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We study the physics potential of very long baseline neutrino-oscillation experiments with a high intensity
proton accelerator which will be completed by the year 2007 in Tokai-village, as a joint project of KEK and
JAERI ~Japan Atomic Energy Research Institute!. The 50 GeV proton synchrotron at J-PARC~Japan Proton
Accelerator Research Complex! will deliver neutrino beams in the range of a few GeV with an intensity about
two orders of magnitude higher than the present KEK beam for the K2K experiment. As a sequel to the
proposed J-PARC–to–Super-Kamiokande experiment, we study the impact of experiments with a 100 kton-
level detector and a baseline length of a few-thousand km. The pulsed narrow-bandnm beams allow us to
measure thenm→ne transition probability and thenm survival probability through counting experiments at a

large water-Cˇ erenkov detector. We study the sensitivity of such experiments to the neutrino mass hierarchy, the
mass-squared differences, the three angles, and oneCP phase of the three-generation lepton-flavor-mixing
matrix. We find that experiments at a distance between 1000 and 2000 km can determine the sign of the larger
mass-squared difference (m3

22m1
2) if the mixing betweenne andn3 ~the heaviest-or-lightest neutrino! is not

too small: 4uUe3u2(12uUe3u2)*0.03. TheCP phase can be constrained if theuUe3u element is sufficiently
large: 4uUe3u2(12uUe3u2)*0.06, and if the smaller mass-squared difference (m2

22m1
2) and theUe2 element

are in the preferred range of the large-mixing-angle solution of the solar-neutrino deficit. The magnitude
um3

22m1
2u and the matrix elementUm3 can be precisely measured, but we find little sensitivity tom2

22m1
2 and

the matrix elementUe2.
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I. INTRODUCTION

Many neutrino experiments@1–10# strongly suggest tha
there are flavor mixings in the lepton sector, and that neu
nos are massive. According to the atmospheric-neutrino
servations@1#, the lepton-flavor-mixing matrix@the Maki-
Nakagawa-Sakata~MNS! matrix @11## has a large mixing
angle. Especially, the Super-Kamiokande~SK! Collaboration
@2# reported thatnm oscillates into the other species wi
maximal mixing. The K2K@3# experiment, the current long
baseline~LBL ! neutrino oscillation experiment from KEK to
SK with L5250 km and^En&51.3 GeV, obtained result
which are consistent with the neutrino oscillation in t
atmospheric-neutrino anomaly withdm2;331023 and
sin22u;1. The two reactor neutrino experiments CHOOZ@4#
and Palo Verde@5# reported that no oscillation is found from
n̄e , and they exclude significant mixing betweenn̄e and the
other neutrinos. An important conclusion from these obs
vations is that the atmospheric neutrino oscillation canno
due to nm-ne oscillation. Recently, the SK Collaboratio
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showed evidence thatnm oscillates into an active neutrin
rather than sterile neutrinos@6#. According to the results of
solar-neutrino observations@7#, the ne flux from the Sun is
less than that of the prediction of the standard solar mo
@8# and the reduction factor depends on neutrino energ
The most convincing explanation for this deficit is thene
oscillation to the other neutrinos. Four possible scenarios
the solar-neutrino oscillation have been identified: t
Mikheyev-Smirnov-Wolfenstein ~MSW! @12,13# large-
mixing-angle~LMA ! solution, the MSW small-mixing-angle
~SMA! solution, the vacuum oscillation~VO! solution @14#,
and the MSW low-dm2 ~LOW! solution. Recently, the SK
Collaboration reported the energy spectrum and the d
night asymmetry data and showed that the LMA solution
more favorable than the other scenarios@9#. The SNO experi-
ment@10#, which observes the solar neutrino flux with hea
water, showed conclusively, when combined with the S
flux data, thatne oscillates into the other active neutrinos.1 A
consistent picture of three-neutrino oscillations with tw
large mixing angles and two hierarchically different mas
squared differences emerges from those observations,
the exception of the LSND experiment@15# which may in-
dicate the existence of the fourth and nonstandard~sterile!
neutrino.

1While this manuscript was being prepared, the KamLAND C
laboration reported that only the LMA solutions are consistent w
their observation of reactor antineutrinos@51#.
©2003 The American Physical Society04-1
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Several LBL neutrino oscillation experiments@16–19#
and a short-baseline experiment@20# have been proposed t
confirm the results of these experiments and to measure
neutrino oscillation parameters more precisely. The MIN
experiments@16#, from Fermilab to the Soudan mine, with
baseline length ofL5730 km and̂ En&53.5 GeV, will start
producing data in 2005. The observation of the survi
probabilityPnm→nm

will allow us to measure the larger mas

squared difference and the mixing angle with about 10
accuracy. Two LBL experiments ICARUS@17# and OPERA
@18#, from CERN to Gran Sasso with a baseline length
L5730 km and at higher energies with^En&;20 GeV have
been proposed, and they may begin operation in 2005.
CERN experiments expect to observe thenm→nt appear-
ance. The physics discover potential of these LBL exp
ments has been studied extensively@21#.

In Japan, as a sequel to the K2K experiment, a new L
neutrino oscillation experiment between the Japan Pro
Accelerator Research Complex~J-PARC! @22# and SK has
been proposed@19#. The facility, J-PARC, has a 50 GeV
proton synchrotron~PS!, which will be completed by the
year 2007 in Tokai-village as a joint project of KEK an
JAERI ~Japan Atomic Energy Research Institute!. The
J-PARC PS can deliver high intensity neutrino beams in
;1 GeV range, whose intensity is two-orders-of-magnitu
higher than that of the KEK 12 GeV proton synchrotr
beam for the K2K experiment. The J-PARC–to–SK expe
ment withL5295 km and̂ En&51.3 GeV will measure the
larger mass-squared difference with 3% accuracy and
mixing angle at about 1% accuracy.

All these experiments use conventional neutrino bea
which are made from decaying pions and kaons that are
duced by high-energy proton beams. The possibility o
neutrino factory@23# has been discussed as the next gene
tion of LBL neutrino-oscillation experiments@24#. Here the
neutrino beam is delivered from decaying muons in a mu
storage ring, where the stored muon energy may be in
range of several 10 GeV. A neutrino factory can deliver ve
high intensity neutrino beams that are consist of the sa
amount ofnm and n̄e ( n̄m and ne from m1) with precisely
known spectra. The possibility of constructing a neutri
factory in the JAERI site by upgrading the J-PARC PS
now being extensively studied@25#.

In this paper we examine the alternative possibility
using conventional neutrino beams from the J-PARC
very-long-baseline~VLBL ! neutrino oscillation experiments
whose baseline length exceeds a thousand km@26#. A pos-
sible 100 kton detector in Beijing@27# can be a target a
aboutL52100 km away. The physics capability of such e
periments should be seriously studied because a neutrino
tory may turn out to be too difficult or too expensive
realize in the near future. In order to take full advantage
conventionaln beams, we examine the case of using puls
narrow-bandnm beams~NBBs! and as a target we consider
large water-Cˇ erenkov detector similar to SK which is ca
pable of measuring thenm-to-ne transition probability and
the nm survival probability. We study the sensitivity of suc
experiments to the signs and magnitudes of the two m
09300
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squared differences, the three angles, and oneCP phase of
the three-flavor MNS matrix.

This article is organized as follows. In Sec. II, we fix o
notation and review the present status of the neutri
oscillation experiments in the three-neutrino model. In S
III, we study the properties of the narrow-band neutri
beams that can be delivered by the J-PARC 50 GeV PS
Sec. IV, we study the signals, backgrounds, and system
errors of the VLBL experiments and present our findings
the prospects of experiments at baseline lengths of 2100
1200 km. All our main findings are summarized compac
in Sec. V.

II. NEUTRINO OSCILLATION
IN THE THREE-NEUTRINO MODEL

In this section, we give the definition and useful para
etrization of the 333 Maki-Nakagawa-Sakata~MNS!
lepton-flavor-mixing matrix@11#, and give constraints on its
matrix elements and the neutrino mass-squared differenc

A. The MNS matrix

The MNS matrix is defined analogously to the CKM m
trix @28# through the charged current~CC! weak interactions,
where the charged-current can be expressed as

JCC
m 5~ d̄,s̄,b̄!VCKM

† gm~12g5!~u,c,t !T

1~ ē,m̄,t̄ !gm~12g5!VMNS~n1 ,n2 ,n3!T. ~2.1!

Heren i( i 51,2,3) denotes the neutrino mass-eigenstates.
flavor eigenstates of the neutrinos are then expressed as

na5(
i 51

3

~VMNS!a in i , ~2.2!

wherea5e,m,t are the lepton-flavor indices.
The 333 MNS matrix has three mixing angles and thr

phases in general. We adopt the following parametrizat
@29#:

VMNS 5S Ue1 Ue2 Ue3

Um1 Um2 Um3

Ut1 Ut2 Ut3

D S 1 0 0

0 eiw2 0

0 0 eiw3

D [UP,

~2.3!

where P is the diagonal phase matrix with two Majoran
phasesw2 and w3. The matrixU, which has three mixing
angles and one phase, can be parametrized in the same
as the CKM matrix. Because the present neutrino oscillat
experiments constrain directly the elementsUe2 , Ue3, and
Um3, we find it most convenient to adopt the parametrizat
@29# where these three matrix elements in the upper-ri
corner of theU matrix are the independent parameters. Wi
out losing generality, we can takeUe2 andUm3 to be real and
non-negative. By allowingUe3 to have the complex phase

Ue2 ,Um3>0, Ue3[uUe3ue2 idMNS ~0<dMNS,2p!,
~2.4!
4-2
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the four independent parameters areUe2 , Um3 , uUe3u, and
dMNS. All the other matrix elements of theU are then deter-
mined by the unitary conditions

Ue15A12uUe3u22uUe2u2, Ut35A12uUe3u22uUm3u2,

~2.5a!

Um152
Ue2Ut31Um3Ue1Ue3*

12uUe3u2
, ~2.5b!

Um25
Ue1Ut32Um3Ue2Ue3*

12uUe3u2
, ~2.5c!

Ut15
Ue2Um32Ut3Ue1Ue3*

12uUe3u2
, ~2.5d!

Ut252
Um3Ue11Ue2Ut3Ue3*

12uUe3u2
. ~2.5e!

In this phase convention,Ue1 , Ue2 , Um3, and Ut3 are all
real and non-negative numbers, and the other five elem
are complex numbers.

The Jarlskog parameter@30# of the MNS matrix is defined
as

JMNS[Im~Va iVb i* Vb jVa j* !

5Im~Ua iUb i* Ub jUa j* !

52
Ue1Ue2Um3Ut3

12uUe3u2
Im~Ue3!, ~2.6!

where (a,b)5(e,m),(m,t),(t,e) and (i , j )
5(1,2),(2,3),(3,1). The last expression above is obtaine
our phase convention. The two Majorana phasesw2 andw3

do not contribute to the Jarlskog parameter.

B. Constraints on the MNS matrix and the mass-squared
differences

The probability of finding the flavor-eigenstateb from the
original flavor-eigenstatea at the baseline lengthL in the
vacuum is given by
09300
ts

in

Pna→nb
5U(

j 51

3

~VMNS!b jexpS 2 i
mj

2

2En
L D ~VMNS! j aU2

5uUb1Ua1
ast1Ub2e2 iD12Ua2* 1Ub3e2 iD13Ua3* u2

5dab24 ReH Ua1Ub1* Ub2Ua2* sin2
D12

2

1Ua2Ub2* Ub3Ua3* sin2
D23

2

1Ua3Ub3* Ub1Ua1* sin2
D31

2 J
12 Im@Ua1Ub1* Ub2Ua2* #

3@sinD121sinD231sinD31#, ~2.7!

whereD i j is

D i j [
dmi j

2

2En
L.2.534

dmi j
2 ~eV2!

En~GeV!
L~km!, ~2.8!

with the neutrino energyEn and the mass-squared diffe
encesdmi j

2 5mj
22mi

2 . In particular, the survival probability
in the vacuum is

Pna→na
5124H uUa1Ua2u2 sin2

D12

2
1uUa2Ua3u2 sin2

D23

2

1uUa3Ua1u2 sin2
D31

2 J . ~2.9!

The oscillation probabilities of antineutrinos in the vacuu
are obtained from those of neutrinos simply by reversing
sign of the Jarlskog parameter:

Pn̄a→ n̄a
5Pna→na

, ~2.10a!

Pn̄a→ n̄b
5Pna→nb

~JMNS→2JMNS!.
~2.10b!

The following approximations for the oscillation prob
abilities are useful in our study. WhenuD12u!uD13u;1, the
oscillation probabilities can be expressed as

Pna→nb
5dab24 Re$Ua3Ub3* Ub1Ua1* 1Ua2Ub2* Ub3Ua3* %

3sin2
D13

2
1H 2 Re~Ua2Ub2* Ub3Ua3* !sinD13

64JMNS sin2
D13

2 J D122$Re~Ua1Ub1* Ub2Ua2*

1Ua2Ub2* Ub3Ua3* cosD13!7JMNS sinD13%

3D12
2 1O~D12

3 !. ~2.11!

