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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 Instijut€he 50 GeV proton synchrotron at J-PARTapan Proton
Accelerator Research Comp)ewxill 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-pdrehms allow us to
measure the,— v, transition probability and the,, survival probability through counting experiments at a
large water-@renkov detector. We study the sensitivity of such experiments to the neutrino mass hierarchy, the
mass-squared differences, the three angles, andCahg@hase 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 differencmﬁ—mf) if the mixing betweerv, and v5 (the heaviest-or-lightest neutrings not
too small: 4U45]?(1—|U43/?)=0.03. TheCP phase can be constrained if the.;| element is sufficiently
large: 4U3)%(1—|U5/?)=0.06, and if the smaller mass-squared differenmd—m3) and theU,, element
are in the preferred range of the large-mixing-angle solution of the solar-neutrino deficit. The magnitude
|m3—mZ| and the matrix elemend .5 can be precisely measured, but we find little sensitivitynge- m? and
the matrix element,.
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[. INTRODUCTION showed evidence that, oscillates into an active neutrino
rather than sterile neutrind$]. According to the results of
Many neutrino experimentsl—10] strongly suggest that Solar-neutrino observatior{;?]z the v, flux from the Sun is
there are flavor mixings in the lepton sector, and that neutril€ss than that of the prediction of the standard solar model
nos are massive. According to the atmospheric-neutrino o8] and the reduction factor depends on neutrino energies.
servations[1], the lepton-flavor-mixing matrifthe Maki-  The most convincing explanation for this deficit is the
Nakagawa-SakatdMNS) matrix [11]] has a large mixing oscillation to thg other r!eut.nnos. Four possm_le scenarios of
angle. Especially, the Super-Kamiokar(@K) Collaboration thg solar-neqtrmo osc:|llat|on have been identified: the
[2] reported thatv, oscillates into the other species with M!kheyev-Slmlrnov-Wollfe.nste|rr11 (MSW) [15’13-'. Iarge—l
maximal mixing. The K2K[3] experiment, the current long- nd-ang e(LMA) solution, the MSW small-mixing-angle

. ) o . (SMA) solution, the vacuum oscillatiofVO) solution[14],
baselingLBL ) neutrino oscillation experiment from KEK to 2 .

. . he MSW | LOW | . R ly, th K
SK with L=250 km and(E,)=1.3 GeV, obtained results and the MSW lowsm? (LOW) solution. Recently, the S

hich . i th . ilation in th Collaboration reported the energy spectrum and the day-
which are consistent with the neutrino oscillation in 1 enight asymmetry data and showed that the LMA solution is

atmospheric-neutrino anomaly witm?~3x10"° and 516 favorable than the other scenafies The SNO experi-
si26~1. The two reactor neutrino experiments CHORZ  ment[10], which observes the solar neutrino flux with heavy
and Palo Verdé5] reported that no oscillation is found from water, showed conclusively, when combined with the SK
ve, and they exclude significant mixing betweepand the  flux data, thatv, oscillates into the other active neutrinbA.
other neutrinos. An important conclusion from these obserconsistent picture of three-neutrino oscillations with two
vations is that the atmospheric neutrino oscillation cannot béarge mixing angles and two hierarchically different mass-
due to »,-v. oscillation. Recently, the SK Collaboration squared differences emerges from those observations, with
the exception of the LSND experimefit5] which may in-
dicate the existence of the fourth and nonstandatdrile
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Several LBL neutrino oscillation experimeni86—-19  squared differences, the three angles, and ©Rephase of
and a short-baseline experimg@0] have been proposed to the three-flavor MNS matrix.
confirm the results of these experiments and to measure the This article is organized as follows. In Sec. II, we fix our
neutrino oscillation parameters more precisely. The MINOShotation and review the present status of the neutrino-
experimentg16], from Fermilab to the Soudan mine, with a oscillation experiments in the three-neutrino model. In Sec.
baseline length of =730 km andE,)=3.5 GeV, will start !ll, we study the prop_erties of the narrow-band neutrino
producing data in 2005. The observation of the survival?®a@ms that can be delivered by the J-PARC 50 GeV PS. In
probability P, _., will allow us to measure the larger mass- Sec. IV, we study the S|gnals, backgrounds, and_ systematic
e P . _ errors of the VLBL experiments and present our findings for
squared difference and the mixing angle with about 10%

) *he prospects of experiments at baseline lengths of 2100 and
accuracy. Two LBL experiments ICARUS7] and OPERA 1500 m. All our main findings are summarized compactly

