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ABSTRACT: If the atmospheric neutrino oscillation amplitude, sin? 20,4y is not maximal,
there is a two fold ambiguity in the neutrino parameter space: sin? O,y > 0.5 or sin® Oy <
0.5. In this article, we study the impact of this degeneracy, the so-called octant degeneracy,
on the T2KK experiment, which is a proposed extension of the T2K (Tokai-to-Kaimoka)
neutrino oscillation experiment with an additional water Cerenkov detector placed in
Korea. We find that the degeneracy between sin? 0,1y = 0.40 and 0.60 can be resolved at
the 30 level for sin? 20z > 0.12 (0.08) for the optimal combination of a 3.0° off-axis beam
(OAB) at SK (L = 295km) and a 0.5° OAB at L = 1000km with a far detector of 100kton
volume, after 5 years of exposure with 1.0 (5.0) x 102! POT /year, if the hierarchy is normal.
We also study the influence of the octant degeneracy on the capability of T2KK experiment
to determine the mass hierarchy and the leptonic CP phase. The capability of rejecting
the wrong mass hierarchy grows with increasing sin® @,y when the hierarchy is normal,
whereas it is rather insensitive to sin? @y for the inverted hierarchy. We also find that
the 1o allowed region of the CP phase is not affected significantly even when the octant
degeneracy is not resolved. All our results are obtained for the 22.5 kton Super-Kamiokande

as a near detector and without an anti-neutrino beam.
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1. Introduction

A decade ago, it was difficult to believe that neutrinos have mass and the lepton flavor
mixing matrix, the Maki-Nakagawa-Sakata (MNS) matrix [l], has two large mixing an-
gles [B-ff. Within the three neutrino framework, 2 mass-squared differences, 3 mixing
angles, and 1 CP phase can be resolved by neutrino oscillation experiments. So far, the
magnitude of the larger mass-squared difference, the magnitude and the sign of the smaller
one, two of the three mixing angles, and the upper bound of the third mixing angle have
been known. The sign of the larger mass-squared difference (the mass hierarchy pattern),
the magnitude of the third mixing angle (fgrcr), and the leptonic CP phase (dyys) are yet
to be measured.

In the previous papers [}, [], we studied in detail the physics impacts of the idea [[L(]
of placing a far detector in Korea along the T2K neutrino beam line. For concreteness
we examined the effects of placing a 100kton water Cerenkov detector in Korea, about
L = 1000km away from J-PARC (Japan Proton Accelerator Research Complex) [[L1]], during
the T2K (Tokai-to-Kamioka) experiment period [[J], which plans to accumulate 5 x 10%!
POT (protons on target) in 5 years. We find that this experiment with two detectors
for one beam, which may be called the T2KK experiment [[[J], can determine the mass
hierarchy pattern, by comparing the v, — v, transition probability measured at Super-
Kamiokande (SK) and that at a far detector in Korea. Moreover, both the sine and cosine
of the CP phase can be measured from the energy dependence of the v, — v, oscillation
probability, which can be measured by selecting the quasi-elastic charged current events.
By studying these physics merits of the T2KK experiment semi-quantitatively, we find
an optimal combination of a 3° off-axis beam (OAB) at SK and a 0.5° OAB in the east



coast of Korea at L = 1000km, for which the mass hierarchy and the CP phase (dyns)
can be determined without invoking an anti-neutrino phase [§, ], when the mixing angle
Oror is not too small. In the related study [[4], a grander prospect of the T2KK idea has
been explored, where two identical huge detectors of several 100kton volume is placed in
Kamioka and in Korea, and the future upgrade of the J-PARC beam intensity has also
been considered. The idea of placing two detectors along one neutrino beam has also been
explored for the Fermi Lab. neutrino beam [[[J].

In this report, we focus on the yet another degeneracy in the neutrino parameter space,
which shows up when the amplitude of the atmospheric neutrino oscillation, sin® 260 ypy, is
not maximal. Hereafter, we call this degeneracy between sin? O, > 0.5 and sin® Oy <
0.5, or between “90° — 0,y and “Garmy”, as the octant degeneracy [@] The main objective
of this paper is to study the capability of a T2KK two-detector experiment to resolve this
octant degeneracy when the off-axis angles at the near and the far detectors are chosen to
optimize the sensitivity to the mass hierarchy, i.e., 3° SK and 0.5° at L = 1000km, [, fI]. We
also explain why the octant degeneracy can be resolved efficiently in this particular setting,
and how it influences the mass hierarchy determination capability of the experiment.

Since the best fit value of the mixing angle @py is 45° [B—[, we set sin® 20,5y = 1
in all our previous studies [E, E], and hence we did not pay attention on physics impacts
of the octant degeneracy. However, we are concerned that the octant degeneracy affect
the capability of the T2KK experiment for the mass hierarchy determination and the CP
phase measurement, because the leading term of the v, — v, oscillation probability is
proportional to sin? @y, not sin? 20,ry. If the value of sin? 204ry is 0.99, which is 1%
smaller than the maximal mixing, the value of sin? @,y is sin? @ary = 0.45 or 0.55, which
differ by 20%.

For sin? 20,ru = 0.92, which is still allowed at the 90% CL B4l sin? @,y = 0.64 or
0.36, which differ by almost a factor of two. Therefore, we also examine impacts of varying
sin2 6,y on the mass hierarchy determination and the CP phase measurement by T2KK.
In our semi-quantitatively analysis, we follow the strategy of ref. [}, fJ] where we adopt SK
as a near side detector and postulate a 100 kton water Cerenkov detector at L = 1000km,
and the J-PARC neutrino beam orientation is adjusted to 3.0° at SK and 0.5° at the Korean
detector site. We study this particular combination of the off-axis angles in detail because
it gives the optimal sensitivity to determine the mass hierarchy in Ref [§, [f]. For instance,
while the inverted hierarchy cannot be excluded (Ax? ~ 3) with the 2.5° OAB both at
SK and Korea, it can be excluded at more than 4o level (Ax? ~ 22) when we choose 3.0°
for SK and 0.5° for Korea. The above results were found when the atmospheric mixing
angles are assumed to be maximum (sin?f,py = 0.5). In this report, we study in detail
how non-maximum mixing affects the mass hierarchy determination and if we can resolve
the octant degeneracy in this optimal setting of a T2KK experiment.