When 1!uD12u;uD13u, we may take into account finite reso
lution of D i j (D i j →D i j 6dD i j ), and find
4-3
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Pna→nb
→ 1

2dD i j
E

D i j 2dD i j

D i j 1dD i j
dD i j Pna→nb

~D i j !5dab22 Re$Ua1Ub1* Ub2Ua2* 1Ua2Ub2* Ub3Ua3* 1Ua3Ub3* Ub1Ua1* %

12 ReH Ua1Ub1* Ub2Ua2* cosD12

sindD12

dD12
1Ua2Ub2* Ub3Ua3* cosD23

sindD23

dD23

1Ua3Ub3* Ub1Ua1* cosD31

sindD31

dD31
J 62JMNSH sinD12

sindD12

dD12
1sinD23

sindD23

dD23
1sinD31

sindD31

dD31
J .

~2.12!
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In LBL experiments the uncertainty inEn , dEn , dictates
dD i j ,

dD i j .2D i j

dEn

En
, ~2.13!

and the following two cases are relevant. When

udD12u.UD12

dEn

En
U!1!UD13

dEn

En
U.udD13u.udD23u,

~2.14!

Eq. ~2.12! can be expressed as

Pna→nb
→dab22 Re$Ua1Ub1* Ub2Ua2* 1Ua2Ub2* Ub3Ua3*

1Ua3Ub3* Ub1Ua1* %

12 Re$Ua1Ub1* Ub2Ua2* cosD12%

62JMNS$sinD12%1OF S D12

dEn

En
D 2G

1OF S D13

dEn

En
D 21G . ~2.15!

On the other hand, when

1!UD12

dEn

En
U!UD13

dEn

En
U ~2.16!

Eq. ~2.12! simplifies to

Pna→nb
→dab22 Re$Ua1Ub1* Ub2Ua2* 1Ua2Ub2* Ub3Ua3*

1Ua3Ub3* Ub1Ua1
ast%1OF S D12

dEn

En
D 21G

1OF S D13

dEn

En
D 21G . ~2.17!

Note that in Eqs.~2.11!, ~2.12!, and~2.15!, 6JMNS stands for
Im@Ua1Ub1* Ub2Ua2* #; see Eq.~2.6!.

All the above formulas remain valid for the neutrino o
cillation probabilities in the matter, by replacing the mas
squared differences and the MNS matrix elements with
effective ones in the matter,
09300
-
e

D i j →D̃ i j , Ua i→Ũa i , JMNS→ J̃MNS, ~2.18!

as long as the matter density remains the same along
baseline. The definitions of the effective parametersD̃ i j and
Ũa i are given in Sec. II D, andJ̃MNS is obtained from Eq.
~2.6! by replacing allUa i ’s by Ũa i ’s.

In the following, we summarize the constraints on t
neutrino mass-squared differences and the MNS matrix
ments from the recent neutrino-oscillation experiments;
atmospheric-neutrino anomaly@1,2#, the CHOOZ reactor ex-
periment @4#, and the solar-neutrino deficit observatio
@7,9,10#.

1. Atmospheric-neutrino anomaly

A recent analysis of the atmospheric-neutrino data fr
the Super-Kamiokande~SK! experiment@2# finds

0.88,sin22uATM,1.0, ~2.19a!

1.631023,dmATM
2 ~eV2!,4.031023, ~2.19b!

from the nm→nm survival probability in the two-flavor os-
cillation model

Pnm→nm
512sin22uATM sin2S dmATM

2

4En
L D . ~2.20!

The baseline of this observation is less than about 104 km
for the Earth diameter, and the typical neutrino energy is o
to a few GeV. The survival probability Eq.~2.9! may then be
expanded as

Pnm→nm
5124uUm3u2~12uUm3u2!sin2

D13

2

12uUm2u2uUmu3u2D12sinD131O~D12
2 !. ~2.21!

When uD12u!1, we may neglect terms of orderD12 and ob-
tain the following identification:

4uUm3u2~12uUm3u2!5sin22uATM , ~2.22a!

udm13
2 u5dmATM

2 . ~2.22b!

The independent parameterUm3 (>0 in our convention! is
then
4-4
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Um3
2 5sin2uATM . ~2.23!

Note the twofold uncertainty in sin2uATM when sin22uATM
,1.

The magnitude of the neglected terms in the above
proximation is largest when the large-mixing-angle solut
of the solar-neutrino deficit is taken. FordmSOL

2

51024 eV2, En51 GeV, andL5104 km, we haveuD12u
.dmSOL

2 (L/2En);1, and more careful analyses in the thre
neutrino model are required to constrain the model par
eters. The results of such analyses@31# show that the identi-
fications Eq.~2.22! remain valid approximately even for th
large-mixing-angle solution.

2. Reactor neutrino experiments

The CHOOZ experiment@4# measured the survival prob
ability of n̄e

Pn̄e→ n̄e
512sin22uRCTsin2S dmRCT

2

4En
L D ~2.24!

and it was found that

sin22uRCT,5
0.10 for dmRCT

2 .3.531023 eV2,

0.18 for dmRCT
2 .2.031023 eV2,

0.52 for dmRCT
2 .1.031023 eV2.

~2.25!

The baseline length of this experiment is about 1 km and
typical antineutrino energy is 1 MeV. For thoseL and En ,
the Earth matter effects are negligible, anduD12u
5dmSOL

2 (L/2En) can be safely neglected even for the larg
mixing-angle solution. The survival probability of the thre
neutrino model is then approximated by

Pn̄e→ n̄e
5124uUe3u2~12uUe3u2!sin2

D13

2
1O~D12!

~2.26!

and we obtain the identifications

4uUe3u2~12uUe3u2!5sin22uRCT, ~2.27a!

udm13
2 u5dmRCT

2 . ~2.27b!

With the above identifications, we find that the elementuUe3u
Eq. ~2.27a! is constrained by Eq.~2.25! in the region of
udm13

2 u allowed by the atmospheric-neutrino oscillation da
through Eqs.~2.19b! and~2.22b!. The independent paramete
Ue3 is now constrained by Eq.~2.25! through the identifica-
tion

uUe3u5A12A12sin22uRCT/A2. ~2.28!
09300
p-
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3. Solar-neutrino deficit

Deficit of the solar neutrinos observed at several terr
trial experiments@7,9,10# have been successfully interprete
in terms of thene→nX (nX5” ne or n̄e) oscillation

Pne→ne
512sin22uSOLsin2S dmSOL

2

4En
L D ~2.29!

in the following four scenarios@7,9,10#.
MSW large-mixing-angle~LMA ! solution:

0.7,sin22uSOL,0.9, ~2.30a!

331025,dmSOL
2 ~eV2!,1531025. ~2.30b!

MSW small-mixing-angle~SMA! solution:

1.231023,sin22uSOL,1231023, ~2.31a!

0.331025,dmSOL
2 ~eV2!,131025. ~2.31b!

MSW low-dm2 ~LOW! solution:

0.8,sin22uSOL<1, ~2.32a!

1028,dmSOL
2 ~eV2!,2.531027. ~2.32b!

Vacuum oscillation~VO! solution:

sin22uSOL;0.9, ~2.33a!

dmSOL
2 ~eV2!;1029. ~2.33b!

The SK Collaboration reported that their data on the
ergy spectrum and the day-night asymmetry disfavor
SMA solution at 95% C.L. Recently the SNO Collaboratio
gave us the first direct indication of a non-electron and ac
flavor component in the solar neutrino flux. Becau
dmATM

2 @dmSOL
2 the ne survival probability in the three-

neutrino model can be expressed as

Pne→ne
5122uUe3u2~12uUe3u2!24uUe1u2uUe2u2

3sin2S D12

2 D1OS En

dEnD13
D , ~2.34!

where terms of order@D13(dEn /En)#21 in Eq. ~2.12! are
safely neglected. The energy-independent deficit fac
2uUe3u2(12uUe3u2) should be smaller than 5% by th

FIG. 1. Schematical view of the four types of neutrino ma
hierarchy.
4-5
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CHOOZ constraint~2.25! if udm13
2 u.3.531023 eV2. Be-

cause we need only rough estimates of the allowed range
the MNS matrix elements,2 we ignore the small energy
independent deficit factor and interpret the results of the t
flavor analysis Eqs.~2.30a!–~2.33a! by using the identifica-
tions

4uUe1u2uUe2u25sin22uSOL, ~2.35a!

udm12
2 u5dmSOL

2 . ~2.35b!

By using unitary condition, the independent parameterUe2 is
obtained as

Ue25$@12uUe3u22A~12uUe3u2!22sin22uSOL#/2%1/2.

~2.36!

Here we chooseUe1.Ue2 by convention.

C. Neutrino mass hierarchy

All the above constraints on the three-neutrino model
rameters are obtained from the survival probabilities wh
are even functions ofdmi j

2 . We have made the identificatio

dmSOL
2 5udm12

2 u!udm13
2 u5dmATM

2 , ~2.37!

which is valid for all the four scenarios of the solar neutri
oscillation.

There are four mass hierarchy cases corresponding to
sign of thedmi j

2 , as shown in Fig. 1 and Table I. We nam
them the neutrino mass hierarchy I, II, III, and IV
respectively.3

If the MSW effect is relevant for the solar neutrino osc
lation, then the neutrino mass hierarchy cases II and IV
not favored, especially for the LMA and SMA solutions. Th
hierarchy I may be called ‘‘normal’’ and the hierarchy I
may be called ‘‘inverted.’’ Within the three-neutrino mode
there is a study@33# which claims that the normal hierarch
I is favored against the inverted one III from the SN198
observation, but it is controversial@34#. Terrestrial experi-
ments are needed to determine the neutrino mass hiera
with confidence.

We notice here that there are two types of mass eigens
for the neutrinos. The statesn i with the massmi( i 51,2,3)

2See, for example, more detailed discussions in Ref.@32#.
3The hierarchy cases II and IV appear in our convention of cho

ing Ue1.Ue2, Eq. ~2.36!. They are equivalent to the cases wh
Ue1,Ue2 while keeping the mass-squared orderingdm12

2 5m2
2

2m1
2.0.

TABLE I. The four neutrino mass hierarchies and the cor
sponding sign assignments fordm12

2 anddm13
2 .

I II III IV

dm12
2 1dmSOL

2 2dmSOL
2 1dmSOL

2 2dmSOL
2

dm13
2 1dmATM

2 1dmATM
2 2dmATM

2 2dmATM
2
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appear in the definition@Eq. ~2.2!# of the MNS matrix, whose
elements are constrained by the existing experiments
measure essentially the neutrino-flavor survival probabiliti
Since the survival probabilities~2.9! do not depend on the
sign of the mass-squared differences, these constraints d
depend on the neutrino mass hierarchy. Because the M
matrix elements are constrained uniquely by the neutri
flavor survival probabilities, we may call these stat
‘‘current-based’’ mass eigenstates. We find this basis m
convenient for our study in this paper. On the other hand,
‘‘mass-ordered’’ mass eigenstatesn i8 , whose masses satisfy

m18,m28,m38 , ~2.38!

are useful when studying the high-energy behavior of
neutrino mass matrix@35#, the matter effects on the neutrino
flavor oscillation @12,13#, and when studying the lepton
number violation effects which are proportional to the ma
nitudes of the Majorana masses. The relation between
current eigenstates and the two mass eigenstates is

S ne

nm

nt

D 5VMNSS n1

n2

n3

D 5VMNS8 S n18

n28

n38
D , ~2.39!

whereVMNS8 is the MNS matrix in the mass-ordered mas
eigenstate base. It can be obtained fromVMNS by

VMNS8 5VMNSOX ~X5I, II, III, IV !, ~2.40!

where the permutation matricesOX

OI5S 1 0 0

0 1 0

0 0 1
D , OII5S 0 1 0

1 0 0

0 0 1
D ,

OIII 5S 0 1 0

0 0 1

1 0 0
D , OIV5S 0 0 1

0 1 0

1 0 0
D ~2.41!

relate the two mass eigenstates

S n1

n2

n3

D 5OXS n18

n28

n38
D , ~2.42!

for the neutrino mass hierarchy I, II, III, and IV, respective

D. Neutrino oscillation in the Earth matter

Neutrino-flavor oscillation inside matter is governed
the Schro¨dinger equation

s-

-

4-6
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i
]

]t S ne

nm

nt
D 5

1

2En
FH01S a 0 0

0 0 0

0 0 0
D G S ne

nm

nt
D

5HS ne

nm

nt
D , ~2.43!

whereH0 is the Hamiltonian in the vacuum

H05US 0 0 0

0 dm21
2 0

0 0 dm31
2
D U† ~2.44!

anda is the matter effect term@12#

a52A2GFneEn57.5631025~eV2!S r

g/cm3D ~En GeV!.

~2.45!

Herene is the electron density of the matter,GF is the Fermi
constant, andr is the matter density. In our analysis, w
assume that the density of the Earth’s crust relevant for
VLBL experiments up to about 2000 km is a constant4 r
53 with an uncertainty ofDr50.1:

r ~g/cm3!53.060.1. ~2.46!