[18], from CERN to Gran Sasso with a baseline length ofi, gac. v/
L=730 km and at higher energies witg,)~20 GeV have

been proposed, and they may begin operation in 2005. The Il. NEUTRINO OSCILLATION

CERN experiments expect to observe thg— v, appear- IN THE THREE-NEUTRINO MODEL

ance. The physics discover potential of these LBL experi-

ments has been studied extensivig{]. In this section, we give the definition and useful param-

In Japan, as a sequel to the K2K experiment, a new LBletrization of the X3 Maki-Nakagawa-Sakata MNS)
neutrino oscillation experiment between the Japan Protolepton-flavor-mixing matri{11], and give constraints on its
Accelerator Research Complé3-PARQ [22] and SK has matrix elements and the neutrino mass-squared differences.
been proposed19]. The facility, J-PARC, has a 50 GeV
proton synchrotronPS, which will be completed by the A. The MNS matrix
year 2007 in Tokai-village as a joint project of KEK and

JAERI (Japan Atomic Ener Research Instijutélhe . . .
J—PARC(PSpcan deliver high i?])t/ensity neutrino bebams in thénx [28] through the charged curre(@C) weak interactions,
where the charged-current can be expressed as

~1 GeV range, whose intensity is two-orders-of-magnitude
higher than that of the KEK 12 GeV proton synchrotron
beam for the K2K experiment. The J-PARC—-to—SK experi-
ment withL =295 km and(E,)=1.3 GeV will measure the +le v 1= ve)V ve v )T (2.1
larger mass-squared difference with 3% accuracy and the ()Y (1= 79 Vims(v1.v2,v3) (2.1
mixing angle at about 1% accuracy. Herev;(i=1,2,3) denotes the neutrino mass-eigenstates. The

All these experiments use conventional neutrino beamsiavor eigenstates of the neutrinos are then expressed as
which are made from decaying pions and kaons that are pro-

duced by high-energy proton beams. The possibility of a 3

neutrino factory[23] has been discussed as the next genera- Vo= 2, (Vis)ai?i s (2.2

tion of LBL neutrino-oscillation experimen{®4]. Here the =t

neutrino beam is delivered from decaying muons in a MUONyhere =g, u,  are the lepton-flavor indices.

storage ring, where the stored muon energy may be in the 1he 3% 3 MNS matrix has three mixing angles and three
range of several 10 GeV. A neutrino factory can deliver VeNYphases in general. We adopt the following parametrization
high intensity neuEino_beams that are consist of the sampyg).

amount ofv,, and v, (v, and v¢ from u") with precisely

known spectra. The possibility of constructing a neutrino Uers Ue Ug 1 0 0

The MNS matrix is defined analogously to the CKM ma-

Je=(d,5,0)VEmy“(1—ys)(u,c,t)T

factory in the JAERI site by upgrading the J-PARC PS is “lu U U 0 e 0 |=

now being extensively studid@5]. Vi #l a2z Ful y =UP,
In this paper we examine the alternative possibility of Ung Uz, Ug/ A0 0 e

using conventional neutrino beams from the J-PARC for (2.3

very-long-baselingVLBL ) neutrino oscillation experiments,

whose baseline length exceeds a thousand26h A pos- where P is the diagonal phase matrix with two Majorana

phasesp, and ¢5. The matrixU, which has three mixing

sLE)Ie tto—ozlf(;)(? kdetector |_Ir_1hBe|jr|]ndj_27] can g.?ta tfrgeth at angles and one phase, can be parametrized in the same way
aboutL. = m away. The pnysics capablility of SUCh €X" 5 4he kM matrix. Because the present neutrino oscillation

periments should be seriously studied because a neutrino fag— . L
e . Xperiments constrain directly the elemehts,, U.3, and
tory may turn out to be too difficult or too expensive to P y es

e 3,» we find it most convenient to adopt the parametrization
realize in the near future. In order to take full advantage oi}’é] where these three matrix elements in the upper-right
convent;)ona:jl: bt()eams, we examlge the case of using .EUISG orner of theJ matrix are the independent parameters. With-
harrow-band, eams(NBBs) an i a_s atarget we c_:ons_| era out losing generality, we can také,, andU 5 to be real and
large water-@renkov detector similar to SK which is ca- non-negative. By allowingJ; to have the complex phase
pable of measuring the ,-to-v, transition probability and _