This article is organized as follows. In section [, we fix our notation and show how the
octant degeneracy affects the oscillation probabilities. In section [, we review our analysis
method and present an explicit form of the Ax? function which we use to measure the
capability of the T2KK experiment semi-quantitatively. In section |, we show the results
of our numerical calculation on the resolution of the octant degeneracy. In section [}, we



examine the capability of the T2KK experiment for the mass hierarchy determination, in
the presence of the octant degeneracy. We also show the effect of the octant degeneracy
on the CP phase measurement in section ffl. In the last section, we summarize our results
and give discussions.

2. Oscillation formular and experimental bound

When a neutrino of flavor « is created at the neutrino source with energy FE, it is a mixture
of the mass eigenstates, v,

3
|Va> = Z Uai |Vz> s (Oé = 6,,&,7’) (21)
=1

where U,; is the element of the Maki-Nakagawa-Sakata (MNS) matrix [f]. Without loosing
generality, we can take Uz and U,3 to be real and non-negative and allow U3 to have a

complex phase dyns , @]
After traveling the distance L in the vacuum, a neutrino flavor eigenstate |vg) is found

with the probability

3 m2 2
2 . *
Pry = (3 al LD = |3 Unyexp (—ﬁL)Um
i=1

= 0aB8 — 4 Z %(UalUﬁanjUﬁj) Sln2 2'] + 2 Z S(UO&ZUﬁZUajUﬁj) S11 Al] ,(22)
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where m; is the mass of v; and A;; is

m2 — m? 2 - mf) [eV2]

_ Y i <mJ

L [km] . (2.3)

Eq. P-4 shows that neutrino flavor oscillation is governed by the two mass-squared differ-
ences and the lepton number conserving combinations of the MNS matrix elements.

We take |A13] > |Aj2] without loosing generality. Under this parameterization, atmo-
spheric neutrino observation [JJ and the accelerator based long baseline (LBL) experiments,
K2K [f] and MINOS [[], which measure the v, survival probability, are sensitive to the
magnitude of the larger mass-squared difference and U 13

1.5 x 1073eV? < |m2 — m?2| < 3.4 x 1073eV?2, (2.4a)
sin® 20,ry = 4U7%5 (1 — Ups) > 0.92, (2.4b)

each at the 90% confidence level. Hereafter, we use sin? 64y instead of the U 33 for brevity
(sin? Opry = Uﬁg = sin? B3 cos? 013 [I)).
The reactor experiments, which observe the survival probability of the 7, at L ~ 1km

from a reactor, are sensitive to the value of the larger mass-squared difference and the



absolute value of U,3. The CHOOZ experiment [f] reported no reduction of the 7, flux
and find

$in® 20ncr = 4 |Ups|? (1 - |U63|2> < (0.20, 0.16, 0.14)
for |m3—mi| = (2.0, 2.5, 3.0) x 107%eV?, (2.5)

at the 90% confidence level. In the following, we denote |U3|? as sin?Orcr (sin? Orer =
‘Ueg‘Q = sin2 013 ])

The solar neutrino observations [fi], and the KamLAND experiment [[i], which measure
the survival probability of v, and 7,, respectively, are sensitive to the smaller mass-squared
difference and the value of U.y. The present constraints can be expressed as

m3 —m? = (8.0+0.3) x 10~°eV?, (2.6a)
sin? fso, = 0.30 4 0.03. (2.6b)

The sign of m3 — m? is determined by the matter effect in the sun M9 RQl. In these
experiments, the order of Ays is roughly 1 and the terms with A3 oscillate quickly within
the experimental resolution of L/E. After averaging out the contribution from A;3, and
neglecting terms of order sin? fror, we obtain the relation;

Sin2 QHSOL = 4U621U622 = 4U622(1 — U622 - |U623|) . (27)

Here, sin? 20y, = 4U%4 U2, = sin® 2015 cos? 613 [[[J]. These simple identification, eqs. (R.4H),
®.H), and (R.7), are found to give a reasonably good description of the present data in
dedicated studies [R1] of the experimental constraints in the three neutrino model. In this
paper, we parameterize the CP phase as [1§]

5MNS - — arg U63 . (28)

The other elements of the MNS matrix can be obtained form the unitary conditions [[[7].
This convention allows us to express the MNS matrix directly in terms of the three observed
amplitudes.

The probability of the neutrino oscillation, eq. (R.9), is modified by the matter ef-
fect [19, R{], because only v, and v, feel the potential by the extra charged current inter-
actions with the electron inside the matter. This extra potential for v, is written as

E
— 2VRGE, n. ~ 7.56 x 10-°[eV2] [ —L v 2.
a V2GEE, n. ~ 7.56 x 10 [eVZ] (g/cm3> (GeV) ) (2.9)

where G is the Fermi coupling constant, E, is the neutrino energy, n. is the electron

number density, and p is the matter density. The extra potential for 7, has the opposite sign.
Because the matter effect is small at low energies and also because the phase factor Aqs is
small near the first oscillation maximum, A3 ~ 7, we find that an approximation of keeping
terms linear in the matter effect and Ajs is useful for analyzing the LBL experiments at
sub GeV to a few GeV region [§, f, B2, PJJ:

A
P, . = 2(1+ q)sin® Ogor (1 + A°) sin® <% + Be> , (2.10a)

n

w Y

P, ., =1—(1—¢%) (1+ A")sin? (% + B“) , (2.10b)



where
1
sin? 0o = % (2.11)
and A% and B“ are the correction terms to the amplitude and the oscillation phase, re-

spectively. For a = e, we find

aL A1z sin20s0r, [1—q |
A€ — 590 _ 5in & 2.12
A13E COS 2Ugct 2 sin fpor 1+g S OpNs ( a)
al Alg sin 26 1-— q .
Bt — — 1 08 20rcr + 5 <2 i GISDZLT T g oS Oyws — sin® fsor ) - (2.12D)

