined. The Tokai-to-Kamioka (T2K) neutrino
oscillation experiment [4], which is one of the next generation accelerator based
long baseline experiment, plans to measure the value of [§m?2;| and U 13 more pre-
cisely by using the off-axis beam (OAB). The value of the smaller mass-squared

difference, dm?, and the value of other MNS elements, 4|U.; Uz |* = sin? 204, are
measured by the solar neutrino observations [7]. The results of the KamLAND
experiment [8] is consistent with these results. The sign of the dm?, can be deter-
mined from the matter effect inside the sun. The value of the |Ues| = sin Oxcr is
only known the upper bound from the reactor experiment [9]. In coming reactor
experiments [10], plan to measure the unknown element |U.s| from 7. survival
probability. The leptonic CP phase, dyns = —argU,s [11], has not been measured
yet.

The mass hierarchy pattern will be remained as the unknown parameter after
new experiments. We named dm?2; > 0 (§m3; < 0) as the normal (inverted) hier-
archy. In our previous studies [12]], we explore in detail the physics impacts of the
idea [13] for placing an additional far detector in Korea along the T2K neutrino

beam line. We examined the effects of placing a 100kton water Cerenkov detec-
tor in Korea, about 1000km away from J-PARC [14], for accumulating 5 x 102!
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POT (protons on target). We find that this Tokai-to-Kamioka-and-Korea (T2KK)
neutrino oscillation experiment has the good capability to determine the neutrino
mass hierarchy pattern by comparing the v, event numbers at SK and that at a
far detector in Korea. The CP phase can also be determined from the amplitude
and oscillation phase of the v, — v, probability. By studying these physics merits

of the T2KK experiment semi-quantitatively, we find that the most optimal com-
bination is a 3.0° OAB at SK and a 0.5° OAB at L = 1000km in Korea for the
mass hierarchy determination. The CP phase can also be determined without an
anti-neutrino phase for this optimal combination, when the value of U3 is not too
small [12]. A magnificence setup of the T2KK idea has been studied in related
research [15], The idea of placing two detectors along one neutrino beam has also
been studied for the Fermi Lab. neutrino beam [16].

Because of simplicity, we omitted the following points in our previous studies
[12]. The first one is the detail of the matter profile between Japan and Korea and
its uncertainty. This point has been shown in Ref.[17]. The second, we did not take
into account the background from the 7° which is produced by the neutral current
(NC) interaction. It was not also considered that the events from the nuclear
resonance for the u- and e-event and the effect of the energy reconstruction. The
third point is the detector efficiency. From the SK study [2], the efficiency of the
p-like event is almost 100%, but, for e-like event is roughly 90%. Because the
capability of the mass hierarchy determination and the CP phase measurement
depend on the number of the v, event, we have to include these efficiencies in the
analysis. We also have to consider the probability of the particle miss identification
between v, and v, event. The probability of this miss-PID is less than 1%. But
this probability cannot be negligible, because of many v, event. In this work,
we reanalyze the capability of the T2KK experiment including these points and
estimate the impact to the T2KK capability.

2. Event Numbers
2.1.  Charged current event

In this work, we use the reconstructed energy, Eyo., from the 1-ring event for
the event binning. For this purpose, we make the event distribution functions for
converting the neutrino energy, F, to E,.. with the detector resolution by using
Monte Carlo event generator, nuance [18].

Because E,. is estimated from the energy and scattered direction of the 1-ring
event, we adapt the following selecting criteria for choosing the 1-ring event from
the all events generated by nuance :

Only one charged lepton (u/e) with [p;| > 200MeV.

(

No high energy 7% (|p| < 200MeV) . (1b
No high energy v (|p| < 30MeV). (
(

No 7%, K% and K*.

The lower limit of the total momentum in the first criteria eq. (1a) is from the
threshold of the water Cerenkov detector for v, event [3]. The other criteria is
need to eliminate the multi-ring events [3].