the v, survival probability. We study the sensitivity of such  Ug,,U ,3=0, Ues=|Ugsle ouns (0= Syns<27),
experiments to the signs and magnitudes of the two mass- (2.9
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the four independent parameters &fg,, U3, |Ugs|, and 3 m2 2
Ouns- All the other matrix elements of thd are then deter- Pya_,,,Bz E (Vuns) gj exp( 2E )(VMNS)JC,
mined by the unitary conditions =1
=|U g USTH U oo 14120, + U gy~ 413U % 5|2
. AZI.2
Uer=V1-|Ugl?—|Ugl? U,z=V1-|Ugl*—|U 3% =044 Re[ Ua1UZ1UB2U§25'”27
. A23
(2.5a +Uazugzuﬁgugssm27
31
UeoU s+ U Ut Ul FUaaUjeUpUisin’ 5= }
/.Ll: - 2 ’ (25b)
1-|Ugg| +21m[U ,1U%,U goU7%,]
X[SINA {5+ SINA 53+ SinA 3], (2.7
_ *
2:Ue1U7'3 UM3U92U93 (250 WhereAij is
g 1_|U63|2
om .J smy (eV?)
Aij 2E L=2. 534wL(km), (2.8)

. Ue2U,u3_ UT3U91U:3
n- —|U g2 ' (250 with the neutrino energye, and the mass-squared differ-
es3 encesdm;; =m?—m/. In particular, the survival probability
in the vacuum is

U,aUer+ UgoU ,oU% A
U,=— ;1 |Uez|23 =3 (25¢ P, ., =1- 4(|U(,1Ua2|2sm2—+|Ua2Ua3|Zsin2723
T 1¥e3

A
+|Ua3Ua1|zsin2731}. (2.9
In this phase convention)e;, U, U,3, andU 5 are all

real and non-negative numbers, and the other five elementg,q oqciliation probabilities of antineutrinos in the vacuum

are complex numbers. o are obtained from those of neutrinos simply by reversing the
The Jarlskog parametg30] of the MNS matrix is defined sign of the Jarlskog parameter:

as
Pr =P, 0 (2.108

V—>V

Juns=IM(V4i V5V Vi) Pjajﬂ P, —>VB(JMNS_) Juns) -

=Im(U Uk UgUL) (2.10b
UUol U The following approximations for the oscillation prob-
= ST T (U ), (2.6)  abilities are useful in our study. When 5 <|A14~1, the
1—|Ug5/? oscillation probabilities can be expressed as

P, —vp =0,3— 4 RqU 3U*3U51U*1+U 2U*2UB3U at

where @ pB)=(e,u),(1,7),(7.€) and (.j)
=(1,2),(2,3),(3,1). The last expression above is obtained in ><smz—+
our phase convention. The two Majorana phagge&nd ¢4
do not contribute to the Jarlskog parameter.

2 ReU ,,U%,U gsU7%5)sinA 15

+ 43 s S }A12 {Re(U, U7 1UB2U22

B. Constraints on the l\(/ljil;l;r;itgé( and the mass-squared + Ua2U§2Uﬁ3U§3cosAl3) T Juns SiNA g
XAZ,+O(A3,). (2.10)
The probability of finding the flavor-eigenstagefrom the
original flavor-eigenstater at the baseline length in the ~ When 1<|A,|~|A4, we may take into account finite reso-

vacuum is given by lution of Aj; (Ajj—Ajj£ 84;;), and find
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1 jA + 54
PV —v 9 SA dA
v 26Aij ) ajj-ony;

sin
+2 Re{ U a1U21U52U22COSA12T]-2

SindA 3,

+Ua3UB3U51Ua1008A31 5Aa ] ZJMNS[

In LBL experiments the uncertainty i&,, SE,, dictates

ANT

oE
OAjj=—Aij £

14

(2.13

and the following two cases are relevant. When

SE,
A= | 6A 13 = 5A 54,
(2.19

SE,
|5A12| = A]_ZE_ <1<

Eqg. (2.12 can be expressed as

F’VWVBH Sap—2 REU ,1UBU oU%,+ U oU%,U g3U7% s

U ,3U%sU g1 UGy}
+2 ReU U U gU7,c08A 15}

. SE,\?
iZJMNs{S|nA12}+O Ale_

oE,

+O|| Ag— ) (2.15
E,

On the other hand, when
oE, SE,

<|App— E, <|Aj3— E, (2.16

Eq. (2.12 simplifies to

PVQ—»VB_)501,B_2 REU ,1U%1U goU% o+ U oU%,U 53Ul
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ijpvaﬂvB(Aij)zaaﬁ_z ReU ,1U%1U oU% 5+ U 00U %,U g3Uls+ U o 3URsU g UGy}