The octant degeneracy between “O 1y and “90° — 6,1y, corresponds to the degeneracy in
the sign of q. When ¢ denotes the true value for the octant degeneracy, —q is its fake value.
Using typical numbers of the parameters from the atmospheric neutrino observation
and LBL experiments, eq. (B.4), and those from the solar neutrino observation and the
KamLAND experiment, eq. (R.6)), the v, — V. transition probability can be expressed as

in2 20 A
Py, ~0.05(1+q) <s1no%> (1+A4°) sin® (%4‘36) : (2.13a)
— 1/2

Aen 0.37( -2 L 0.9, /=2 (V10 sin Gyns |A13|, (2.13b)
A3/ \ 1000[km] 1+ ¢ \ sin? 20xcr T
L 1— 1 1/2 A

B~ =029 ——— )+{0.15 a(_ 219 cos une—0.015 L2331 (2.130)
1000[km] 1+ ¢ \ sin” 20gcr T

around the oscillation maximum, |Aj3] ~ 7. Since the amplitude is proportional to
sin? O,ry = (1 4+ q)/2, we expect that the octant degeneracy can be solved by measuring
the v, — v, transition probability, if the value of the sin? 20xcr is known precisely. Because
the first term of A¢ changes sign according to the mass hierarchy pattern, A3 ~ 7 for the
normal and A3 ~ —n for the inverted, the amplitude of the transition probability is
sensitive to the mass hierarchy pattern. The difference between the two hierarchy cases
grows with the baseline length when L/FE is fixed at around the oscillation maximum [g, .
If there is only one detector at L ~ O(100)km, the small difference from the matter effect
can be absorbed by the sign of ¢ in the leading term of eq. (R.134).
The g-dependence in A¢ and B€ in eqgs. (.I3H) and (R.I3d) may seem to affect the
measurement of the leptonic CP phase. We find, however, that the g-dependence of the
coefficient of the CP phase in the v, — v, transition probability is not strong, because

(I+q) =9 /1@, (2.14)

1+g¢q

which is independent of the octant degeneracy. Our numerical studies presented below
confirms the validity of the above approximations.



Around the first dip of the v, survival probability |A3| ~ 7, we find

q s L sin® 20xcr
AP~ 0.01 2.1
0.018 <1—q> <A13> (1000[km]> < 0.10 ) ’ (2.15a)

.2
Bl 0.014 q L sin® 20zt
1—¢q/ \(1000km] 0.10

. 220 1/2
- [0.037 —0.008 <u> COS Sy

|Aq3]
12131 (92.15b
0.10 ( g )

Although the shift in the amplitude A* and that in the phase B* are both propor-
tional to ¢, their magnitudes are found to be less than 0.7% and 0.5%, respectively, for
lg| < 0.28, eq. (B.4H). Our numerical results confirm that the measurement of the v, — v,
survival probability does not contribute significantly to the resolution of the octant de-
generacy. On the other hand the smallness of the deviation from the leading contribution
allows us to constrain \m% - m%] and sin® 20,y accurately by measuring the v, — v,
survival probability.

3. Analysis method

In this section, we explain how we treat signals and backgrounds in our numerical analysis,
and introduce a x? function which measures the capability of the T2KK experiment semi-
quantitatively. We consider a water Cerenkov detector at Korea in this study, because
it allows us to distinguish clearly the e™ events from p* events. The fiducial volume of
the detector placed at Korea is assumed 100 kton, which is roughly 5 times larger than
that of SK, 22.5 kton, in order to compensate for the longer base-line length. We use
only the CCQE events in our analysis, because they allow us to reconstruct the neutrino
energy event by event [f]. Since the Fermi-motion of the target nucleon would dominate
the uncertainty of the neutrino energy reconstruction, which is about 80 MeV [{], we take
the width of the energy bin as dFE, = 200 MeV for E, > 400 MeV. The signals in the i-th
energy bin, E!, = (200MeV x i) < E, < E! + 0E,,, are then calculated as

Ei4SE
Ni(v,) = MN4 / ,"+ " ®,,(E) Py (E) 028(E) dE, (3.1)
E;,
where P, .., is the neutrino oscillation probability including the matter effect, M is the
detector mass, Ny = 6.017 x 10?3 is the Avogadro constant, ®,, is the v, flux from J-
PARC 4], and Q¥ is the CCQE cross section per nucleon in water [f]. For simplicity,
the detection efficiencies of both detectors for both v, and v, CCQE events are set at
100%. Although 100% efficiency for v, CCQE events is not correct, the same results can
be obtained by rescaling the exposure time.

We consider the following background events for the signal of e-like events (o« = e) and
p-like events (o = ),

NP = Ni(ve) + NE(7e) + Ng (o) 4 (a=e,p), (3.2)



respectively. The three terms correspond to the contribution from the secondary neutrino
flux of the v, primary beam, which are calculated as in eq. (B.1]) where ®,,(E) is replaced
by ®,,(E) for vg = ve, Ve, 7, All the primary as well as secondary fluxes used in our
analysis are obtained from the web-site [24]. After summing up these background events,
the e-like and p-like events for the i-th bin are obtained as

NL=Ni(v) + NP, (a=e,p), (3.3)

respectively.