After applying the detector resolution, we find that the shape of the event
distribution for the CCQE interaction can be fitted with three Gaussians. The
same as CCQE event, the fit function for the nuclear resonance event is also
obtained. Since the number of the intermediate state for the heavy resonance
meson depends on the F,, the fit function for the nuclear resonance event is
described the superimpose of three Gaussians between F,, = 0.55GeV and 1.2GeV
and that with four Gaussians for F,, > 1.2GeV. The solid line in Fig. 1 is the fit
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Fig. 1 The solid line shows the fitting function for the CCQE event which is used in our
analysis and the dotted line is for the nuclear resonance event, with E, = 1.0GeV in (a)
and E, = 2.0GeV in (b). Each distribution functions is normalized independently. The
solid circle (diamond) stands for the data of the CCQE (nuclear resonance) event from the
Monte Carlo calculation by nuance [18].

function for the CCQE event. The shape of the fitting function for the nuclear
resonance event is shown as the dotted lines in Fig. 1. Each distribution functions
is normalized independently. The solid circle (diamond) stands for the data of the
CCQE (nuclear resonance) event from the Monte Carlo calculation by nuance [18].
From this figure, the fitting functions, which we use in this work, well reproduce
the event distribution from the Monte Carlo generator.

2.2.  Neutral current event

Both of the mass hierarchy and the CP phase is determined by the v, appearance
event. Because some of the 7° which is produced by the NC interaction seems as
the v, event, we have to estimate the event numbers of the 7° and the probability
for the particle miss identification between 7° and v, event.

At first, we generate the events which include all interaction mode for each OAB
flux with 100kton fiducial volume water Cerenkov detector at 1000km away from

J-PARC after 5 x 102! POT exposure. All the generated event are selected by the
following event cut criteria :

No charged leptons. (2a)
Only one 7. (2b)
No high energetic 7% (|p| < 200MeV) . (2c)
No high energetic v (|p| < 30MeV). (2d)

)

No K° and K*. (2e

These selecting criteria choose the CC-like event from the NC event set. After
adopting these event selections, the 7° event distribution for each OAB against
the 7° total momentum is shown in Fig. 2 (a).

Figure 2(a) indicates that there are many one-7® events for the smaller OAB.
Some of them become the background of the v, event. If the energy of one 7 is
larger than the other, that v makes a strong ring which seems as the v, signal.
The 7° background also cannot discriminate the v, event, when the opening angle
between two s is small. These facts suggest that the probability for miss PID
between 70 and v, event can be denoted by the energy ratio of two 7s and the
opening angle between them at the laboratory frame naively. The energy ratio of
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Fig. 2 (a): The 7¥ event distribution of each OAB for 100kton water Cerenkov detector
at L = 1000km with 5 x 102'POT exposure, after adapting the event cut criteria. (b):
Probability of the particle miss identification from the 7% event to the e-like event, eq. (5).
The horizontal axis of the both figures is the 70 total momentum.

two s is given

- EQ 71 _ ) o
R:m,Q(l ), z = fBcosh (0 <90°), (3)

where we define as Fo < Fj, 6 is the angle between one of the v and the 7°
accelerate direction from the 7° rest frame to the laboratory frame and f§ is the
velocity of the 7. By using x and £3, the opening angle between two 7s is written

as 2 )
—1—x
T (4)

By using R and C, the probability for the miss PID can be naively assumed as

C =cosl,, =

B
Pe/ﬂo(|p,,o|)z%/0 [O(Re— R) + f(R,C)O(R — RO)O(C — Co)ldz,  (5)

where O(z) is the step function and

B R—Re\"? [10-C\*?
f(8,0) = 1'0_(0.5—1%@) (1.0—&:) ' (©)

Here, Rc and Cc is critical energy ratio and opening angle for miss PID. We
assume that Re = 0.2 and Cc = cos 17°. The reconstruct energy E,e. of each 7°
background is derived from 7° total momentum and the scattered direction which
are from the Monte Carlo calculation.