The Hamiltonian in the matterH is diagonalized as

H5
1

2En
ŨS l1 0 0

0 l2 0

0 0 l3

D Ũ†, ~2.47!

by the MNS matrix in the matterŨ. The neutrino-flavor
oscillation probabilities in the matter

Pna→nb
5uŨb1Ũa1* 1Ũb2e2 i D̃12Ũa2* 1Ũb3e2 i D̃13Ũa3* u2

~2.48!

take the same form as those in the vacuum Eq.~2.7!, where
the elementsUa i are replaced byŨa i and the termsD i j are
replaced by

D̃ i j 5
l j2l i

2En
L[

dm̃i j
2

2En
L. ~2.49!

Before closing this section, we give a useful relations
between thena→nb transition and then̄a→ n̄b transition

4A more detailed study should use the ‘‘preliminary earth ref
ence model’’@36#. We adopt a constant matter density in this repo
which may be justified for LBL experiments up to about 2000 k
baseline according to the studies in Ref.@37#.
09300
e

p

which may be valid in the terrestrial LBL experiments whe
both the accelerator and the detectors are near the Earth
face. The oscillation of antineutrinos in matter is given
the Schro¨dinger equation

i
]

]t S n̄e

n̄m

n̄t

D 5F H̄01S 2a 0 0

0 0 0

0 0 0
D G S n̄e

n̄m

n̄t

D
5H̄S n̄e

n̄m

n̄t

D . ~2.50!

The Hamiltonian in the vacuum is identical to the one go
erning the neutrino-flavor oscillation~2.44!

H̄05
1

2E
U†S 0 0 0

0 dm21
2 0

0 0 dm31
2
D U5H0

†5H0 .

~2.51!

By comparing the total HamiltoniansH and H̄

H5
dm13

2

2E F S 2aE

dm13
2

1uUe3u2 Ue3Um3* Ue3Ut3*

Um3Ue3* uUm3u2 Um3Ut3*

Ut3Ue3* Ut3Um3* uUt3u2

D
1

dm12
2

dm13
2 S uUe2u2 Ue2Um2* Ue2Ut2*

Um2Ue2* uUm2u2 Um2Ut2*

Ut2Ue2* Ut2Um2* uUt3u2
D G ,

~2.52a!

H̄5
dm13

2

2E F S 2
2aE

dm13
2

1uUe3u2 Ue3* Um3 Ue3* Ut3

Um3* Ue3 uUm3u2 Um3* Ut3

Ut3* Ue3 Ut3* Um3 uUt3u2
D

1
dm12

2

dm13
2 S uUe2u2 Ue2* Um2 Ue2* Ut2

Um2* Ue2 uUm2u2 Um2* Ut2

Ut2* Ue2 Ut2* Um2 uUt3u2
D G ,

~2.52b!

we find

2H̄* ~dm12
2 ,dm13

2 !5H~2dm12
2 ,2dm13

2 !. ~2.53!

-
,
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Because the Hamiltonian2H̄* governs the oscillation in the
reversed time direction, we find that the following identiti
hold

Pn̄a→ n̄b

I
5Pna→nb

IV , ~2.54a!

Pn̄a→ n̄b

II
5Pna→nb

III , ~2.54b!

Pn̄a→ n̄b

III
5Pna→nb

II , ~2.54c!

Pn̄a→ n̄b

IV
5Pna→nb

I , ~2.54d!

if the matter density along the baseline is symmetric un
the reversal of the beam direction, i.e., under the exchang
the injector and the detector. This condition is met appro
mately for all terrestrial LBL experiments where both t
accelerator and the detector are on or near the Earth’s
face.

In the following, we therefore give results for all the fou
hierarchy patterns but only for the neutrino beam. Oscillat
probabilities for antineutrino beams are then obtained
cording to the rule@Eq. ~2.54!#, while the CC and neutral
current ~NC! event rates are obtained after multiplying t
ratio of the anti-neutrino and neutrino cross sections on
target.

III. NARROW-BAND NEUTRINO BEAMS
WITH J-PARC PS

A. The KEK-JAERI joint project

The KEK-JAERI joint project J-PARC is a proton acce
erator complex and associated experimental facilities wh
are being constructed in the site of JAERI, Tokai-village,
km northeast of KEK. The project consists of 400 Me
Linac, 3 and 50 GeV synchrotrons. The design parameter
50 GeV proton synchrotron~J-PARC PS! are listed in Table
II together with some other proton machines for LBL expe
ments. The intensity is 3.331014 protons/pulse~ppp! and the
repetition rate is 0.275 Hz. The power reaches 0.75 M
which is 2 orders of magnitudes higher than the KEK 1
GeV PS. The accelerators in the facility will be in the pow
frontier in the world. The facility was approved by the Jap
nese government in December, 2000 and the construc
will take 6 years from 2001.

TABLE II. Comparison of accelerator parameters used for L
projects.

Energy Intensity Rep. rate Power
~GeV! (1012 ppp) ~Hz! ~MW!

J-PARC-PS 50 330 0.275 0.75

NuMI 120 40 0.53 0.41

KEK-PS 12 6 0.45 0.0052
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In the following discussion, 1021 protons on target~POT!
is adopted as a typical 1 year operation. This correspond
about 100 days of operation with the design intensity.

B. Neutrino beams for LBL experiment between J-PARC
and SK

As a first stage neutrino experiment at this new facili
long baseline experiment from J-PARC to SK has be
planned and discussed seriously by the JHF neutrino w
ing group @19#. Before going into the description of highe
energy beam for VLBL experiment, we briefly introduce th
beam for the LBL experiment.

Major purposes of the J-PARC-to-SK experiment are~1!
precise measurement of oscillation parameters innm disap-
pearance and~2! to discoverne appearance. The principles o
the experiment are as follows:

Use of low-energy narrow band beam~NBB! whose peak
energy is tuned at the oscillation maximum. Since the d
tance between J-PARC and SK is 295 km, the peak ene
should be aroundEn50.7–1.2 GeV for the region ofdmATM

2

allowed by the SK observation@6#.
Neutrino-energy is kinematically reconstructed event-b

event from the measured lepton momentum by assuming
charged-current quasielastic~CCqe! scattering. Inelastic scat
tering with invisible secondary hadrons mimic the CCqe
teractions and smears theEn measurement. BelowEn

;1 GeV, nm interaction is dominated by the CCqe intera
tion. So the low-energy beam with small high-energy tail
favorable for this method.

Currently, three beam options are being consider
namely, the wide-band beam~WBB!, the NBB, and the off-
axis beam~OAB!.

WBB: Secondary charged pions from production targ
are focused by two electromagnetic horns@38#. Since the
momentum and angular acceptances of the horns are w
resulting neutrino spectrum are also wide. The advantag
the WBB is the wide sensitivity indm2. But backgrounds
from inelastic scattering of neutrinos from high-energy ne
trinos limit the precision of the oscillation-parameter me
surements.

NBB: Two electromagnetic horns have their axis d
placed by about 10 °, and an dipole magnet is placed
tween them to select pion momentum. Resulting spectr
has a sharp peak and much less high energy tail than W

OAB: The arrangement of beam optics is almost the sa
as WBB, i.e., coaxially aligned two horns. The axis of OA
is intensionally displaced from the SK direction by a fe
degrees. Pions with various momenta but with a finite an
from the SK direction contribute to a narrow energy regi
in thenm spectrum@39#. The OAB can produce a factor of
or 3 more intense beam than NBB. But unwanted hig
energy component is larger than NBB.

The length of the decay pipe is chosen to be relativ
short, 80 m for all the configurations. This is because~1!
high-energy neutrinos do not improve the measurements~2!
longer pipe costs very much due to the heavy shielding
quired by the Japanese radiation regulation. In Ref.@19#, the
WBB is used only in the early stage of the project in order
4-8



t
II

L
e
W

an
c

th
t

a

r
1
e

eu
R

B

In
y
if-
re

vel
of

eral

In
es
all

igh
ing
eral

we
oes
B,
the
the
ula-

opt
s-

cep-
the

m.
r
s can

of
ire
p-

-
net,

ed
, t
ipe

e
he
A

K

-
1

PROSPECTS OF VERY LONG BASELINE NEUTRINO . . . PHYSICAL REVIEW D67, 093004 ~2003!
pin down dmATM
2 at about;10% accuracy.5 Typical ex-

pected spectra of those options are plotted in Fig. 2 and
flux and number of interactions are summarized in Table

C. High energy narrow band beam for VLBL experiments

In order to explore the physics potential of the VLB
experiment with J-PARC PS, we need to estimate the n
trino flux whose spectrum has a peak at higher energies.
study the profile of such beams at distances of 1200 km
2100 km by using Monte Carlo simulation. In this subse
tion, we describe the beam in detail.

First, we chose the decay pipe length to be 350 m. For
baseline length currently under consideration, 1200 km
Seoul and 2100 km to Beijing, oscillation maximum lies
En52 –4 GeV and 4–7 GeV, respectively, fordm23

2

5(2 – 4)31023 eV2. In order to make 5 GeV neutrinos fo
example, we need pions of momentum about 10 GeV. The
GeV pions run about 560 m during their life. Therefore w
need a long decay pipe of several 100 m for efficient n
trino production. Considering the site boundary of JAE
and layout of accelerators, maximum decay pipe length
about 350 m.

Secondly, we adopt the NBB configuration. Use of WB
at these high energies has at least two disadvantages.

~i! The reconstruction of neutrino energy is difficult.
the multi-GeV region,nm interactions are dominated b
deep-inelastic scattering with multi-pion production. It is d
ficult for a water Čerenkov detector to make such measu

5Very recently the JHF-SK neutrino working group has modifi
its strategy and the beam configuration. In the most recent plan
OAB will be adapted for the LBL experiment and the decay p
length will be 130 m. For more details see Ref.@40#.

FIG. 2. Typical spectra of thenm CC interactions in the absenc
of neutrino oscillation in the J-PARC–to–SK LBL experiment. T
solid, dashed, and dotted histograms are spectra for WBB, O
(2 °), and NBB (̂ pp&52 GeV), respectively.
09300
he
I.

u-
e
d

-

e
o
t

0

-
I
is

-

ments. It is a nontrivial exercise to construct a 100 kton-le
detector of a reasonable cost which has the capability
reconstructing the neutrino energy in the range of sev
GeV. See, e.g., the proposal in Ref.@27#.

~ii ! The construction of the beam line costs very much.
the WBB configuration, the proton beam which pass
through the production target goes through the decay pipe
the way down. The intensity is still of the order of 1014 ppp
even beyond the target. In order to shield the extremely h
radiation, we need a considerable amount of shield
around the decay pipe. Constructing a decay pipe of sev
100 m with heavy shielding is unrealistic.

The OAB also has the second disadvantage. Therefore
choose high energy NBB for the present study, since it d
not suffer from the above disadvantages. With an ideal NB
neutrino energy reconstruction is not necessarily done by
detector. It is possible to design a NBB beam line where
50 GeV proton beam does not enter the decay pipe. Sim
tion of high energy WBB is done only for comparison.

For the purpose of focusing secondary pions, we ad
quadrupole~Q! magnets instead of horns. In general, focu
ing by Q magnets has smaller angular and momentum ac
tance than the horn focusing. The reasons why we choose
Q focusing are the following:

~i! Q focusing gives narrower neutrino-energy spectru
~ii ! High energy pions of;10 GeV are emitted at smalle

angles and hence reasonable acceptance for those pion
be obtained by the Q optics.

~iii ! The Q-magnet can be operated at low dc current
several kA. Compared with the horn magnets which requ
pulsed operation with a few 100 kA, much more stable o
eration can be expected.

We usedGEANT @41# for the beam-line simulation to esti
mate the neutrino flux. A target, Q magnets, a dipole mag

he

B

TABLE III. Summary of beam simulation of the J-PARC-to-S
LBL experiment. The neutrino fluxF at SK is in the unit of
106/cm2/yr, andNtot and NCC are the number of total and CC in
teractions, respectively, in SK’s fiducial volume of 22.5 kton for
year (1021 POT) in the absence of neutrino oscillation.