Our interest is the potential of the T2KK experiment for solving the octant degeneracy
and its influence on the resolution of the other degeneracies. In order to quantify its
capability, we introduce a x? function,

AX? = X8k + Xk + Xoys + Xoara (3.4)

which measures the sensitivity of the experiment on the model parameters. The first two
terms, X%K and X%{w measure the parameter dependence of the fit to the SK and the Korean
detector data, respectively,

. . 2 . . 2
Né fit Né input (NZ )ﬁt _ (Nl)lnput
X%K,Kr = Z <( ) () ) + : = , (3.5)

(Né)input (Nﬁ)input

i

where N fhe is the calculated number of events in the i-th bin, and its square root gives

the statistical error. Here the summation is over all bins from 0.4 GeV to 5.0 GeV for N,
0.4 GeV to 1.2GeV for N, at SK, and 0.4 GeV to 2.8GeV for N, at Korea. In this energy
region, we can include the second peak contribution in our analysis at Korea. We include
the contribution of the u-like events in order to constrain the absolute value of A3 strongly
in this analysis, because a small error of A3 dilutes the phase shift B¢ [§, B, 9.

Niﬁt is calculated by allowing the model parameters to vary freely and by including
the systematic errors. We take into account four types of the systematic errors in this
analysis. The first systematic error is for the uncertainty in the matter density, for which
we allow 3% overall uncertainty along the baseline, independently for T2K ( EK) and the
Tokai-to-Korea experiment ( ffr):

oY= P (D =SK, Ki). (3.6)

The second ones are for the overall normalization of each neutrino flux, for which we assume

3% errors,
fu, = 140.03, (3.7)

for (v = Ve, Ve, vy, Uy), which are taken common for T2K and the Tokai-to-Korea exper-

iment. The third ones are for the CCQE cross sections,

(0QF)™ = fQB (oQE)TP (3.8)



where o denotes £ = e = p and £ = & = fi. Because 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, and an independent 3% error for 7, and 7, CCQE cross sections. Our results are not
sensitive to the error of the CCQE cross section and flux normalizations. When we change
the errors from 3% to 10%, we find that the minimum Ay? reduces only by a few percent
level. This is because these are ample v, CCQE events and the errors of v, and v, CCQE
cross sections are expected to be correlated strongly. The last one is the uncertainty of
the fiducial volume, for which we assign 3% error independently for T2K (fJX) and the
Tokai-to-Korea experiment (fi7). NE™ is then calculated as

{N‘Qﬁt(yﬁ)] at SK.Kr = fy, fE fSK KN (v OF (3.9)

and accordingly, ngs has four terms;
CoQE D 2 b )
o 2, Gi) () - 2 () -
B=e,&, 1, i 0.03 0.03 D=SK. Kr 0.03 0.03
(3.10)

To put them shortly, we account for 4 types of uncertainties which are all assigned 3%

errors: the effective matter density along each base line, the normalization of each neutrino
flux, the CCQE cross sections for v; and 7;, and for the fiducial volume of SK, and that of
the Korean detector. In total, our Ay? function depends on 16 parameters, the 6 model
parameters and the 10 normalization factors.

Finally, accounts for external constraints on the model parameters:

2
Xpara

2
oo (md —m32)™ —8.2 x 10-%V?2 | (sin®20%5, —0.83 ?
para 0.6 x 10 0.07

A1
0.01 (3.11)

(sin2 208t — sin? 201" ) ’
+

The first two terms correspond to the present experimental constraints from solar neutrino
oscillation and KamLAND summarized in eq. (2.4).! In the last term, we assume that
the planned future reactor experiments [@] should measure sin? 20zcr with the expected
uncertainty of 0.01.

4. Octant degeneracy and the T2KK experiment

In this section, we show the potential of the T2KK experiment for solving the octant degen-

eracy and investigate the role of the far detector and the future reactor experiments. We

The most recent results, eq. (@), are slightly different from our inputs. Because our analysis is not
sensitive to the difference, we use these values for the sake of keeping the consistency with our previous
studies [E, E]
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Figure 1: Minimum AX2 of the T2KK experiment as a function of sin? 0,. The event numbers
are calculated for a combination of 3.0° OAB at SK and 0.5° OAB at L = 1000km with 100 kton
water Cerenkov detector, after 5 years running (5 x 102! POT). The input parameters are chosen
as in ([L1)). In the left-hand figure, sin® 024" = 0.35 (a), 0.40 (b), 0.45 (¢) and in the right-hand
figure, sin? 022" = 0.55 (d), 0.60 (e), 0.65 (f).

show in figure [[] the minimum Ay? as a function of sin? 1y expected at the T2KK exper-
iment after 5 years of data taking (5 x 102! POT). The event numbers are calculated for a
combination of 3.0° OAB at SK and 0.5° OAB at L = 1000km for the following parameters:

(m3 — m2)mPut — 2.5 x 107%eV? (normal hierarchy), (4.1a)
(m3 —m?3)"Put = 8.2 x 10~ °eV?, (4.1b)
sin? 2020 — .10, (4.1c)
sin? 2000 — 0.83 (4.1d)
Sinput — 0° 490°,180°, (4.1¢)

PP = 3.0g/cm® for L = 1000km , (4.1f)

PP — 2 8¢ /cm? for SK. (4.1g)

In the left-hand figure of figure [, we show the cases for the input values sin? Gﬁﬁt =0.35
(a), 0.40 (b), 0.45 (c) and in the right-hand figure, for sin?#h’ =0.55 (d), 0.60 (e), 0.65
(f). In each cases, the fit has been performed by surveying the whole parameter space. We

find from figure [], that the octant degeneracy can be solved by T2KK experiment when



sin@in"'=0.40, sind}, > 0.5 (normal) sin2da'=0.60, sin2dl, < 0.5 (normal)
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Figure 2: The potential of the T2KK experiment to solve the octant degeneracy with the same

OAB combination of the figure . In each figures, the event numbers are obtained for the model
parameters at various sin? 20mmet, SR and sin? R = 0.40 for (a,c), or sin? AEL" = 0.60 for

(b,d), with the normal (a,b) or the inverted (c,d) hierarchy. The other input parameters are same as

those of figure f]. All the parameters are taken freely in the fit under the constraint sin? #fit > 0.50

(a,c), or sin? it < 0.50 (b,d). The resulting values of minimum Ax? are shown as contours for
Ax? =4, 9, 16.

sin? 20,1 = 0.91 i.e., between sin? @, = 0.35 and 0.65 at 40. For sin®20,ry = 0.96
the degeneracy between sin? 6,y = 0.40 and 0.60 can be resolved with Ax? > 7, or at
2.60. However, it is difficult to solve the octant degeneracy for sin? 26 ,ry = 0.99, between
sin? O,y = 0.45 and 0.55.