2.3.  Total event numbers
The numbers of v, and v, event thought CC interaction in the i-th energy bin,
Ei,.=02x1i(GeV) < E <0.2(i+1)(GeV), are calculated as

rec
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where M is the detector mass, Na = 6.017 x 10?3 is the Avogadro constant, ®,,_ is
the v, flux (va,p = ve, vy, Ve, 7,) from J-PARC, P, ., is the neutrino oscillation
probability including the matter effect. Because the 7% or v which makes a ring
is rarely produced by the nuclear effect of the oxygen for the CCQE interaction,
the cross section for the 1-ring CCQE event is reduced at high energy. Including
this effect, we use “effective” cross section, 6? (E,), not only for nuclear resonance
event, but also CCQE event. For the nuclear resonance event, “effective” cross
section is obtained from the total CC cross section. These relations are estimated
from the Mote Carlo calculation. F, /g( (E; E,) is the converting functions from FE,

to Eiec, which are derived from the fitting functions. Both of the “effective” cross
section and the converting function for the anti-neutrinos are different from those
of neutrinos. But we use the same converting function and the same relation
between the “effective” cross section for the anti-neutrino and that of the CCQE
and CC interaction, because the flux of the anti-neutrinos is negligibly small and
the cross section of them is also smaller than that of the neutrinos.

The total event number from the CC interaction in each bin is

NyC=ea Y [NEN W)+ N ) + N2+ NEE )] (8)
X=CCQE,Res

for o = e and p. Here e, and €, is the detector efficiency for each flavor.

A few of p-event seems like a e-event for a water Cerenkov detector. The
probability of this miss PID is less than 1% but this cannot be negligible, because
of many p-event. After adding the event number from 7° decay of each i-th bin
(N%y) to the e-like event, the total event number are written as

N = NECC 4 BuoNGOC + N, Np = (1= BydNESS, (9)

where P, /. is the probability of miss PID between p and e.

3. Analysis Method

In order to quantify the T2KK physical potential and the effect of the systematic
errors, we introduce a x2 function as

AX2 = X%K + X%(r + Xz'ys + X?)ara . (10)

The first two terms, x3x and x%,, measure the parameter dependence of the fit
to the SK and the Korean detector data, respectively,

e =3 (TN () )
SK,Kr - (Né)input (Nli)input )

where N, fw is given in eq. (9), and its square root gives the statistical error. For

calculating these event, we consider a 100kton fiducial volume water Cerenkov de-
tector at Korea with 5 x 102! POT exposer. The summation is over all bins from
0.4GeV to 5.0GeV for N, 0.4GeV to 1.2GeV for IV, at SK, and 0.4GeV to 2.8GeV
for N, at Korea, because the neutrino flux is small in the higher energy region, and
also the rapid oscillate and the cross section is small in the lower energy region.
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(N1)fit is calculated by allowing the model parameters to vary freely and by
including the systematic errors. We take into account six types of the system-
atic errors in this analysis. The first systematic error is for the uncertainty in
the matter density, for which we assume 6% overall uncertainty along the base-
line, independently for T2K ( fpSK) and the Tokai-to-Korea experiment ( ffr). The
second ones are for the overall normalization of each neutrino flux, for which we
assume 3% errors f,,. This normalization factor are taken independently for SK
and Korea direction. The third ones are for the cross sections (fX), where «
denotes f = e = pand £ = & = i and X is CCQE (CC) for the CCQE (nuclear
resonance) event, respectively. Because both of the CCQE and CC cross section
for ve and v, are expected to be very similar theoretically, we assign a common
overall error of 3% for v. and v,, and also an independent 3% error for 7. , CCQE
cross sections (fSCRF). For nuclear resonance event, we assume 20% error for the
CC cross sections of v, and 7., independently (f<¢). Also, we introduce the
50% systematic error for the cross section of the 7° background (fr0). The event
number of the 7 background is not only proportional to the uncertainty of the

7Y cross section but also the uncertainty of the initial neutrino flux. Because of

simplicity, we assume that the normalization of primary neutrino flux, f,,, only
affects the N, er' The fourth one is the uncertainty of the fiducial volume, for which

we assign 3% error independently for SK (f3¥) and the Korean detector (f&T).
The fifth one is the uncertainty of the detection efficiency for each e- and pu-like
event. In this analysis, we use de. = 5% and de,, = 1%, which are taken common
for SK and Korean detector. The last one is for the probability of the miss PID
between p and e. The uncertainty for this probability is assumed 1%. We also take
this value as common for SK and Korean detector. According to these systematic
€rrors, ngs is written as