SiNdA 3

+U U U 53U a3COSA23T

A S|n5A12+ nA sin5A23Jr ) SindA 3,
SinA 4, 551, SiNA 53 54 53 SinAg; A0,
(2.12
|
A _>AIJ1 Ua|_>UaI1 ‘JMNS_“JMNSi (218)

as long as the matter density remains the same along the
baseline. The definitions of the effective paramenersand

U, are given in Sec. 11D, andyys is obtained from Eq.
(2.6) by replacing allu,;’s by U,'s.

In the following, we summarize the constraints on the
neutrino mass-squared differences and the MNS matrix ele-
ments from the recent neutrino-oscillation experiments; the
atmospheric-neutrino anomdl¥,2], the CHOOZ reactor ex-
periment [4], and the solar-neutrino deficit observations
[7,9,10.

1. Atmospheric-neutrino anomaly

A recent analysis of the atmospheric-neutrino data from
the Super-KamiokandésK) experiment 2] finds

0.88<sirf2 Oy <1.0, (2.193
1.6X 10" 3< dmapy (€V2) <4.0x 1073, (2.199

from the v,— v, survival probability in the two-flavor os-
cillation model

2

ATM
P, =1 sm220ATMS|n2( 2E, L). (2.20

The baseline of this observation is less than abofitki®
for the Earth diameter, and the typical neutrino energy is one
to a few GeV. The survival probability EqR.9) may then be
expanded as

Az
_ 2 2\ ai
5Ey _1 Pvﬂﬂvﬂ_1_4|up.3| (1_|Up.3| )szT
+U,3U%3U U550+ 0 Ale_) 2 2 : 2
v +2|U 2| |Umgl?A1asinA 3+ O(AL). (2.21)
+0 A135E ) } (2.17  When|A <1, we may neglect terms of ordér;, and ob-
E, tain the following identification:
Note that in Eqs(2.11), (2.12, and(2.15), + Jyns Stands for 4|U 3 %(1—|U 3 ®) = SinP2 0y , (2.223
Im[U,;U%,U g U751, see Eq(2.6).
All the above formulas remain valid for the neutrino os- | 6mZy = Smipy - (2.22b

cillation probabilities in the matter, by replacing the mass-
squared differences and the MNS matrix elements with th&he independent parameter,; (=0 in our conventionis
effective ones in the matter, then
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m;

Note the twofold uncertainty in sty Wwhen Sif26xry

<1. m‘ 2
The magnitude of the neglected terms in the above ap-

proximation is largest when the large-mixing-angle solution

of the solar-neutrino deficit is taken. Fowm3g, m; m

=10"*eV?, E,=1 GeV, andL=10" km, we have|A,)| m m; ms ms

~ Sm2 - i
_5m.30L(L/2EV) 1, and more careful analyses in the three- FIG. 1. Schematical view of the four types of neutrino mass
neutrino model are required to constrain the model paramﬁier&llrchy

eters. The results of such analy$84] show that the identi- '
fications Eq.(2.22 remain valid approximately even for the
large-mixing-angle solution.

3. Solar-neutrino deficit
Deficit of the solar neutrinos observed at several terres-
2. Reactor neutrino experiments trial experimentg7,9,1Q have been successfully interpreted

The CHOOZ experimerfid] measured the survival prob- " (€M Of theve— vy (vx# ve O ve) oscillation

by of ve Py, 0= 1—sin22030,_sin2( TE‘OLL) (2.29
) v
P e 1_Sin229RCT5i”2< 5?;?'—) (224 in the following four scenariof7,9,10.
MSW large-mixing-angléLMA ) solution:
and it was found that 0.7<5iM20505,<0.9, (2.303
0.10 for Smicr>3.5x10 2 eV? 3% 10 %< 6m3q (eV?)<15x 10 °. (2.30b
Sif20ger<{ 0.18 for SMEer>2.0x1073 eV?, MSW small-mixing-angl§SMA) solution:

1.2xX 10 3<sinf26040,<12x 10 3, 2.31
052 for omie>1.0x1073 eV? T2 0soL (2.313

(2.29 0.3X 10 5< om2,,(eV?)<1X10°5.  (2.31B

The baseline length of this experiment is about 1 km and the MSW low-5m? (LOW) solution:
typical antineutrino energy is 1 MeV. For thokeand E,,,

the Earth matter effects are negligible, and )] 0.8<sin20s0 =<1, (2.323
= 5m§OL(L/2EV) can be safely neglected even for the large- g 5 ) .
mixing-angle solution. The survival probability of the three- 10" "< omgp (eV7)<2.5X10™ " (2.32b

neutrino model is then approximated by Vacuum oscillationVO) solution:

Sirf26050,~0.9, (2.333
e

A
Pr 7= 1= 4|Ueaf2(1 - [Ug|Dsirt =7 + O(A 1))
(2.26 om3q,(eV3)~107°, (2.33b

The SK Collaboration reported that their data on the en-
ergy spectrum and the day-night asymmetry disfavor the
SMA solution at 95% C.L. Recently the SNO Collaboration
gave us the first direct indication of a non-electron and active
flavor component in the solar neutrino flux. Because
| Smy = omzcr (227 sm3;,,> dmd,, the v survival probability in the three-
neutrino model can be expressed as

and we obtain the identifications

4|U 3]%(1— U 3]%) = SinP2 Orcr, (2.279

With the above identifications, we find that the eleméht|

Eq. (2.273 is constrained by Eq(2.25 in the region of P, v, =1—2[Ugg|*(1—[Ugg|?) — 4{Ugq|*|Ugo|?
|sm3,| allowed by the atmospheric-neutrino oscillation data A E

throm_Jgh Eqs(2.19b_and(2.22l).The independent_ pargmeter xsirdl =222 + 0 v ) (2.39
Uz is now constrained by Eq2.25 through the identifica- 2 OE, A3

tion

where terms of ordefA 5(5E,/E,)] ! in Eq. (2.12 are
safely neglected. The energy-independent deficit factor

|Ueg|=\/1—\/1—sin220RCT/\/§. (2.28  2|Uq5%(1—|Ugsl? should be smaller than 5% by the
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TABLE I. The four neutrino mass hierarchies and the corre-appear in the definitiofEq. (2.2)] of the MNS matrix, whose

sponding sign assignments fémg, and sm;. elements are constrained by the existing experiments that
measure essentially the neutrino-flavor survival probabilities.
| I il v Since the survival probabilitie€2.9) do not depend on the
52, +omle, oMy, +om2y, —smZg, sign of the mass-squared differences, these constraints do not

depend on the neutrino mass hierarchy. Because the MNS
matrix elements are constrained uniquely by the neutrino-
flavor survival probabilities, we may call these states

“current-based” mass eigenstates. We find this basis most

; ; 2 —3 a\/2 _
CHOOZ constraint(2.29 if |6_m13|>3.5>< 10~ eVs. Be anvenient for our study in this paper. On the other hand, the
cause we need only rough estimates of the allowed ranges ¢

the MNS matrix element,we ignore the small energy- mass-ordered” mass eigenstates, whose masses satisfy
independent deficit factor and interpret the results of the two-

smi, + SMiry + SMiry — My — My

flavor analysis Eqs(2.308—(2.33a by using the identifica- my<my<mg, (2.38
tions
2 P are useful when studying the high-energy behavior of the
4|U¢1]?|U o] *=5ir’2 050y, (2.358  Loutrino mass matrif35], the matter effects on the neutrino-
|5m§2|=5m§OL. (2.350 flavor oscillation[12,13, and when studying the lepton-

number violation effects which are proportional to the mag-
By using unitary condition, the independent paramelgris nitudes of the Majorana masses. The relation between the

obtained as current eigenstates and the two mass eigenstates is
Uep={[1~|Ugs|*~ V(1—[Ues[*)*—sin"2650,1/2}" Ve vy vy
(2.39 v | =Vans| 72 | =Vins| 2 |, (2.39
Here we choos#l;>U,, by convention. v, V3 3
C. Neutrino mass hierarchy where Vs is the MNS matrix in the mass-ordered mass-

All the above constraints on the three-neutrino model pagigenstate base. It can be obtained frdgs by
rameters are obtained from the survival probabilities which

are even functions odimizj . We have made the identification Vims=VunsO® (X=1, 11,111, 1V ), (2.40
SmEo = | omiy <[ smiy = omiry , (2.37)

where the permutation matric€s*
which is valid for all the four scenarios of the solar neutrino
oscillation.