In the left-hand figure of figure [], the minimum Ax? for § = 90° is larger than those
for the other CP phases. In the right-hand figure, the minimum Ay? is also largest at
§ = 90°. There, however, the minimum Ay? for § = —90° is slightly larger than those for
4 =0°,180°.

In order to explore the s dependence of the capability of the T2KK experiment to
solve the octant degeneracy, we show in figure | contours of the minimum Ax? in the whole

; input input . . input
space of sin? 20ner" and dyybe'. The event numbers are calculated for various sin® 205y

and 6&115? values in each figure, with sin? Ggﬁt = 0.40 for (a) and (c), or sin? Ggﬁt =0.60
for (b) and (d). The other model parameters are set as in eq. (f.1). Figures | (a) and
(b) are for the normal hierarchy, m3 — m? = 2.5 x 1073eV?2, and figures } (c) and (d)
are for the inverted hierarchy, m% —m? = —2.5 x 1073eV2. In performing the fit, all the

16 parameters (6 model parameters and 10 normalization factors) are varied freely under

,10,



the following constraints: sin?#ft, > 0.5 for (a) and (c), sin? 0%t < 0.5 for (b) and (d),
(m2—m2)it > 0 for (a) and (b), (m2—m?2)fit < 0 for (c) and (d) From figures fJ(a) and f(c)
we find that sin? 624" = 0.40 can be distinguished from sin?#fit. > 0.5 at AX >9 (4
for sin? 2002 >0.12 (0.09) when the normal (inverted) hierarchy is realized. figures f(b)
and fJ(d) show that the octant degeneracy can be solved at Ay? > 9 for sin 2 9pmput > ().12
(0.14) When sin? 0Pt = 0.60 for the normal (inverted) hierarchy.

)

input __

It is found in figures fi(a) and fi(b) that the minimum Ax? is highest around &,;ks ' = 90°
confirming the trend observed in ﬁgure We find from figures Jf(c) and f(d) that the same
trend holds even when the neutrino mass hierarchy is inverted. In all the four plots of

figure fl, we recognize a high plateau around 5i?£§t = 90° and a lower plateau around
511\?15? = —90°. We can understand the trend by using the approximate expression of the

v, — V. transition probability, eq. (B13). We first note that the v, — v, oscillation
probability is proportional to (1 + ¢)(1 + A®)sin? 20xcr around the oscillation maxima,
|A13 = (2n + )|, When ¢ = —0.2, the v, appearance rate is proportional to 0.8(1 +
A®). In order to reproduce the same rate for ¢ = 0.2, we should find a parameter set
that makes the factor 1 + A¢ 40% smaller than its input value, up to the uncertainty in
sin? 20xcr, which is assumed to be 0.01/sin? 29?3}1 " in eq. ) This cannot be achieved
for 511\14115? = 90°, because the input value of 1 + A° takes its minimum value. On the
other hand, if 511\?15? = —90° the input value of 1 + A€ is large and it can be reduced
significantly by choosing 6% = 90° in the fit. This explains why the minimum Ay?
is larger around 511\%5? = 90° than that around 511\?15? = —90° when sin® 6,y = 0.4 in
figures f(a) and B(c). When ¢ = 0.2, the same argument tells that we cannot compensate
for the large input value of (1+¢)(1+4 A¢) for 51.1\?15;”: = —90°. This indeed explains the lower
plateau around 62P" = —90° observed in B(b) and P(d). The cause of the higher plateau
around 622" = 90° in these figures for sin® @,y = 0.6 is more subtle. When §7F3% = 90°,
(1 + A€)InPut takes its smallest value, and the reduction in (1+¢) from (1+ ¢)™P4 = 1+40.2

o (14 ¢)f* =1 —0.2 can be compensated for by making (1 4+ A°)fi* larger by choosing
5£st ~ —90°. This, however, necessarily makes the coefficient of |Ay3|/7 in eq. (R.13H)
have the wrong sign, and hence the ratio of the first peak (|A13| ~ 7) and the second peak
(JA13| ~ 37) cannot be reproduced. The higher plateau around 6i2e® = 90° in figures J(b)

and [(d) for sin 04" = 0.6, and the lower plateau around dibe® = —90° in figures P(a)

and P(c) for sin 29Ut — () 4 can be explained as above.

We show in figure ] the allowed region of sin? @y and sin? 20zor by the T2KK ex-
periment. The event numbers are generated at 6.be® = 0° and sin? 2072 = 0.10 for
sin? 9P — (.35, 0.40, 0.45, 0.50, 0.55, 0.60, 0.65 from the 1st to the 7th row. The other
input parameters are the same as in eq. ({.1). The allowed regions in the plane of sin?
and sin? 20zcr are shown by the Ax? = 1, 4, 9 contours depicted as solid, dashed, and
dotted lines, respectively. In the left-hand-side plots, (a), the constraint on sin? 26y from
the future reactor experiment is kept in the Ayx? function. On the other hand, in the
right-hand-side plots, (b), the external constraint on sin? 20y is removed from the Ax?
function in eq. (B.11). Comparing figures fJ(a) and [(b), we find that the mirror solution
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(a) with reactor experiment (b) without reactor experiment
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Figure 3: The capability of the T2KK experiment for constraining the sinf,ry and sin® 20zcr.
Allowed regions in the plane of sin? @,y and sin® 20,.. are shown for the same T2KK set up
figure . In each figure, the event numbers are generated at 0" = 0° and sin? 2020 = 0.10, for
sin? 9P = 0.35, 0.40, 0.45, 0.50, 0.55, 0.60, 0.65 from the 1st to the 7th row. The other input
parameters are the same as in figure EI In the left-hand-side plots, (a), we keep the constraint on
sin? 20xor form the future reactor experiment, whereas in the right-hand-side plots, (b), we remove
the external constraint on sin® 20gcr in eq. ) The Ax? = 1, 4, 9 contours are shown by the
solid, dashed, and dotted lines, respectively.

around
sin? 201, = # sin? 20pbut (4.2)
cannot be excluded without the information from the future reactor experiment.