Beam nmF nmNtot nmNCC neNtot

NBB (^pp&52 GeV) 7.0 870 620 6.8
OAB(2 °) 19 3100 2200 60
WBB 26 7000 5200 78

FIG. 3. Beam line optics for high energy narrow band beam.
4-9
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FIG. 4. Typical spectra of narrow band beams. The left figure shows thenm flux and the right one gives the number ofnm charged current
interactions in the absence of oscillation atL52100 km. The solid, dashed and dotted histograms are 3, 5, and 8 GeV NBB, respec
The thin solid histograms show the WBB spectra for comparison.
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and a decay pipe are put into the geometry. The target is a
rod of 1 cm diameter and 30 cm length. The length cor
sponds to about 2 nuclear interaction lengths. TheGCALOR

code@42# is used for hadron production in the target. Eve
secondary particles produced in the target are tracked.
beam line optics assumed for the present study is draw
Fig. 3. The secondary pions from the target are focused
the following 4 Q magnets and bent by 10 ° by a dipo
magnet. The optics is not fully optimized. Several tens of
increase in flux could be expected by tuning the size or fi

TABLE IV. Expected number of interactions ofnm NBB. As-
sumed parameters are hierarchy I,dmATM

2 53.531023 eV2,
sin22uATM51.0, dmSOL

2 51031025 eV2, sin22uSOL50.8,
sin22uRCT50.06, dMNS50 °, and r53 g/cm3. First and second
lines for each set of baseline length and the peak energy indicat
number of interactions without and with oscillation, respectively

L Epeak nm CC n̄m CC ne CC n̄e CC NNC

300 km 3 GeV 7495.0 43.0 55.0 0.90 2540.
5903.0 22.0 105.0 1.20 2540.9

6 GeV 13321.0 44.0 82.0 1.90 4457.
12400.0 21.0 110.0 1.70 4457.4

700 km 3 GeV 1376.0 7.9 10.1 0.17 466.7
382.0 3.8 43.9 0.28 466.7

6 GeV 2446.0 8.1 15.0 0.35 818.7
1699.0 3.5 40.6 0.36 818.7

1200 km 3 GeV 468.0 2.7 3.4 0.05 158.8
85.0 0.8 18.1 0.13 158.8

6 GeV 833.0 2.7 5.1 0.12 278.6
297.0 1.1 25.3 0.13 278.6

2100 km 3 GeV 153.0 0.9 1.1 0.02 51.9
119.0 0.5 2.4 0.05 51.9

6 GeV 272.0 0.9 1.6 0.04 91.0
47.0 0.4 13.2 0.06 91.0
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of the Q and bending magnets, the position of the target,
In Fig. 4, some typical spectra obtained by the MC sim

lations are plotted. Spectra with a narrow peak structure
generated. The peak has a sharper edge in the high-en
side than in the low-energy side. The trailing edge in t
low-energy side comes from pions with finite angle. We o
serve a small secondary peak at an energy about twice
primary peak position. The second peak comes from k
decays. In the left-hand figure, we show the flux of the n
trino at 2100 km away from J-PARC in units o
104/400 MeV/cm2/yr, where 1021 POT is assumed for one
year operation. Three types of the NBB where peak energ
at about 3, 5, 8 GeV, and the high-energy WBB spectra
shown. The right-side figures show the expected numbe
nm CC events per year, in the absence of neutrino oscillat
for a 100 kton detector. The cross section has been obta
by assuming that the target detector is made of water.

Spectra for each neutrino species in the 5 GeVnm andn̄m

beams are shown in Fig. 5. The flux ratio ofne ( n̄e) to
nm ( n̄m) is 0.9% (0.8%) in total, and 0.2% (0.1%) at th
peak energy fornm ( n̄m) beam. In the left figure, we show
the nn , ne , n̄m , and n̄e spectrum of the NBBnm beam,
while in the right figure the corresponding spectrum is sho
for the NBB n̄m beam. The number of wrong-signn̄m (nm)
CC interactions innm ( n̄m) beam is about 0.4%(4%) of the
right-sign interactions. Although the flux of thenm beam and
the n̄m beam is almost the same, as well as the fraction
contaminated neutrino flux, then̄m beam suffers from 10
times higher wrong-sign events because of a factor o
smaller n̄m CC interactions than thenm CC interactions off
water target at these energies.

The results of the simulations are summarized in Tab
IV and V. In Table IV, we show the expected number of C
and NC events for the 3 and 6 GeVnm NBB’s for
100 kton yr (1021 POT) at four typical distances 300, 70

the
4-10
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FIG. 5. Composition of neutrino species for a typical NBB. Solid, dashed, dotted, and dot-dashed histograms correspond tonm , ne , n̄m ,

and n̄e , respectively. The left and right figures shows 5 GeVnm and n̄m beams, respectively.
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1200, and 2100 km from J-PARC. The upper numbers
each row and column show the numbers of events with
oscillations, while the lower numbers are calculated by us
the three neutrino model for the parameters

~dmATM
2 , dmSOL

2 , sin22uATM , sin22uSOL, sin22uRCT, dMNS!

5~3.531023, 1.031024, 1.0, 0.8, 0.06, 0 °! ~3.1!

with the neutrino mass hierarchy I and for a constant ma
density ofr53 g/cm3. Because all the three neutrinos ha
identical NC interactions, the two numbers are identical
NNC column. All the upper numbers simply follow the 1/L2

rule of the flux at a distanceL.

TABLE V. Expected number of interactions ofn̄m NBB. As-
sumed parameters are the same as in Table IV.

L Epeak nm CC n̄m CC ne CC n̄e CC NNC

300 km 3 GeV 160.0 2871.0 4.0 12.7 1184.
66.0 2261.0 4.9 33.6 1184.7

6 GeV 141.0 4076.0 6.7 13.3 1584.
77.0 3793.6 5.4 22.4 1584.8

700 km 3 GeV 29.4 527.0 0.7 2.4 217.6
13.9 136.0 1.1 16.6 217.6

6 GeV 25.9 748.6 1.2 2.5 291.1
11.5 518.5 1.2 10.8 291.1

1200 km 3 GeV 0.0 179.0 0.2 0.8 74.0
3.5 28.0 0.5 7.0 74.0

6 GeV 8.8 254.7 0.4 0.8 99.1
3.4 88.1 0.5 7.5 99.1

2100 km 3 GeV 3.2 58.6 0.1 0.3 24.2
1.9 47.6 0.2 0.8 24.2

6 GeV 2.8 83.1 0.1 0.3 32.3
1.5 12.9 0.2 4.1 32.3
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In Table V, we show the corresponding numbers for t
n̄m NBB’s. The number of expected events are about a fac
of 3 smaller than the corresponding ones in Table IV beca
of the smaller CC and NC interactions ofn̄m off nucleus
target. Details of all the NBB’s generated for this study a
available from Ref.@43#.

D. Parametrization of the high-energy NBB

In the numerical studies of the next section, we make
following parametrization of thenm NBB with a single peak
at En5Epeak:

MNAF~En!sm
CC~En!

5 f ~Epeak!S En

Epeak
D b(Epeak)21S sm

CC~En!

se
CC~En!

D , ~3.2!

FIG. 6. The NBB’s from J-PARC~histograms!, and our param-
etrization ~solid lines!. The horizontal axis is the neutrino energ
(En) and the vertical axis is the beam flux timesEn .
4-11
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where 0,En,Epeak, and f (Epeak) andb(Epeak) are param-
etrized as

f ~Epeak!53.3Epeak
2 276.8Epeak1520, ~3.3a!

b~Epeak!520.3Epeak
21.412.8. ~3.3b!

Epeak is measured in GeV units,M5100 kton stands for the
mass of the detector,NA56.01731023 is the Avogadro num-
ber, F(En) is the flux ~in units of GeV/cm2/1021 POT) at
L52100 km. Thesm

CC andse
CC are, respectively, thenm and

ne CC cross sections per nucleon off water target@44#, and
their ratio is approximately given by

sm
CC~En!/se

CC~En!

.H 1.020.056En
20.48 ~0.7&En!,

0.8310.16En ~0.3&En&0.7!,

0.879~En2mm!/~0.32mm! ~mm&En&0.3!,

~3.4!

where mm50.11 GeV represents the muon mass. This
rametrization allows us to study the effects of changing
peak energy of the NBB continuously. We show in Fig. 6 o
parametrizations of the NBB neutrino spectra by thick so
curves for several peak energies. For comparison, the co
sponding original NBB spectra are shown by histogram
The parametrization reproduces the main part of thenm
NBBs well. Because it does not account for the second
high-energy peak fromK1→m1nm decays~see Fig. 4!, we
check that our main conclusions are not affected by th
details~especially the background fromnt CC events!.

We have not made parametrizations for the second
( n̄m ,ne ,n̄e) beams. In the following analysis we use the M
generated secondary beams at discrete energies (Epeak) @43#
and make interpolation for the neededEpeakvalues. Fluxes at
different distances and for different species are obtained
ily by multiplying the (2100 km/L)2 flux factor and the ratio
of the cross section at a givenEn .

IV. RESULTS

In this section we present results of our numerical stud
on physics potential of VLBL experiments by using th
NBB’s from J-PARC. First, we present our basic strategy
the analysis and explain our simplified treatments of sign
and backgrounds, and those of statistical and systemati
rors. In the next subsection, we give our reference pre
tions for the results that may be obtained from the LBL e
periment with J-PARC and SK (L5295 km). In the latter
two subsections, we give results ofL52100 km andL
51200 km, respectively.

A. Signals, backgrounds, and systematic errors

In order to explore the physics potential of a VLBL e
periment with J-PARC at several baseline lengths, we m
the following simple treatments in estimating the signals a
the backgrounds of a future experiment. For the detector
envisage, a 100 kton-level water-Cˇ erenkov detector which
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has a capability to distinguishe6 CC events fromm6 CC
events, but does not distinguish their charges. We do
require capability of the detector to reconstruct the neutr
energy.

Although water-Cˇ erenkov detectors have the capability
measuring the three-momentum of the producedm6 ande6

as well as a part of hadronic activities, we do not make us
the information in our simplified analysis. Instead we u
only the total numbers of the producedm6 and e6 events
from a NBB with a given peak energy. For each basel
lengthL, we study the impacts of splitting the assumed to
experiment exposure of 1000 kton yr~with 1021 POT/yr)
into equipartitioned runs of NBB’s at several peak energi
We find that the use of two different-energy NBB’s improv
the physics resolving power of the experiment significan
but we have not found further improvements by splitting t
experiment into more than two NBB’s. We therefore choo
two appropriate NBB’s at eachL, whose peak energies ar
chosen to make physics outputs~such as sensitivity to the
neutrino mass hierarchy, sin22uRCT anddMNS angles! signifi-
cant. The optimum choice of NBB’s should depend on t
model parameters

~dmATM
2 ,dmSOL

2 ,sin22uATM ,sin22uSOL,sin22uRCT,,dMNS!,

~4.1!

especially ondmATM
2 and sin22uATM , which will be measured

more accurately by K2K@3#, MINOS @16#, and by J-PARC-
to-SK @19# in the future. All our major findings will not be
affected by such details as long as appropriate NBB’s
chosen according to the data available at the time of
VLBL experiment.

The signals of our analysis are the numbers ofnm CC
events and those ofne CC events from thenm beam. They
are calculated as

N~m,Epeak,L !5MNAE
0

Epeak
dEnF~En ;Epeak!sm

CCPnm→nm
,

~4.2!

N~e,Epeak,L !5MNAE
0

Epeak
dEnF~En ;Epeak!se

CCPnm→ne
,

~4.3!

where the flux at a distanceL is calculated from the param
etrization atL52100 km@Eq. ~3.2!# by multiplying the scale
factor (2100 km/L)2. The cross sections are obtained by a
suming a pure water target. The probabilitiesPnm→nm

and

Pnm→ne
are calculated for the following model parameters

sin22uATM51.0, dmATM
2 53.531023 eV2, ~4.4a!

sin22uSOL50.8, dmSOL
2 51031025 eV2,

~4.4b!

sin22uRCT50.00,0.02,0.04,0.06,0.08,0.10, ~4.4c!

dMNS50 °,90 °,180 °,270 °, ~4.4d!
4-12
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for the neutrino mass hierarchy I

dm13
2 5dmATM

2 .0, dm12
2 5dmSOL

2 .0 ~hierarchy I!,
~4.5!

and for a constant matter density

FIG. 7. The neutrino oscillation probabilities at~a! L
5295 km, ~b! L51200 km and~c! L52100 km, calculated for the
parameter values sin22uATM51.0, dmATM

2 53.531023 eV2,
sin22uSOL50.8, dmSOL

2 51031025 eV2, sin22uRCT50.1, dMNS

5270 °, andr53 g/cm3 with the hierarchy I. Overlayed are th
NBB’s ~flux times energy! used in our analysis.
09300
r53 g/cm3. ~4.6!

We show in Fig. 7 the oscillation probabilities calculated f
the above parameters~at sin22uRCT50.1 anddMNS5270 °) at
three baseline lengthsL5295 km ~SK!, L51200 km, and
L52100 km. The NBB fluxes (3En) chosen for our analy-
sis are overlayed in each figure.

The following background contributions to the ‘‘m ’’ and
the ‘‘e’’ events are accounted for

N~m,Epeak,L !BG5N~m; n̄mCC!1N~m;ntCC:t→m!,
~4.7!

N~e,Epeak,L !BG5N~e;neCC!1N~e;ntCC:t→e!

1N~e;NC!

1N~e;ntCC:t→ hadrons!. ~4.8!

Here n̄m CC andne CC contributions are calculated by in
terpolating the numerical integrations

N~ l ;
~2 !

n l CC!5MNAE dEnF
n l

~2 !~En ;Epeak!s
n l

~2 !
CCP

n l →
~2 !

n l

~2 !

~4.9!

for the discrete set of the MC simulations@43#. Here
Fn̄m

(En ;Epeak) and Fne
(En ;Epeak) stand for, respectively

the MC generated secondaryn̄m andne flux of the primarily
nm beam. The survival probabilities are calculated for t
same set of the model parameters,~4.4!. We find that contri-
butions from oscillations from the background beams, su
as n̄e→ n̄m , are negligibly small and hence they are n
counted. The contributions fromt-lepton pure-leptonic de-
cays are estimated as

N~ l ;ntCC:t→ l !5MNAE dEnF~En ;Epeak!