2 fuy —10\? 210\ 210\’
G = 2 ( 0.03 >+ 2 <p0.06 >+< 0.03 >

B=e.&p,p D=SK, Kr

FOCQE _10\?  /fCC_1.0\? fro—1.0\2
+§;Z{< 0.03 > +( 0.20 > +< 0.50 )

ee —09\> (e, —1.0)" Puje —0.01\?
—_— _ _ . 12
+ {( 0.05 ) + ( 0.01 ) + ( 0.01 (12)
Finally, X}%ara accounts for external constraints on the model parameters

2
» [(m3-md)™ —82x10%eV? sin? 206t — 0.83)
Xpara = 0.6 x 105 0.07

(13)

. 2
N sin? 208t — sin? 205"
0.01

The first two terms correspond to the present experimental constraints from solar
neutrino oscillation [7] and KamLAND [8]. In the last term, we assume that
the planned future reactor experiments [10] should measure sin® 20,0 with the

expected uncertainty of 0.01. In total, our x? function depends on 26 parameters,
the 6 model parameters and the 20 normalization factors.
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4. Results
4.1.  Mass hierarchy

For searching the best combination of the off-axis angle at SK and that for a
Korean detector with 100kton fiducial volume water Cerenkov detector, we first
calculate the expected number of the p-like and e-like events at both detectors
by assuming either normal or inverted hierarchy. After calculating the events, we
examine that the obtained event numbers can be fitted for the opposite hierarchy
by adjusting the all 26 parameters.

(a) normal hierarchy (b) inverted hierarchy
o o o o
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Fig. 3 Minimum Ax? of the T2KK experiment after 5 x 1021 POT exposure for 100kton water
Cerenkov detector in Korea and SK, as the function of the off-axis angle and the baseline
length of the far detector from J-PARC, when the normal hierarchy is assumed in generating
the events for (a), and the inverted hierarchy is assumed for (b) in the fit with 2.5° and
3.0° OAB at SK. The black cross in each figures denotes the optimal Ax?2 for the previous
setup.

We show in Fig. 3 that the minimum Ax? expected at the T2KK experiment
after 5 x 102! POT exposure, as the function of the off-axis angle and the baseline
length for a Korean detector. Figure 3(a) shows the results, when the normal
hierarchy is assumed in generating the events and the inverted hierarchy is assumed
in the fit. The opposite case, generating the event with the inverted hierarchy and
fitted with the normal hierarchy is shown in Fig. 3(b). Each of the solid-circle,
open-circle, open-triangle, open-square, and open-diamond, denotes the baseline
length L = 1000km, 1050km, 1100km, 1150km, and 1200km, respectively. The
parameters are chosen

sin? Oup = 0.5, sin? 2050, = 0.83, sin? 20, = 0.10,
|omis| = 2.5 x 107%V?,  dmi, =8.2x107%eV?, Gy =0°,

g = 90%, £, = 100%, Pe=1%,

psk = 2.6g/cm3 pxr = 3.0g/cm? | (14)

for generating the input event numbers. The black cross in each figures is the
optimal results with the previous setup.

It is clearly seen from Fig. 3 that the best combination of off-axis angle are 3.0°
at SK and 0.5° for a Korean detector at L = 1000km. When the off-axis angle is
fixed 2.5° at SK, the optimum OAB for a Korean detector is 1.0° at L = 1000km.
That is, the combination of the narrow band beam at SK and the wide band beam
for a Korean detector is still the best combination to determine the mass hierarchy.
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Fig. 4 Capability of the T2KK experiment to determine the neutrino mass hierarchy, (a):
when the normal hierarchy is assumed in generating the event number as input, and (b):
the inverted hierarchy is assumed. The event numbers are obtained for a combination of
3.0° OAB at SK and 0.5° OAB at L = 1000km with a 100kton water Cerenkov detector
after 5 x 102! POT exposure.