Before closing the section, we examine the impact of upgrading the J-PARC beam
intensity be a factor of 5 [R6] on the resolution of the octant degeneracy. Such an upgrade
is desirable especially if the neutrino mass hierarchy is inverted, because the octant de-
generacy between sin O,y = 0.4 and 0.6 cannot be resolved at 3¢ unless dyng ~ 90°; see
figures fi(c) and B(d).

We show in figure f| the same contour plots as in figure ], but with 5 times larger
exposure (25 x 102! POT). It is found that the degeneracy between sin? 6,y = 0.4 and 0.6
can now be resolved at 3o level for sin? 20ror > 0.08(0.09), when the hierarchy is normal
(inverted). Comparing figure ] and figure f], however, we find that the sensitivity does not
improved as much as we would hope with 5 times higher statistics. The minimum Ay?
value does not grow by a factor 5, because the capability of resolving the octant degeneracy
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Figure 4: The same as figure fl, but with 5 times larger exposure (25 x 102! POT).

is now dictated by the accuracy of the external constraint on sin? 20zcr from the future
reactor experiment,
§sin® 20per  0.01

sin? 205cr sin? 20gcr

(4.3)

which we assume in eq. (B.11). The fractional uncertainty of sin?20pcy is 10% for
sin? 20pcr = 0.1, but it is 17% for sin? 20por = 0.06. If sin® 20xer turns out to be even
smaller, the fractional error grows and the mirror solution eq. (f.3) can no more be re-
solved. If sin? 20xcr turns out to be smaller than 0.06, further reduction of its error in the
future experiments with reactor and/or the beta beam [R7].

5. Mass hierarchy and the octant degeneracy

In this section, we examine the effect of the octant degeneracy on the capability of the
T2KK experiment to determine the neutrino mass hierarchy pattern.

Figure [] shows the minimum Ax? as a function of sin® legﬁt for the T2KK experiment
to determine the mass hierarchy pattern with the same OAB combination of figure [ In
cach figure, the event numbers are calculated for 61ibe® = 0° (a), 90° (b), 180° (c), and —90°
(d), when the normal hierarchy is realized. The other parameters are listed in eq. ([.1).
The fit has been performed by surveying the whole parameter space by assuming the wrong

hierarchy. The solid line gives the minimum Ay?. The open circle denotes the minimum
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Figure 5: Minimum A2 as a function of sin? #04" for the same T2KK setting as in figure .
In each figure, the event numbers are calculated for the parameters of eq. (1)) with Simbut — e
(a), 90° (b), 180° (c), —90° (d), under the normal hierarchy, and the fit has been performed by
assuming the inverted hierarchy. The solid line gives the minimum Ax?2. The open circle (square)

denotes the minimum value of Ax? when the sign of ¢"Put¢fi* is positive (negative).

Ax? when the sign of ¢™P"¢ft or that of (1 — 2sin? #abi)(1 — 2sin? 01t ), is positive,

input ,fit

whereas the open square gives the minimum Ax? when ¢ q"* is negative.

. : . i t .
When ¢ takes the same sign as ¢'™P"* sin? 08t~ sin?@yhy is favored, and the

reduction of the v, — v, oscillation amplitude (1 + A®) in eq. (R.13H) for the inverted
hierarchy, A3 ~ —7, cannot be compensated for in the two detector experiment [§, .
Because the v, — v, rate is proportional to sin? Hfg)ﬁt, the resulting increase in the dis-
crepancy leads to the linear dependence of the minimum Ayx? on sin HATM observed for
the open circle points. On the other hand, when sin Gﬂﬁt < 0.5 (¢™PU* < (), it is possible
to compensate for the reduction of the 1 + A¢ factor of the v, — v, oscillation ampli-
mput - gince sin® 03, = sin? ORI (1 + ¢fit) /(1 4 ¢™PU) > 0.5.

input it () gives the lowest Ax? for

tude by choosing ¢1* ~ —¢
This explains why the open square points for ¢
sin® Hflejﬁt < 0.5. When sin HATpl\ljt is significantly lower than 0.5, however, the enlarge-
ment factor of sin? #fit /sin2 @M = (1 4 ¢fit) /(1 + ¢"P") overshoots the reduction due
to the matter effect, especially for the v, — v, rate at SK when the matter effect is small.
When 511\?15? = —90°, shown in figure [|(d), this reduction in the minimum Ay? by using
the octant degeneracy is most significant because the overshooting of the v, — v, rate can
be partially compensated by choosing sin 5MNS > 0.
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Figure 6: The same as figure E, but when the inverted hierarchy is realized in nature and the fit
is performed by assuming the normal hierarchy.

. . . input .
In figure i, we show the minimum Ax? as a function of sin? @y when the neutrino

mass hierarchy is inverted. The gradual increase of the Ax? as sin? ginput grows can also
be seen for the open circle points where the fit is restricted to the parameter space that
satisfies ¢fit¢™P" > 0. This reflects the increase of the v, — V. event rate as sin? Hﬁﬁt
increases, independent of the hierarchy pattern. On the other hand, the minimum Ay? for
input

the parameter space of ¢fitq < 0, plotted by open squares, gives the lowest Ay? when

sin? Hg)ﬁt > 0.5. This is because the reduction of the v, — v, rate in the fit, which is
proportional to sin? #fit /sin? 0PN = (1 + ¢fit) /(1 4 ¢™P") < 1, for ¢ < 0 < ¢™PUt, can
compensate for the reduction due to the matter effect when the hierarchy is inverted. The
reduction of the minimum Ax? due to the octant degeneracy is strong at sin? Hif%ﬁt > 0.5
for the inverted hierarchy, and the increased sensitivity to the mass hierarchy pattern for

large sin® O yry is lost when it is inverted.