3Pnm→nt
snt

CCBr~t→ l n̄ lnt!, ~4.10!

where we adopt Br(t→mn̄mnt)50.1737 and Br(t
→en̄ent)50.1783@45#. The 10% errors in these branchin
fractions are accounted for as systematic errors. Becaus
the t-lepton threshold,t backgrounds are significant only a
high energies, NBB’s withEpeak*4 GeV. Because they re
ceive contribution from the small high-energy seconda
peak due to kaon decays, we use the interpolation of
results obtained for the discrete set of MC generated flux

The ‘‘e’’ events receive contributions from the NC even
where producedp0’s mimic electron shower in the water
Čerenkov detector. By using the estimations from the
experiments, we adopt

N~e;NC!5MNAE dEnF~En ;Epeak!snm

NCPe/NC ~4.11!

with

Pe/NC50.005560.00055. ~4.12!
4-13
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TABLE VI. Expected signals and backgrounds form-like ande-like events. The results are shown for th
parameters of Eq.~4.16! at dMNS5270 °, ~a! 500 kton yr atL52100 km,~b! 500 kton yr atL51200 km,~c!
100 kton yr atL5295 km.

Nsignal NBG Ntot
Nsignal

Ntot

beams nt CC NC

~a! L52100 km

NBB (Epeak56 GeV) N(m) 202.5 2.2 15.2 219.9 0.92
500 kton yr N(e) 126.5 7.3 15.9 3.3 153.0 .083

NBB (Epeak54 GeV) N(m) 612.5 2.2 3.5 618.2 0.99
500 kton yr N(e) 66.4 8.5 3.7 2.6 81.2 0.82

~b! L51200 km

NBB (Epeak55 GeV) N(m) 490.1 2.2 8.7 501.0 0.98
500 kton yr N(e) 239.1 10.5 9.0 9.4 268.0 0.89

NBB (Epeak53 GeV) N(m) 413.8 2.3 0.0 416.1 0.99
500 kton yr N(e) 186.1 4.8 0.0 5.6 196.5 0.95

~c! L5295 km

NBB (^pp&52 GeV) N(m) 464.9 7.8 0.0 472.7 0.98
100 kton yr N(e) 161.3 22.0 0.0 7.4 190.7 0.85
f
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The error in the abovee/NC misidentification probability is
accounted for as a systematic error. The last term in Eq.~4.8!
accounts for the probability that thent CC events with had-
ronic t decays are counted ase-like events. In the absence o
detailed study of such backgrounds, we use the same m
dentification probability for the NC events~4.12! and obtain

N~e;ntCC:t→hadrons!

5MNAE dEnF~En ;Epeak!Pnm→nt
snt

CC

3Br~t→nt hadrons!Pe/NC . ~4.13!

If the small misidentification probability of Eq.~4.12! holds
even fort→ hadrons events, their background is only at t
2% level of thet→e background,N(e;ntCC:t→e), and
hence can safely be neglected.

In addition, we account for the following two effects a
the major part of the systematic uncertainty in the VLB
experiments. One is the uncertainty in the total flux of t
neutrino beam, for which we adopt the estimate

f flux5160.03, ~4.14!

common for all the high-energy NBB’s. We allocate an ind
pendent flux uncertainty of 3% for the low-energy NBB us
for the SK experiment (L5295 km) since it uses differen
optics. Finally, we allocate 3.3% uncertainty in the mat
density along the baseline. In our simplified analysis, we

r53.060.1 g/cm3 ~4.15!
09300
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as a representative density and the uncertainty.
Typical numbers of expected signals and backgrounds

tabulated in Table VI for the parameter set of Eq.~4.4! at
sin22uRCT50.1 anddMNS5270 °. The numerical values ar
given for the following sets of experimental conditions:

~a! L52100 km, 500 kton yr,

NBB ~Epeak54 GeV!, NBB ~Epeak56 GeV!,

~b! L51200 km, 500 kton yr ,

NBB ~Epeak53 GeV!, NBB ~Epeak55 GeV!,

~c! L5295 km, 100 kton yr, NBB~^pp&52 GeV!.

We note here that 100 kton yr atL5295 km is what SK can
gather in approximately 5 yr with 1021 POT per yr.
500 kton yr at longer distances can be accumulated in 5
for a 100 kton detector with the same intensity beam.

A few remarks are in order. A 100 kton-level detector
L52100 km or 1200 km can detect comparable numbers
m-like and e-like events as SK~22.5 kton! at L5295 km.
The backgrounds due to secondary beams~mostly from the
ne beam! are significant in all cases for thee-like events. The
NC background for thee-like events remains small at hig
energies if the estimate Eq.~4.12! obtained from the K2K
experiment at SK remains valid. We may expect gradual
crease in the misidentification probabilityPe/NC at high en-
ergies as the mean multiplicity ofp0 and charged particles
grows. Finally thet-decay background can be significa
4-14
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only for NBB’s with Epeak*5 GeV. If a detector is capabl
of distinguishingt events from thene andnm CC events, the
overall fit quality improves slightly in the three-neutrin
model, because the constraintPnm→ne

1Pnm→nm
1Pnm→nt

51 implies that the information obtained from thePnm→ne

measurement always diminishes by contaminations from
t events.

B. Results for LÄ295 km

In Fig. 8 we show the number ofnm CC eventsN(m) and
that of ne CC eventsN(e) expected at SK (L5295 km) for
100 kton yr. The NBB with ^pp&52 GeV, NBB (̂ pp&
52 GeV), with 1021 POT/yr has been assumed for simpli
ity. The three-neutrino model parameters of Eq.~4.4! at
sin22uRCT50.1 are assumed, and we taker53 g/cm3, Eq.
~4.6!. The predictions then depend only on theCP phase
parameterdMNS, and when we varydMNS from 0 ° to 360 °,
we have a circle on the plane ofN(m) vs N(e). The four
representative casesdMNS50 °, 90 °, 180 °, and 270 ° are
marked by solid circles, solid squares, open circles, and o
squares, respectively. The four possible mass hierarchy c
of Fig. 1 are depicted as I, II, III, and IV.

Only the expected event-numbers from thenm beam, Eqs.
~4.2! and~4.3!, are counted in Fig. 8, so that we can read
the ultimate sensitivity of the experiment from the figur
Statistical errors for such an experiment are shown for
dMNS5270 ° point in the mass hierarchy I circle. We ca
learn from the figure that if we know all the parameters
the three-neutrino model except for the mass hierarchy an

FIG. 8. CP phase dependence ofN(e) and N(m) at SK (L
5295 km) for 100 kton yr with the NBB (̂pp&52 GeV). dMNS

50 ° ~solid circle!, 90 ° ~solid square!, 180 ° ~open circle!, and
270 ° ~open square!. The results are shown for sin22uATM51.0,
dmATM

2 53.531023 eV2, sin22uSOL50.8, dmSOL
2 51031025 eV2,

sin22uRCT50.1, andr53 g/cm3. The predictions for the four type
of the neutrino mass hierarchies~Fig. 1! are depicted as I, II, III,
and IV.
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we know the neutrino-beam flux exactly, then there is a p
sibility of distinguishing the mass hierarchy I from III. In
practice, the LBL experiment between J-PARC and SK c
constrain mainlydmATM

2 and sin22uATM from N(m), and
sin22uRCT from N(e) @19#. Figure 8 shows that those mea
surements should suffer from uncertainties in the remain
parameters of the three-neutrino model, the neutrino m
hierarchy cases anddMNS, as are explicitly shown, as well a
on the solar-neutrino oscillation parametersdmSOL

2 and
sin22uSOL. The next generation of the solar-neutrino obs
vation experiments@46# and KamLAND experiment@47#
may further constrain the latter two parameters,6 but the
mass hierarchy~between I and III! anddMNS should be de-
termined by the next generation of accelerator-based L
experiments.

It is hence necessary that all the results from the L
experiment between J-PARC and SK@19# should be ex-
pressed as constraints on the three primary parame
dmATM

2 , sin22uATM , and sin22uRCT, which depend slightly
on the three remaining parameters of the three-neut
modeldmSOL

2 , sin22uSOL, anddMNS, as well as on the mass
hierarchy cases. In the following subsections, we show
the data obtained from the LBL experiment between J-PA
and SK (L5295 km) are useful in determining the neutrin
mass hierarchy, and in some cases evendMNS, when they are
combined with the data from a VLBL experiments (L
52100 km or 1200 km! with higher-energy neutrino beam
from J-PARC.

Before moving on to studying physics potential of VLB
experiments, it is worth noting that the predictions for t
mass hierarchy IV in Fig. 8 represent the prediction for t
n̄m→ n̄m ,n̄e oscillation probabilities in the hierarchy I, ac
cording to the theorem Eq.~2.54!, once the scales are co
rected by the factors( n̄ lN)/s(n lN). By comparing the
dMNS dependences of the circle I and circle IV, we c
clearly see thatPnm→ne

and Pn̄m→ n̄e
interchange approxi-

mately by exchangingdMNS590 ° and 270 °. The compari
son of nm and n̄m oscillation experiments at aroundL
5295 km hence has a potential of discoveringCP violation
in the lepton sector. However, determination of thedMNS

angle by using then̄m beam from J-PARC needs a muc
bigger detector than SK@19,49#.

C. Results for LÄ2100 km

Figure 9 shows the numbers ofnm CC events and that o
ne CC events expected at the baseline length ofL
52100 km from J-PARC with 500 kton yr. The expecte
signal event numbers are shown for~a! the NBB with Epeak
54 GeV and for~b! the NBB with Epeak56 GeV. The pa-
rameters of the three neutrino model and the matter den
are taken exactly the same as in Fig. 8 :

sin22uATM51.0, dmATM
2 53.531023 eV2, ~4.16a!

6Inpacts of KamLAND measurements for determining the ne
trino model parameters have been studied in Ref.@48#.
4-15
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FIG. 9. CP phase dependence ofN(e) andN(m) at L52100 km for 500 kton yr with~a! NBB (Epeak54 GeV) and~b! NBB (Epeak

56 GeV). dMNS50 ° ~solid circle!, 90 ° ~solid square!, 180 ° ~open circle!, and 270 °~open square!. The results are shown fordmATM
2

53.531023 eV2, sin22uATM51.0, dmSOL
2 51031025 eV2, sin22uSOL50.8, sin22uRCT50.1, andr53 g/cm3. The predictions for the four

types of the neutrino mass hierarchies~Fig. 1! are depicted as I, II, III, and IV.
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sin22uSOL50.8, dmSOL
2 51031025 eV2, ~4.16b!

sin22uRCT50.1, ~4.16c!

dMNS50 °2360 °, ~4.16d!

r53 g/cm3. ~4.16e!

The predictions for the four neutrino mass hierarchy ca
~Fig. 1! are shown by separate circles when theCP-phase
angledMNS is allowed to vary freely. The predictions for th
four representative phase values are shown by solid cir
(dMNS50 °), solid squares (90 °), open circles (180 °), a
open squares (270 °).

When comparing with theL5295 km case~Fig. 8!, it is
most striking to find that the predictions for thene CC events
N(e) differs by a factor of 5 or even larger in magnitud
between the neutrino mass hierarchy I and III. This is
cause of the enhancement of the matter effect at high e
gies. This striking sensitivity of the probabilityPnm→ne

on
the mass hierarchy cases is the basis of the capabilit
distinguishing the cases in VLBL experiments by using
J-PARC PS. On the other hand, we will find that the 5% le
differences inN(m) between the mass hierarchy cases
not useful for this purpose becausePnm→nm

depends strongly

on the parametersdmATM
2 and sin22uATM , and also becaus

N(m) suffers from the neutrino-beam flux uncertainty~4.14!.
We have examined NBB’s with various peak energi

and find that the NBB withEpeak56 GeV ~see Fig. 7! makes
N(e) largest while keepingN(m) small for the atmospheric
neutrino oscillation parameter of Eq.~4.16a!. The ration
N(e)/N(m) can be as large as 1/2 if sin22uRCT50.1 @Eq.
~4.16c!# for the hierarchy case I. The NBB withEpeak
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54 GeV is then chosen because it has thedMNS dependence
of N(e) which is significantly different from that of the
Epeak56 GeV case. By comparing the hierarchy I circles
Figs. 9~a! and 9~b!, we find that for the NBB withEpeak
54 GeV, N(e) is largest at arounddMNS5180 ° ~open
circles! and smallest at arounddMNS50 ° ~solid circles!,
whereas for the NBB withEpeak56 GeV, N(e) is largest at
arounddMNS5270 ° ~open squares! and smallest at around
dMNS590 ° ~solid squares!.

In Fig. 9, we show the statistical errors of theN(m) and
N(e) measurements at 500 kton yr on thedMNS5270 ° point
for the hierarchy case I. The size of the error bars sugg
that a 100 kton-level detector is needed to explore the mo
parameters in VLBL experiments atL.2100 km. It also
tells us that such detector has the potential of discrimina
the neutrino mass hierarchies and constraining thedMNS
angle in a certain region of the three-neutrino model para
eter space. A more careful error analysis that accounts
backgrounds and systematic errors is given in the next s
section.