The capability of the T2KK experiment to determine the mass hierarchy pattern
in Fig. 4. When the normal hierarchy is assumed in generating the event numbers
and in fitting with the inverted hierarchy for (a). The opposite condition is shown
in (b). The event numbers are generated for the best combination, 3.0° OAB
at SK and 0.5° OAB at L = 1000km. In each figures, the input event numbers
are obtained for the model parameters at various sin® 20xcr and yns, which is
horizontal and vertical axis of each figures respectively, the other model parameters
are same as in eq. (14). The fit has been performed by surveying the whole
parameter space with the opposite hierarchy. The minimum of the Ax? are shown
as contours for Ax2, =4, 9, 16, 25. The wrong hierarchy can be excluded with
the corresponding Axfnin if the true value of sin? 20zt and dyys lie in the right-
hand side of each contour. Figure 4 suggests that we can distinguish the normal
hierarchy from the inverted one with Ax2, > 9 when sin® 20xcr > 0.08. When
the inverted hierarchy is realized in the nature, sin? 20, > 0.09 is needed to
determine the mass hierarchy with Ax2, > 9.

4.2.  CP phase

Figure. 5 shows the capability of the T2KK experiment for measuring s and
sin® 20,y when the normal hierarchy assumed for (a) and the inverted hierarchy
for (b). Allowed regions in the plane of sin? 20,cr and dyns are shown for the
combination of 3.0° OAB at SK and 0.5° OAB at L = 1000km with 100kton
detector after 5 x 102! POT exposure. The input value of sin® 20, is 0.10 and
0.04 for dyns = 0° and the other input parameters are same as those in eq. (14).
The input points are indicated as the solid blobs. Ax2 =1, 4, and 9 contours are
shown by the solid, dotted, and dashed lines, respectively. The thick lines stand
for the same hierarchy and the thin lines show that the wrong mass hierarchy is
chosen in the fit, where the local minimum of the Ax? is pointed as a solid square.

From Fig. 5, we find that dyns can be constrained to £45° at 1o level for
sin? 20gor = 0.10 and +60° for sin® 20x.r = 0.04. However, we cannot determine
the CP phase at 3¢ level for dyns = 0°, even when sin® 20,.. = 0.10. Moreover,
there is the shadow island which is arose from the opposite hierarchy assumption
in both cases for sin? 20, = 0.04. In the previous analysis [12], we can constrain
the dyng with +30° at 1o level and +60° at 30 level for dyns = 0° with both
sin? 20cr = 0.10 and 0.04. Comparing the difference between this result and the
previous one, the capability of the CP phase measurement for this setup becomes
worse than the previous one.
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Fig. 5 Capability of the T2KK experiment for measuring sin? 20rct and dvns when the

normal hierarchy is assumed for (a) and the inverted hierarchy for (b). The input points are

indicated as the solid blobs. Ax? =1, 4, and 9 contours are shown by the solid, dotted, and

dashed lines, respectively. The thick lines stand for the same hierarchy and the thin lines

show that the wrong mass hierarchy is chosen in the fit, where the Ax? local minimum is
pointed as a solid square.

5. Conclusion
In this paper, we elaborate our previous analysis [12] by using the realistic

energy resolution and the event efficiency of the water Cerenkov detector by using
the reconstructed neutrino energy for both v, and v, charged current event, which
include the CCQE and nuclear resonance event. We also take account of the 7°
background and particle miss identification between e- and p-event.

The best combination for determining the mass hierarchy pattern is 3.0° OAB
at SK and 0.5° OAB for a Korean detector which is assumed 100kton fiducial
volume water Cerenkov detector at L = 1000km away from J-PARC. The mass
hierarchy can be distinguished at Ax2. > 9 level for sin? 20xcr > 0.08 (0.09) when

the normal (inverted) hierarchy assumed, after 5 x 102! POT exposure. The 7°
background suppress the potential of the T2KK experiment for mass hierarchy de-
termination strongly. On the other hand, the contribution of the nuclear resonance
event helps to discriminate the mass hierarchy. We also examine the prospect of
the CP phase measurement for the T2KK experiment. The leptonic CP phase can
be constrained as +45° at 1o level for sin? 20per = 0.1 and Jyns = 0° without
anti-neutrino running for both hierarchy assumption. However, d,ys cannot be
constrained at 3o level.
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