In figure [, we show the capability of the T2KK experiment to determine the mass
hierarchy pattern as contour plots of the minimum Ax? value on the parameter space of
sin? 200 and 610U In each figure, the input date are calculated for the model parameters
at various sin’ 2932}“ and 53&?? values, with sin? HKlTlﬁt = 0.40 in (al, bl), sin? Hgﬁt =0.50
in (a2, b2), or sin® 024" = 0.60 in (a3, b3). The left-hand figures (al, a2, a3) are for the the
normal hierarchy, and the right-hand figures (b1, b2, b3) are for the the inverted hierarchy.
The other input parameters are the same as those of figure [, and in eq. ({1). All the
fit parameters are varied freely to minimize the Ax? function, under the constraint of the
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Figure 7: The potential of the T2KK experiment to determine the neutrino mass hierarchy. The
input data calculated for the normal hierarchy (al, a2, a3) or for the inverted hierarchy (b1, b2,
b3), and the fit has been performed by assuming the wrong hierarchy. In each figure, the minimum
Ax? is obtained for the input data calculated at various (sin® 2Qnput - sinpu t) with sin? 92PU* — (.40
for (al, bl), sin? 2RI = 0.50 for (a2, b2), or sin® #E4" = 0.60 for (a3, b3). The other input
parameters are the same as those of figure . The contours of the minimum Ayx? are shown for
Ax? =9, 16, 25.

opposite mass hierarchy. The resulting values of minimum Ay? are shown as contours for
Ax? =9, 16, 25. The contours of figures [](a2) and [J(b2) are identical to those of figure 6
of ref. [E], which we copy for the purpose of comparison.

It is clearly seen in figure [] that the main feature of the T2KK ability for the mass
hierarchy determination at sin®2040hy" = 0.96, sin? 6,y = 0.4 (al, bl) or 0.6 (a3, b3), are

not much different from those at sin? 29%& = 1.0 (a2, b2), such as the fact the minimum
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Ax? around 511\%5? ~ (° is smaller than that around 511\%5? ~ 180°. Close examination of

figure [, however, reveals the followings. In case of the normal hierarchy, m% —m?2 >0, the

minimum Ax? grows with growing sin® @', and the mass hierarchy can be determined

at 30 level for sin? 2022 > (.07 if sin2 9102 = 0.40 (al), whereas the same holds for
sin? 20521 > 0.04 if sin? 025 = 0.60 (a3). This is mainly because the vy — Ve event rate
grows with sin? 02}";? and because the presence of the octant degeneracy does not disturb
the measurement significantly, as can be seen from the open circle points in figure f. In
contract, no significant improvement in the hierarchy discrimination power is found for

sin? afﬁﬁt > (.5 in case of the inverted hierarchy. This is because the octant degeneracy

between sin? 0fit, = 0.6 and sin? 0t = 0.4 allows us to compensate for the matter effect
reduction of the v, — v, rate. We find that the best hierarchy discrimination is achieved
at sin’ Hﬂﬁt = 0.5 for all dyns values, confirming the trends of figure f.

Summing up, the T2KK two detector experiments can resolve the mass hierarchy pat-
tern in the presence of the octant degeneracy. If the hierarchy is normal, the discriminating

power grows with increasing sin? 92?1\1}1:. On the other hand, if the hierarchy is inverted, the

discriminating power reduces both at sin? Hﬂﬁt < 0.5 and at sin? Hﬂﬁt > 0.5: it reduces
at sin®Oyry < 0.5 because of the lower rate of the v, — V. events, while it reduces at

sin? @, > 0.5 because of the octant degeneracy.

6. CP phase and the octant degeneracy

In this section, we investigate the relation between the CP phase measurement and the
octant degeneracy.

Figure f shows the potential of the T2KK experiment for measuring sin? 20rcor and
Snns When sin? 9%&” = 0.40 and the hierarchy is normal, m% —m? > 0. The input values of
sin? 20xor and dyws are denoted by solid blobs in each figure, and the 1o, 20, and 3¢ allowed
regions are shown by solid, dashed, and dotted lines, respectively. The thick contours are
for sin? 2P — (.10, and the thin contours are for sin® 202" = 0.06. §"PY = (° in
figure f(a), 90° in (b), 180° in (c), and —90° in (d). There is no additional allowed region
within 30 when the inverted hierarchy is assumed in the fit, in accordance with figure [j(al).

When we compare the contours of figure [ with the corresponding ones in figure 8 of
ref. [fl] for sin? G?Tlﬁt = 0.5, we can clearly identify the islands due to the octant degeneracy.
When sin? 202" = (.10, the thick contours shows no island at 6725 = 90°, but 3¢ islands
appear at all the other 511\?15? cases, which is consistent with the result of figure fJ(a). In case
of sin? 91{33;1 = 0.06, the contours have 3o islands for all 53&?? cases and a clear 20 island
at 5i?£§t = —90°, again consistent with figure fJ(a). Close examination of the location of
the islands reveals that their center is at around sin® 268, = sin? 2002 (0.4)/(0.6), as
expected by eq. (). The existence of the islands due to the octant degeneracy hence
reduces our capability of measuring sin? 20xcr significantly.

It is remarkable that the octant degeneracy does not jeopardize the T2KK capability
of determining the CP phase, dyns: the islands in figure E have the dyng values consistent
with its input values. This is because the coefficients of both sindyns and cosdyng in
the v, — v, oscillation probability is not sensitive to the octant degeneracy, as explained
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Figure 8: The allowed region in the plane of sin? 2050 and Syns by the T2KK set up of figure ,
when sin? #i2PY" — 0.40 and the hierarchy is normal. The input values of sin?20xcr and dys,
sin? 20528 = 0.06 or 0.10, GiRE® = 0° (a), 90° (b), 180° (c), and —90° (d), are denoted by solid
blobs in each figure and the other input parameters are listed in eq. (@) The 1o, 20, and 30
contours are shown by solid, dashed, and dotted lines, respectively. The thick (thin) lines are for
sin? 208 = 0.10 (0.06). There is no allowed region within 30 when the inverted hierarchy is

assumed with fit.

in eq. (.14). The results we found in figure f confirms the validity of our approximation
for the T2KK experiments.