We are now ready to study the physics capability of su
VLBL experiments in some detail. In Fig. 10, we show th
expected numbers of signal eventsN(m) and N(e) for the
same NBB’s and for the same volume of 500 kton yr as
Fig. 9. The circles of Fig. 9 are now made of 36dMNS points,
dMNS5n310 ° for n51 to 36, for each set of the mode
parameters. The common parameters for all the points a

sin22uATM51.0, dmATM
2 53.531023 eV2, ~4.17a!

sin22uRCT50.00, 0.02, 0.04, 0.06, 0.08, 0.10, ~4.17b!

dMNS5n310 ° ~n51 to 36!, ~4.17c!
4-16
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FIG. 10. The neutrino parameter dependences of the expected numbers ofne CC andnm CC eventsN(e) andN(m), respectively, for the
NBB with Epeak54 GeV ~a! and 6 GeV~b! with 500 kton yr atL52100 km. The predictions are shown for the LMA, SMA, and V
scenarios of the solar neutrino oscillations and for the four neutrino mass hierarchies I to IV. All the numbers are calculated fodmATM

2

53.531023 eV2 and sin22uATM51.0 at sin22uRCT50.023m(m50 to 5! anddMNS510 °3n(n51 to 36!. The five larger circles in each
hierarchy show thedMNS predictions of the LMA withdmSOL

2 51531025 eV2 and the five smaller circles are for the LMA withdmSOL
2

5531025 eV2, both for m51 to 5. dMNS dependence is not recognized for the predictions of SMA and VO, and also at sin22uRCT

50 (m50). The VO predictions are the same for the hierarchy I and II, and III and IV.
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r53 g/cm3. ~4.17d!

The predictions for the six sin22uRCT cases~4.17b! can be
recognized as five circles and one point with decreas
N(e) values, as sin22uRCT decreases from 0.1 to 0.0. Th
remaining two parameters are constrained by the so
neutrino oscillation experiments, and we chose the follow
representative parameter sets for the three possible solu
to the solar-neutrino deficit anomaly:

LMA: sin22uSOL50.8, dmSOL
2 5H 1531025 eV2,

531025 eV2,

~4.18a!

SMA: sin22uSOL5731023, dmSOL
2 5531026 eV2,

~4.18b!

VO: sin22uSOL50.7, dmSOL
2 57310211 eV2.

~4.18c!

The predictions of the four types of the neutrino mass h
archy I, II, III, IV are indicated explicitly.
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The solid-circle points in Fig. 10 show the predictions
all the models with neutrino mass hierarchy I. They reside
the corner at largeN(e) and smallN(m). The five grand
circles with smallestN(m) give the predictions of the LMA
solution for dmSOL

2 51531025 eV2, and those with larger
N(m) are for the LMA with dmSOL

2 5531025 eV2. It is
clearly seen that thedMNS dependence~the size of the grand
circles! is larger for largerdmSOL

2 and for larger sin22uRCT as
expected. It is worth pointing out that the LMA scenario wi
dmSOL

2 51531025 eV2 predicts nonzero N(e),N(e)
.5/500 kton yr even when sin22uRCT50. This is because
the ‘‘higher’’ oscillation modes of the three-neutrino mod
grow asdmSOL

2 /dmATM
2 rises. The predictions of the SMA

parameters appear just above the upper LMA grand circ
where thedMNS dependence~the size of the grand circle!
diminishes to zero for each sin22uRCT value. This is expected
from the Hamiltonian Eq.~2.52a! that governs the neutrino
oscillation in matter, because thedMNS dependence of ob
servables diminished whenever the second terms pro
tional todm12

2 /dm13
2 are much smaller than the first term. Th

predictions of the VO parameters, which are given by
solid diamonds, are shown just above those of the SMA
rameters. Here thedMNS dependence vanishes because of
extreme smallness ofdmSOL

2 /dmATM
2 . By the same token
4-17
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we cannot distinguish the VO predictions of the neutri
mass hierarchy I and II. Because the magnitude ofdmSOL

2 is
so small, the sign ofdm12

2 56dmSOL
2 does not have observ

able consequences in terrestrial LBL experiments.
The predictions of the four scenarios of the solar neutr

oscillations@VO, SMA, and twodmSOL
2 cases of LMA in Eq.

~4.18!# with the neutrino mass hierarchy II (dm12
2 5

2dmSOL
2 ,dm13

2 5dmATM
2 ) are shown by open-circle points

which are located in the corner of largeN(e) largeN(m). As
explained above, the predictions of the VO scenario do
differ from those for the hierarchy I. The predictions of th
SMA scenario appear slightly above those of VO. The t
LMA scenario predict largerN(m) and give visibledMNS
dependences, which lead to five grand circles each for
five discrete values of assumed sin22uRCT. Again thedMNS
dependence~the size of the grand circles! is larger for the
large sin22uRCT and largedmSOL

2 . Summarizing the predic
tions of the four scenarios in the neutrino mass hierarchi
and II, both of which havedm13

2 5dmATM
2 .0, N(e) grows

linearly with increasing sin22uRCT in all four scenarios and
for both hierarchies. The predictions of the hierarchy II diff
from those of the hierarchy I only by slightly largerN(m) in
each scenario. The difference inN(m) is largest in the LMA
scenarios withdmSOL

2 51531025 eV2, for which the hierar-
chy II predicts about 30%~10%! largerN(m) than the pre-
dictions of the hierarchy I for the NBB withEpeak56 GeV
~4 GeV!.

All the predictions of the hierarchy cases III and IV ha
very small N(e). The predictions of the hierarchy III ar
shown by solid squares and those of the hierarchy IV
shown by open squares. As in the case of hierarchy I vs
the predictions of the VO scenario do not show visible d
pendence on the sign ofdm12

2 56dmSOL
2 , and its common

predictions for the hierarchy III and IV are shown by ope
diamonds. Even though compressed to the very smallN(e)
region, the largestN(e) point is for sin22uRCT50.1. The pre-
dictions of the SMA scenario appear just above~below! the
VO points for the hierarchy III~IV !. In the LMA scenario,
the predictions forN(m) increase asdmSOL

2 grows for the
hierarchy III, whileN(m) decreases withdmSOL

2 for the hi-
erarchy IV.

By noting that thenm→ne oscillation probability of the
hierarchy IV~II ! is that of then̄m→ n̄e oscillation probability
of the hierarchy I~III !, see Eq.~2.54!, and by noting that the
n̄e CC cross section is a factor of three smaller than thene
CC cross section, we can conclude from the figures that
n̄m→ n̄e oscillation experiments by using then̄m beam from
J-PARC are not effective if the neutrino mass hierarchy
indeed type I. On the other hand, if the inverted hierarchy
is chosen by the nature, experiments with then̄m beam
should play a major role.

D. A case study of semiquantitative analysis

Now that the intrinsic sensitivity of the very simple ob
servablesN(m,Epeak) and N(e,Epeak) on the three-neutrino
model parameters sin22uRCT, dMNS, dmSOL

2 and the neu-
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trino mass hierarchy cases are shown clearly in Fig. 10,
would like to examine the capability of such VLBL exper
ments in determining the model parameters. The follow
three questions are of our concern.

~1! Can we distinguish the neutrino mass hierarchy cas
~2! Can we measure the two unknown parameters of

model sin22uRCT anddMNS ?
~3! How much can we improve the measurements

dmATM
2 and sin22uATM?
In this subsection we examine these questions for a VL

experiment atL52100 km in combination with the LBL ex-
periment ofL5295 km between J-PARC and SK.

For definiteness, we assume that the VLBL experimen
L52100 km accumulates 500 kton yr each with t
NBB (Epeak56 GeV) and NBB (Epeak54 GeV). As for the
LBL experiment atL5295 km, we assume that 100 kton y
data are obtained for the NBB (^pp&52 GeV). Although
this latter assumption does not agree with the present pla
the J-PARC–to–SK project@40# where the OAB may be
used in the first stage, we find that essentially the same fi
results follow as long as the total amount of data atL
5295 km are of the order of 500 kton yr. The expect
numbers ofm-like ande-like events

N~m!5N~m,Epeak,L !1N~m,Epeak,L !BG, ~4.19!

N~e!5N~e,Epeak,L !1N~e,Epeak,L !BG, ~4.20!

are tabulated in Table VI for the parameters of Eq.~4.16! at
dMNS50 °. We see from Table VI that roughly the sam
number ofnm→ne signal events is expected for an expe
ment atL52100 km with 500 kton yr and for an experime
at L5295 km with 100 kton yr. This agrees with the naiv
scaling low ofN;1/L at sameL/En .

Our program proceeds as follows. For a given set of
three-neutrino model parameters, we calculate prediction
N(m) and N(e), including both the signal and the back
ground, with a parametrized neutrino-beam flux and a c
stant matter density of the Earth (r53 g/cm3). We assume
that the detection efficiencies of them-like ande-like events
are 100% for simplicity. The statistical errors of each pred
tion are then simply the square roots of the observed n
bers of eventsN(m) andN(e). In our analysis, we accoun
for the following systematic errors: overall flux normaliz
tion error of 3%, uncertainty in the matter density along t
baseline of 3.3%, relative uncertainty in the misidentificati
probability Pe/NC of 10%, and relative uncertainty in thet
backgrounds of 10%. Thex2 function of the fit to the LBL
experiments may then be expressed as the sum

x25x2~L52100 km!1x2~L5295 km!, ~4.21!

where the first term is
4-18
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FIG. 11. Minimumx2 as functions of the fitting parameter sin22uRCT by assuming the hierarchy III, when the mean values ofN(m,Epeak)
andN(e,Epeak) are calculated for the LMA points with hierarchy I@Eq. ~4.26!#. In total 12 cases of the input data are labeled by the in
~‘‘true’’ ! values of sin22u RCT

true 5 0.02 ~thin lines!, 0.04 ~medium-thick lines!, 0.1 ~thick lines!, andd MNS
true 5 0 ° ~solid lines!, 90 ° ~long-

dashed lines!, 180 ° ~short-dashed lines!, 270 ° ~dot-dashed lines!. The minimum of thex2 function is found by assuming the hierarchy I
for a since sin22uRCT value, by varying the parametersdmSOL

2 and sin22uSOL within the LMA allowed region, and the remaining thre
parametersdmATM

2 , sin22uATM , anddMNS freely @Eq. ~4.27!#. ~a! Result with 500 kton yr each for NBB (Epeak56 GeV) and NBB (Epeak

54 GeV) atL52100 km. ~b! In addition, 100 kton yr data from NBB (^pp&52 GeV) atL5295 km are included in the fit.
e-
e

-
y
on
or
ti

m

rly
tte

for

e

s.
i-

of
ty
x2~L52100 km!

5 (
Epeak,kton yr

H S f flux•Nfit~m!2Ntrue~m!

s~m! D 2

1S f flux•Nfit~e!2Ntrue~e!

s~e! D 2J 1S f flux21

0.03 D 2

1S r23

0.1 D 2

, ~4.22!

s~m!5ANtrue~m!1@0.1Ntrue~m;ntCC!#2, ~4.23!

s~e!

5ANtrue~e!1@0.1Ntrue~e;NC!#21@0.1Ntrue~e;ntCC!#2.

~4.24!

Here thex2 is a function of the parameters of the thre
neutrino model~the two mass-squared differences, thr
angles, and one phase!, the flux normalization factorf flux and
the matter densityr. We assign the overall flux normaliza
tion error of 3% which is common for all high-energ
NBB (Epeak)’s, including the secondary beams. In additi
to this common flux normalization error, the individual err
of N(m) is the sum of the statistical error and the systema
error coming from the uncertainty in thet background. The
error ofN(e) is a sum of the statistical error and the syste
atic errors coming from the uncertainty in thee/NC misiden-
tification probability and thet background. Thex2 function
for the J-PARC–to–SK experiment is obtained simila
where the 3% flux normalization error and the 3.3% ma
09300
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density error are assumed to be independent from those
the L52100 km experiment. The functionx2(L5295 km)
is obtained similarly by using the NBB (^pp&52 GeV) flux,
to which we assign the 3% normalization error.

1. Neutrino mass hierarchy

We show in Fig. 11 the minimumx2 as functions of the
parameter sin22uRCT by assuming the hierarchy III, when th
mean values ofN(m,Epeak) andN(e,Epeak) are calculated for
the LMA points with the hierarchy I. The results in Fig
11~a! and 11~b! are given for the following sets of exper
mental conditions~A! and ~B!, respectively.

~A! 500 kton yr each for NBB~Epeak56 GeV!, and

NBB ~Epeak54 GeV! at L52100 km. ~4.25a!

~B! In addition to~A!, 100 kton yr data from NBB~^pp&

52 GeV! at L5295 km are included in the fit. ~4.25b!

The results are shown for the 12 sets ofN(m,Epeak) and
N(e,Epeak), which are generated for the LMA parameters
Eq. ~4.4! at sin22uRCT50.02,0.04,0.1, with the matter densi
r53 g/cm3 by assuming the hierarchy I:

sin22uATM
true 51.0, dmATM

2 true53.531023 eV2, ~4.26a!

sin22uSOL
true 50.8, dmSOL

2 true51031025 eV2, ~4.26b!

sin22uRCT
true 50.02,0.04,0.10,

dMNS
true 50 °,90 °,180 °,270 °, ~4.26c!

dm12
2 5dmSOL

2 true, dm13
2 5dmATM

2 true ~hierarchy I!,
~4.26d!
4-19
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FIG. 12. Regions allowed by the VLBL experiment atL52100 km and the LBL experiment atL5295 km, with the experimenta
condition of Eq.~4.25b!. The input data are calculated for the LMA parameters, Eq.~4.26!, at sin22u RCT

true 50.06 and for four values ofd MNS
true

0 °, 90 °, 180 °, and 270 °. In each figure, the input parameter point (sin22u RCT
true ,d MNS

true ) is shown by a solid circle, and the regions whe
xmin

2 ,1, 4, and 9 are depicted by solid, dashed, and dotted boundaries, respectively.
np

h

ob
f flux
true51.0, r true53 g/cm3. ~4.26e!

The 12 cases of the input data sets are labeled by the i
values of sin22u RCT

true 50.02 ~thin lines!, 0.04 ~medium-thick
lines!, 0.1 ~thick lines!, and d MNS

true 50 ° ~solid lines!, 90 °
~long-dashed lines!, 180 ° ~short-dashed lines!, 270 ° ~dot-
dashed lines!.

The x2 fit has been performed by assuming the hierarc
III. The minimum of thex2 function is found for a sin22uRCT

value below 0.12, by varying the parametersdmSOL
2 and

sin22uSOL within the LMA allowed region, Eq.~2.30!, and
the remaining three parametersdmATM

2 , sin22uATM , and
dMNS freely. Summing up, the fitting parameters used to
tain thex2 functions of Fig. 11 are
09300
ut
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sin22uATM :free, dmATM
2 : free, ~4.27a!

sin22uSOL50.720.9,

dmSOL
2 5~3215!31025 eV2 ~LMA !, ~4.27b!

sin22uRCT:free, dMNS:free, ~4.27c!

dm12
2 5dmSOL

2 , dm13
2 52dmATM

2 ~hierarchy III!,
~4.27d!

f flux :free, r:free. ~4.27e!
4-20
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In Fig. 11~a!, we show the resultingxmin
2 from the VLBL

experiments at L52100 km. The minimum x2 for
sin22u RCT

true 50.1 is always larger than 30 for sin22uRCT

,0.12. We can hence distinguish the neutrino mass hie
chy I from III. At sin22u RCT

true 50.04, it is possible to make th
distinction at more than 3s level for dMNS

true 5180 ° and 270 °,
but not for essentiallydMNS

true 50 ° and 90 °. This is because
the hierarchy I predictions ofN(e)’s for dMNS

true 50 ° and 90 °
at sin22u RCT

true 50.04 can be reproduced by the hierarchy-
model if we choose larger sin22uRCT (*0.08); see Figs. 9
and 10.

In Fig. 11~b!, the minimumx2 values are shown whe
data from J-PARC–to–SK experiment are added. The
markable difference between Figs. 11~a! and 11~b! is found
for the small sin22u RCT

true cases when the fitting paramet
sin22uRCT is large. This can be explained as follows. In t
J-PARC–to–SK LBL experiment, the predictedN(e,Epeak)
of the hierarchy III is not much smaller than that of th
hierarchy I~see Fig. 8!. In particular,N(e,Epeak) calculated
for the hierarchy I at sin22uRCT,0.04 is significantly smaller
than that for the hierarchy III at sin22u RCT.0.1. This leads
to the enhancement of the minimumx2 in Fig. 11~b! at large
sin22uRCT. We find that the data obtained from the J-PARC
to–SK experiments are useful, which allow us to determ
the neutrino mass hierarchy~between I and III! for all four
values ofdMNS

true at 3s level when sin22u RCT
true *0.04, and at

one-sigma level when sin22u RCT
true *0.02.

2. sin22uRCT and dMNS

Figure 12 shows the regions in the sin22uRCT vs dMNS
plane which are allowed by the VLBL experiment atL
52100 km with 500 kton yr each for NBB (Epeak56 GeV)
and NBB (Epeak54 GeV), together with the 100 kton y
data from theL5295 km experiment@Eq. ~4.25b!#. The in-
put data are calculated for the LMA parameters@Eq. ~4.26!#
at sin22uRCT

true 50.1 and for four values ofdMNS
true , 0 °, 90 °,

180 °, and 270 °. Thex2 fit has been performed by assumin
thatdmSOL

2 and sin22uSOL are in the LMA region~2.30! while
the rest of the parameters are freely varied:

sin22uATM : free, dmATM
2 : free, ~4.28a!

sin22uSOL50.720.9,
09300
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e

dmSOL
2 5~3215!31025 eV2 ~LMA !, ~4.28b!

sin22uRCT: free, dMNS:free, ~4.28c!

dm12
2 5dmSOL

2 , dm13
2 5dmATM

2 ~hierarchy I!,
~4.28d!

f flux : free, r: free. ~4.28e!

In each figure, the input parameter point (sin22u RCT
true , dMNS

true )
is shown by a solid circle and the regions wherexmin

2 ,1, 4,
and 9 are depicted by solid, dashed, and dotted bounda
respectively.

A few comments are in order. From the two figures in t
right-hand side fordMNS

true 590 ° ~top! anddMNS
true 5270 ° ~bot-

tom!, we learn thatdMNS cannot be constrained by thes
experiments. The reason can be qualitatively understood
studying the LMA predictions shown in Figs. 9 and 10. No
however, that the LMA cases shown in Fig. 10 are
dmSOL

2 5531025 and 1531025 eV2, while the input data in
our example are obtained fordmSOL

2 51031025 eV2. An ap-
propriate interpolation between the two cases is he
needed. From Fig. 9, we find thatdMNS590 ° ~solid-square!
points for the hierarchy I lie in the lowerN(e) corner of the
grand circle made of the predictions of alldMNS. On the
other hand, we can tell from Fig. 10 that the same values
low N(e) can be obtained for the otherdMNS values typically
by reducing the sin22uRCT parameter. In case ofdMNS

true

5270 ° ~bottom-right!, this situation is reversed, and we ca
expect sameN(e) for different dMNS by increasing
sin22u RCT.

The left figures of Fig. 12 show thatdMNS can be con-
strained at 1s level whendMNS

true 50 ° ~top left! or 180 ° ~bot-
tom left!. The reason for this behavior is more subt
We find that it is essentially the ratio o
N(e,4 GeV)/N(e,6 GeV) which distinguishes betwee
dMNS50 ° and 180 °. In Fig. 9, we can see th
N(e,4 GeV)/N(e,6 GeV) is smallest atdMNS50 ° ~solid
circles! and it is largest atdMNS5180 ° ~open circles!, while
this ratio is almost the same fordMNS590 ° ~solid squares!
and dMNS5270 ° ~open squares!. Because it is the energ
dependence ofN(e) that has the discriminating power fo
dMNS, detectors with the capability of measuring neutri
energy@27# may have better sensitivity for thedMNS angle.
TABLE VII. The mean and the one-sigma errors ofdmATM
2 and the one-sigma lower bound of sin2u ATM

true

when the input data are calculated for the four LMA points@Eq. ~4.26! at sin22u RCT
true 50.06] and the fits are

performed by assuming the LMA scenarios.~A! Results with 500 kton yr each for NBB (Epeak56 GeV) and
NBB (Epeak54 GeV) at L52100 km. ~B! In addition, 100 kton yr data from NBB (^pp&52 GeV) at L
5295 km are included in the fit.

dMNS
true 50 ° 90 ° 180 ° 270 °

dmATM
2 ~A! 3.5020.10

10.08 3.5020.15
10.10 3.5020.16

10.11 3.5020.15
10.11

(31023)(eV2) ~B! 3.5020.06
10.07 3.5020.11

10.09 3.5020.10
10.10 3.5020.11

10.10

sin2uATM ~A! 0.560.077 0.560.077 0.560.079 0.560.077
~B! 0.560.047 0.560.047 0.560.047 0.560.047
4-21
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FIG. 13. CP phase dependence ofN(e) andN(m) at L51200 km for 100 kton yr with~a! NBB (Epeak53 GeV) and~b! NBB (Epeak

55 GeV). dMNS50 ° ~solid circle!, 90 ° ~solid square!, 180 ° ~open circle!, and 270 °~open square!. The input parameters aredmATM
2

53.531023 eV2, sin22uATM51.0, dmSOL
2 51031025 eV2, sin22uSOL50.8, sin22uRCT50.1, andr53 g/cm3. The predictions for the four

types of the neutrino mass hierarchies~Fig. 1! are depicted as I, II, III, and IV.
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3. dmATM
2 and sin2uATM

Finally, we study the capability of the VLBL experimen
in measuring the atmospheric neutrino oscillation parame
dmATM

2 and sin2uATM accurately. Table VII shows the mea
and one-sigma errors ofdmATM

2 and the one-sigma lowe
bound on sin22u ATM

true when the data are calculated fo
dmATM

2 53.531023 eV2 and sin22uATM51.0 in the LMA
scenario with the hierarchy I. The input parameters are c
sen for the LMA point of Eq.~4.26!, but for sin22u RCT

true

50.06. Thex2 fit has been performed by assuming the
erarchy I but allowing all the model parameters to vary fre
within the LMA constraint~2.30!. The fitting conditions are
the same as in Eq.~4.28!. The~A! rows gives the results with
500 kton yr each for NBB (Epeak56 GeV) and NBB (Epeak
54 GeV) at L52100 km. The~B! rows gives the results
when in addition, 100 kton yr data from NBB (^pp&
52 GeV) atL5295 km are included in the fit. The sens
tivities to dmATM

2 and sin22uATM are improved by using the
data from the J-PARC–to–SK experiments. The expec
sensitivity fordmATM

2 is about 3–4.5 % and that for sin2uATM

is about 15%. After including the J-PARC–to–SK data t
sensitivities improve to about 2–3 and 9.4%, respectivel

E. Results for LÄ1200 km

In order to examine the sensitivity of the physics outp
of the VLBL experiments to the baseline length, we rep
the whole analysis forL51200 km, which is approximately
the distance between J-PARC and Seoul.

We show in Fig. 13 the expected signal event numb
N(e) andN(m), at the baseline length ofL51200 km from
J-PARC with 500 kton yr for ~a! the NBB with Epeak
53 GeV and for~b! the NBB with Epeak55 GeV. The pre-
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dictions are calculated for exactly the same three-neut
model parameters and the matter density as in Figs. 8 an
see Eq.~4.16!. The predictions for the neutrino mass hiera
chy cases I–IV, see Fig. 1 and Table 1, are shown by sepa
circles when thedMNS is allowed to vary freely. The four
representative phase values are shown by solid cir
(dMNS50 °), solid squares (90 °), open circles (180 °), a
open squares (270 °). The statistical errors of theN(e) and
N(m) measurements at 500 kton yr are shown on thedMNS
5270 ° point for the hierarchy case I.

Because we have learned from the analysis atL
52100 km the number ofne CC eventsN(e) is most sensi-
tive to the neutrino model parameters, we choose the p
energies (Epeak) of the NBB by requiring largeN(e) and
suppressedN(m). A pair of NBB’s is then chosen such tha
the dMNS dependence of the ratio ofN(e)’s is significant.
The chosen peak energies,En53 and 5 GeV at L
51200 km have the sameL/En with En.5 and 9 GeV at
L52100 km, respectively. In Fig. 13~b! for NBB (Epeak
55 GeV) atL51200 km, the predictedN(m) in the hierar-
chy I is larger than that in the hierarchy III because t
survival probability Pnm→nm

for the mass hierarchy I is

smaller than that for the hierarchy III in the interval 3 Ge
&En&6 GeV. It turns out that this reversing of the orderin
of N(m) is not very effective in distinguishing the neutrin
hierarchy cases because the trend can easily be accounte
by shifting the atmospheric neutrino oscillation paramet
dmATM

2 and sin2uATM slightly.
When we compare Fig. 13 forL51200 km with Fig. 9

for L52100 km, we notice that the reduction ofN(e) for the
hierarchy III atL51200 km is not as drastic as the reducti
at L52100 km, but that the expected statistical errors of
signal are smaller atL51200 km because of a factor of
4-22
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FIG. 14. The neutrino parameter dependences of the expected numbers ofne CC events andnm CC events,N(e) andN(m), respectively,
for the NBB with Epeak53 GeV ~a! and 5 GeV~b! 500 kton yr atL51200 km. All the symbols are the same as those in Fig. 10.
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largerN(e) for the same size of the detector.
In Fig. 14, we show the expected numbers of sig

events N(m) and N(e) for the same set of NBBs,~a!
NBB (Epeak53 GeV) and~b! NBB (Epeak55 GeV), each
with 500 kton yr atL51200 km. The three-neutrino mode
parameters and the matter density used for calculating th
numbers are the same as those used to generate Fig. 1
L52100 km; see Eqs.~4.17! and~4.18!. All the symbols are
the same as those adopted in Fig. 10. The dependenc
09300
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of

N(e) on the input sin22uRCT are the same as those found
Fig. 10;N(e) decreases as input sin22uRCT is decreased from
0.1 to 0. The solid circles, open circles, solid squares,
open squares show the predictions for the neutrino mass
erarchy I, II, III and IV, respectively. For each hierarchy, th
five larger grand circles give the predictions of the LM
scenario with dmSOL

2 51531025 eV2, and the smaller
circles are for the LMA withdmSOL

2 5531025 eV2. The
VO predictions of the neutrino mass hierarchies I and II~III
FIG. 15. The same as Figs. 11~a! and 11~b!, but for L51200 km.
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FIG. 16. The same as Fig. 12, but forL51200 km.
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and IV! cannot be distinguished, and they are given by
solid ~open! diamonds. The difference inN(m) is largest in
the LMA scenarios withdmSOL

2 51531025 eV2, for which
the hierarchy III predicts about 40% larger~20% smaller!
N(m) than the predictions of the hierarchy I for the NB
with Epeak53 GeV ~5 GeV!. When we compare Fig. 14 fo
L51200 km with the corresponding Fig. 10 forL
52100 km, we notice that the prediction forN(e) in the
hierarchy III are significantly larger forL51200 km than
those forL52100 km. If it were onlyN(e) in Fig. 14 that
effectively discriminates the neutrino mass hierarchy,
should expect significant reduction of the hierarchy discrim
nating capability of the VLBL experiments atL51200 km.