Figure [ also shows the potential of the T2KK experiment for measuring sin? 20gzcr
and Sy, but for sin? Hﬂﬁt = 0.60. There is no allowed region within 3o when the inverted
hierarchy is assumed in the fit, as can be seen from figure [f(a3).

Comparing the contours of figure ] with the corresponding ones in figure 8 of ref. [q]
for sin® 0%’& = 0.5, we can again identify the islands due to the octant degeneracy.
When sin? 20%°"% = (.10, the thick contours shows no island at 620" = +90°, but 3o
islands appear at the other §"PU° cases. In case of sin2 #ZP% = 0.06, the contours have
30 islands for all 511\?15? cases, but there is no 20 island. These results are consistent
with the result of figure fi(a). The location of the center of the islands is at around
sin? 201¢, . = sin? 2002 (0.6)/(0.4), as expected by eq. (£3). The capability of measuring
sin? 20y for sin? 9;1?1\14“3 = 0.60 is also reduced by the octant degeneracy, which is the same
as that for sin? Hﬂﬁt = 0.40. However, the octant degeneracy does not disturb the T2KK

capability of determining the CP phase.
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Figure 9: The same as figure , but for sin? #IZPUE = (.60.

7. Summary

There are three types of ambiguity in the neutrino parameter space. The first one is
from the sign of the larger mass-squared difference, which is related to the mass hierarchy
pattern. The second one is from the combination of the unmeasured parameters, the
leptonic CP phase (dyns) and the mixing angle Ogcr, which resides at the upper-right
corner of the MNS matrix [[]. In the previous studies [f, [, we showed that the idea [L(] of
placing a 100kton-level water Cerenkov detector in Korea along the T2K neutrino beam at
L = 1000km, the T2KK experiment [[[J] can solve these ambiguities. The last ambiguity is
in the value of the 6,1, which dictates the atmospheric neutrino observation [E] and the
long base-line neutrino oscillation experiment [B, f]. If the mixing angle @4y, is not 45°,
there is a two fold ambiguity between “O,r\” and “90° — 0,1\, the octant degeneracy [E]

In this paper, we focus on the physics potential of the T2KK experiment for solving
the octant degeneracy with an optimal beam combination for SK and Korean site. We
follow the experimental setup found in ref. [, @], where SK is adopted as a near detector
and 100 kton water Cerenkov detector is located at L = 1000km, and the J-PARC neutrino
beam is observed at SK with 3.0° off-axis angle and at the far detector site in Korea with
0.5° off-axis angle.

If the value of sin® 20,y is 0.99, which is 1% smaller than the maximal mixing, the
value of sin?@ary is sin? Oary = 0.45 or 0.55, which differ by 20%. Therefore, we also
investigate the impacts of the octant degeneracy on the physics potential for the mass
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hierarchy determination and the CP phase measurement by T2KK, because the leading
term of v, — v, oscillation probability is proportional to sin? @ xrar, NOt sin? 26 yras.

When we include the constraint for the value of sin? fxcr, which will be obtained from
the future reactor experiments [R5]. the octant degeneracy between sin?f,ry = 0.40 and
0.60 can be resolved at 3o level for sin?20pcr > 0.12 (0.08) after 5 years exposure with
1.0 (5.0) x 10*! POT/year, if the hierarchy is normal, see figure [] and figure f. We find
that the contribution from the second maximum of the v, — v, oscillation probability at
the far detector (L = 1000km) plays an important role for solving the octant degeneracy.
It is also found that the octant degeneracy cannot be solved without the contribution from

future reactor experiments.

We also investigate the impact of the octant degeneracy in the determination of the
mass hierarchy pattern. The T2KK power of resolving the mass hierarchy pattern is pro-

. . i t .
portional to the value of sin?@4by for the normal hierarchy, see figure A, because the
. . . i t . .
v, — V. Tate is proportional to sin? 0uby". When the mass hierarchy is normal, we can

determine the mass hierarchy at 3o level for sin? 2022 >0.07 if sin2 970" = 0.40, fig-
ure [l(al), whereas the same holds for sin? 2052 > 0.04 if sin2 904" = 0.60, figure fi(a3).
On the other hand, if the hierarchy is inverted, sin? @,y = 0.5 is found to be the optimal
case for the mass hierarchy determination, see figure [|, because of the lower rate of the

v, — V. events for sin? Hgﬁt < 0.5 and the octant degeneracy for sin? Hgﬁt > 0.5.

Finally, we check the effect of the octant degeneracy for the CP phase measurement, see
figure E and figure E The CP phase can be constrained to £30° at 1o level for sin? 20 yry =
0.96, even if we cannot distinguish between sin2 @,y = 0.4 or 0.6. The error does not
increase from that for sin® 6,y = 0.5, because the coefficients of both sine and cosine term

of dyns in the v, — v, oscillation probability are not sensitive to the octant degeneracy.

In this paper, high sensitivity to the mass hierarchy and the octant degeneracy reso-
lution has been found because of the high energies (small off-axis angle) of the neutrino
beam observed at a far detector. We should therefor expect that the background from
miss-identification of NC 7 production and CC soft-m emission events as v. CCQE events
will be more serious than those observed at K2K. Because the possible advantage of choos-
ing high-energy (small off-axis angle) beam at a far detector has been demonstrated clearly
in this and previous papers [§, ], dedicated studies on the influence of the background and
non-Gaussian neutrino energy reconstruction at a few GeV region should be performed in
the future.
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Note added

When finalizing the manuscript, we learned that a similar study has been performed by
T. Kajita, et al. 2.
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