In order to study these questions quantitatively, we rep
the x2 fit for the following sets of experimental conditions

~A8! 500 kton yr each for NBB (Epeak55 GeV) and
09300
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at

NBB ~Epeak53 GeV! at L51200 km. ~4.29a!

~B8! In addition to~A8!, 100 kton yr data from

NBB ~^pp&52 GeV! at L5295 km ~4.29b!

are included in the fit.
In Figs. 15~a! and 15~b!, we show the minimumx2 as

functions of the fit parameter sin22uRCT for the data sets (A8)
and (B8), respectivly. The mean values ofN(m,Epeak) and
N(e,Epeak) at L51200 km and those atL5295 km are cal-
culated for the experimental conditions of Eq.~4.29! by as-
suming the LMA scenario and the hierarchy I, and by cho
ing 12 sets of the model parameters as in Eq.~4.26!;
sin22u RCT

true 50.02, 0.04, and 0.10 anddMNS
true 50 °, 90 °, 180 °,
4-24
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TABLE VIII. The mean and the 1s errors ofdmATM
2 and the one-sigma level bound of sin2u ATM

true when the
input data are calculated for the four LMA points@Eq. ~4.26! at sin22u RCT

true 50.06] and the fits are performe
by assuming the LMA scenarios. (A8) Results with 500 kton yr each for NBB (Epeak55 GeV) and
NBB (Epeak53 GeV) atL51200 km. (B8) In addition, 100 kton yr data from NBB (^pp&52 GeV) atL
5295 km are included in the fit.

dMNS50 ° 90 ° 180 ° 270 °

dmATM
2 (A8) 3.5020.075

10.065 3.5020.08
10.075 3.5020.08

10.07 3.5020.07
10.085

(31023) (eV2) (B8) 3.5020.05
10.065 3.5020.075

10.065 3.5020.075
10.07 3.5020.07

10.07

sin2uATM (A8) 0.560.039 0.560.039 0.560.040 0.560.040
(B8) 0.560.037 0.560.037 0.560.037 0.560.037
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and 270 °. Thex2 fit has then been performed by assumi
the LMA scenario with the hierarchy III; see Eq.~4.27! for
details. The 12 lines in Figs. 15~a! and 15~b! correspond to
sin22u RCT

true 50.02 ~thin lines!, 0.04 ~medium-thick lines!, 0.1
~thick lines! and dMNS

true 50 ° ~solid lines!, 90 ° ~long-dashed
lines!, 180 ° ~short-dashed lines!, 270 ° ~dot-dashed lines!.
As in the case of theL52100 km study in Fig. 11, inclusion
of the L5295 km data improves the sensitivity to the hie
archy cases significantly. After the two experiments are co
bined, we find that the neutrino mass hierarchy~between I
and III! can be distinguished at 3s level, for all four values
of dMNS

true and when sin22uRCT50.1, and fordMNS
true 5180 ° and

270 ° when sin22u RCT
true 50.04.xmin

2 is greater than about 7 fo
dMNS

true 50 ° and 90 ° when sin22u RCT
true 50.04. Even when

sin22u RCT
true 50.02,xmin

2 .4 for dMNS
true 5180 ° and 270 °. These

results atL51200 km are not much worse than the results
L52100 km. We find that this is because the combination
the VLBL experiment and theL5295 km LBL experiment
is still effective in distinguishing the hierarchy cases, ev
though the VLBL experiment atL51200 km itself cannot
distinguish the hierarchy cases when sin22u RCT

true &0.04.
Figure 16 shows the regions in the sin22uRCT vs dMNS

plane which are allowed by the VLBL experiments atL
52100 km with 500 kton yr each for NBB (Epeak55 GeV)
and NBB (Epeak53 GeV), and the LBL experiment atL
5295 km with 100 kton yr for NBB (̂pp&52 GeV) @Eq.
~4.29b!#. All the model parameters used to calculate the
pected numbers of events and the symbols of the figures
the same as those adopted for Fig. 12. The four input po
at dMNS

true 50 °,90 °,180 °,270 ° and sin22u RCT
true 50.06 are

shown by the solid circles in each plane, and the region w
xmin

2 ,1, 4, and 9 are shown by the solid, dashed, and do
boundaries, respectively. Thex2 fit has been performed b
assuming the LMA scenario with the hierarchy I, but oth
wise by allowing all the model parameters to vary freely; s
Eq. ~4.27!.

The results shown in Fig. 16 look very similar to those
Fig. 12 for the combination of the VLBL experiment atL
52100 km and the LBL experiment atL5295 km, Eq.
~4.25b!. For dMNS

true 590 ° and 270 °, we cannot constrain th
CP phase at all from these experiments. FordMNS

true 50 ° and
180 °, there appear a region ofxmin

2 ,1 wheredMNS is con-
strained, but the preferred region covers the whole rang
xmin

2 ,4 level. We find that the area of thexmin
2 ,1 region is
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almost the same as that of theL52100 km experiment in
Fig. 12 for eachdMNS

true case. We conclude that the capabili
of measuring sin22uRCT and dMNS in the LMA scenario is
very similar between the VLBL experiments atL
52100 km and those atL51200 km.

Finally, we show in Table VIII the expected accuracy
the measurements ofdmATM

2 and sin2uATM . The expected
number of events are calculated fordmAMT

2 true53.5
31023 eV2 and sin2u ATM

true 50.5 in the LMA scenario with
the hierarchy I. The 4 LMA input points and the fit param
eters are the same as those used for Table VII. The mean
the one-sigma errors for fitteddmATM

2 and the one-sigma
lower bound for sin2uATM are shown in Table VIII. The re-
sults of the VLBL experiment only, Eq.~4.29a!, are shown in
the (A8) row, whereas those obtained by adding the LB
experiment atL5295 km, Eq. ~4.29b!, are shown in the
(B8) rows. By comparing the results of Table VII and Tab
VIII, we find that more precise measurements ofdmATM

2 and
sin2uATM can be achieved by the VLBL experiments atL
51200 km. This is essentially because the two NBBs t
we choose for studying the potential of theL51200 km ex-
periments cover the two sides of thePnm→nm

50 node,

whereas one of the two NBB’s chosen for studying theL
52100 km case sits on top of the node to minimizeN(m);
see Fig. 7. We find that the accuracy ofdmATM

2 and sin2uATM

measurements at theL52100 km experiments can be im
proved farther, if a NBB with higher peak energy is adde
Because higherEpeak NBBs give highert backgrounds and
largerN(m), the optimal choice of the beam type and bea
energy should be determined according to the prime phy
objectives and the details of the proposed detectors.

V. SUMMARY AND DISCUSSIONS

The 50 GeV proton synchrotron at J-PARC~Japan Proton
Accelerator Research Complex! @22# will start delivering
1021 POT ~protons on target! per one operation year by th
year 2007. This compares with 3.8531019 POT @50# at 12
GeV which are being provided by the KEK PS for the K2
neutrino oscillation experiment. The J-PARC project th
provides us with an excellent opportunities of extending
K2K experiment, by shooting the neutrino beam fro
4-25
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J-PARC to SK ~the Super-Kamiokande! with L5295 km
@19#. Refinement of the measurements of the atmosph
neutrino oscillation parameters (dmATM

2 and sin2uATM) and
the first measurement of thenm→ne oscillation parameter
(sin22uRCT) by observing the electron appearance are
main targets of the proposed experiment@19#.

In this paper, we explored the possibility of extending t
LBL experiments to a much longer baseline lengthL
.1000 km) as a second stage of the neutrino oscillation
periments using the J-PARC PS. In particular, we exami
in detail the physics potential of VLBL experiments atL
52100 km, which is approximately the distance betwe
J-PARC and Beijing, where strong interests in constructin
huge neutrino detector~BAND! have been expressed@27#.
We also examined the case atL51200 km carefully in order
to study the sensitivity of physics outputs on the base
lengths of the same order. The distance 1200 km is appr
mately that between J-PARC and central Korea, where str
interest in LBL neutrino oscillation experiments are e
pressed.

We studied the physics potential of such VLBL expe
ments within the three-neutrino model. The three-neutr
model gives a consistent picture of all the neutrino osci
tion observations except the LSND experiment, and has
parameters that are observable by neutrino-oscillation p
nomena: two mass-squared differencesdm12

2 56dmSOL
2 and

dm13
2 56dmATM

2 , three angles sin22uSOL, sin2uATM , and
sin22uRCT, and one phasedMNS. The main objectives of
such VLBL experiments may be summarized by the follo
ing three questions.

~1! Can we distinguish the neutrino mass hierarchy cas
~2! Can we measure the two unknown parameters of

model sin22uRCT anddMNS?
~3! How much can we improve the measurements

dmATM
2 and sin22uATM?
In order to quantify our answers to the above questio

we make the following simplifications for the neutrin
beams and the detector capability.

~i! High-energy NBB’s with Epeak53;6 GeV for the
VLBL experiments.

~ii ! Low-energy NBB with^pp&52 GeV to represent the
LBL experiment to SK.

~iii ! 100 kton-level detector which is capable of detecti
nm CC andne CC events almost perfectly, but is not nece
sarily capable of measuring the particle charges and ha
energies.

~iv! Backgrounds from secondary beams and from l
tonic t decays of thent CC events, as well as those fro
p0-e misidentification the neutral current processes are
counted for.

~v! Common flux normalization errors of 3% are assign
for the high-energy NBB’s, and an independent 3% error
the low-energy NBB.

~vi! Overall uncertainty in the matter density is assum
to be 3.3% for each experiment.

The detector capabilities of~iii ! and ~iv! are taken from
those of the SK detector which may be common for wat
Čerenkov detectors.
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We find the following observations. By assuming that t
J-PARC–to–SK experiment measures the atmosphe
neutrino oscillation parameters to be centered atdmATM

2

53.531023 eV2 and sin22uATM51, and by assuming tha
its cumulative effects can be represented by

100 kton yr at L5295 km with NBB~^pp&52 GeV!,
~5.1!

we find that VLBL experiments of

500 kton yr at L52100 km with NBB ~Epeak56 GeV!,

500 kton yr at L52100 km with NBB ~Epeak54 GeV!
~5.2!

can give the following answers.
~1! If the neutrino mass hierarchy I is realized in Natur

then the hierarchy III can be rejected at 3s (1s) level if
sin22uRCT.0.04 ~0.02!, see Fig. 11~b!.

~2! If the LMA scenario (dmSOL
2 510

31025 eV2, sin22uSOL50.8) is realized in Nature, and i
sin22uRCT50.06, then 0.04,sin22uRCT,0.1 is obtained
when dMNS is around 0 ° or 180 °, 0.02,sin22uRCT,0.08
when dMNS is around 90 °, 0.045,sin22uRCT,0.12 when
dMNS is around 270 °.dMNS can be constrained to local va
ues at one-sigma level when the truedMNS is around 0 ° or
180 ° but it is unconstrained when it is around 90 ° or 270
see Fig. 12.

~3! If the LMA scenario (dmSOL
2 510

31024 eV2, sin22uSOL50.8) is realized in Nature,dmATM
2

is measured with the 3% accuracy and sin2uATM to 9.4%
level; see Table VII.

Summing up, a combination of LBL experiments atL
5295 km and VLBL experiments atL52100 km with the
NBBs from J-PARC can determine the neutrino mass hie
chy at the 3s level if sin22uRCT.0.04 can constrain
sin22uRCT, and it can also constraindMNS at the one-sigma
level in some cases. The errors of the atmospheric-neut
oscillation parameters are reduced tod (dmATM

2 )560.1
31023 eV2 and sin2uATM50.560.047. Very similar results
are found for a combination ofL5295 km and L
51200 km experiments; see Figs. 15, 16, and Table VIII
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