There are four mass hierarchy cases corresponding to the
sign of the&mizj , as shown in Fig. 1 and Table I. We name
them the neutrino mass hierarchy I, Il, lll, and 1V,
respectively’

If the MSW effect is relevant for the solar neutrino oscil-
lation, then the neutrino mass hierarchy cases Il and IV are
not favored, especially for the LMA and SMA solutions. The
hierarchy | may be called “normal” and the hierarchy Il
may be called “inverted.” Within the three-neutrino model,
there is a studﬂ:_%S] which claims that the normal hierarchy (g|ate the two mass eigenstates
| is favored against the inverted one Ill from the SN1987A
observation, but it is controversi@B4]. Terrestrial experi- ,
ments are needed to determine the neutrino mass hierarchy V1 Y1
with confidence. v, | =0X| v,

We notice here that there are two types of mass eigenstate ,
for the neutrinos. The states with the masam;(i=1,2,3) V3 V3

1 0 O
O|: 0 1 0 , O“:
0 0 1

o » O
o O -
= O O

; (2.41

010
o"={0 0 1
100

Q

<

Il
= O O
o — O
o O -

, (2.42

for the neutrino mass hierarchy |, II, lll, and 1V, respectively.
2See, for example, more detailed discussions in &)
3The hierarchy cases Il and IV appear in our convention of choos-
ing Ug;>Uyg,, EQ.(2.36. They are equivalent to the cases when
Ua<Ug, while keeping the mass-squared orderiagZ,=mj3 Neutrino-flavor oscillation inside matter is governed by
-m?>0. the Schrdinger equation

D. Neutrino oscillation in the Earth matter
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which may be valid in the terrestrial LBL experiments where

14 14
9 ¢ 1 a 00 © both the accelerator and the detectors are near the Earth sur-
iﬁ Vu | = 2E Ho+| O O O Vi face. The oscillation of antineutrinos in matter is given by
; v 00 0 v, the Schrdinger equation
Ve ;e —a 0 O ;e
gl — o _
=H| Y» |, (2.43 iﬁ Pul=lHe+| O 0 O Vu
Vs - 0 0O v,
whereH, is the Hamiltonian in the vacuum Ve
c 0o 0 =H| 7u (2,50
Ho=U| 0 om5, 0 |uf (2.44) v,
0 0 o&m3
. The Hamiltonian in the vacuum is identical to the one gov-
anda is the matter effect terrfi.2] erning the neutrino-flavor oscillatiof2.44)
a=2\2G:n.E,=7.56x 10 5(eV?3)| ——|(E, GeV). o 0 0
glen H-—utl o om3 0 |U—Hl-H
(2.49 0" 2E 2 o~ o
0 0 émj
Heren, is the electron density of the matt&¢ is the Fermi (2.51)

constant, ancg is the matter density. In our analysis, we
assume that the density of the Earth’s crust relevant for thgy comparing the total Hamiltoniartd andH
VLBL experiments up to about 2000 km is a constapt

=3 with an uncertainty oA p=0.1: 2aE U2 Uty UnU?
+ T

p (glen?)=3.0+0.1, (2.46 L omis| | omi, s TesTus mesme

- * 2 *

The Hamiltonian in the matted is diagonalized as 2E U,sUes [Upal® ULsUZs

U73U23 UT3U:.3 |U7'3|2

L (M 0 0
T 0t
H= ZEVU g )\02 0 U y (247) 5m2 |Ue2|2 UeZU::Z UeZU:Z
A
3 + 5m;2 U;L2U22 |UM2|2 U}LZU:Z ’
by the MNS matrix in the mattet). The neutrino-flavor BlUpus UpUr, [U?
oscillation probabilities in the matter
U (2.52a
PvaHVB:|U51U§1+Uﬁ29 IA12U22+UB36 EEEVANE
2.4 2aE
(248 s gy +|Uesl? UgUus UgUss
take the same form as those in the vacuum @dj), where H= M3 13 ,
~ * *
the elementsJ ,; are replaced by ,; and the terms\;; are 2E UjsUes [Uusl® UjsUos
replaced by UTsUes Ut3UM3 U ]2
- NN oM
i = JZE L= ZEIJL- (2.49 ) Ueal® UHU, URU,
v v 5m12 * 2 *
. . . . . ) 2 U,U,ZUeZ |Up,2| U,U,ZUTZ y
Before closing this section, we give a useful relationship omis

. —  — " u*,u u*u U 4|2
between thev,— v, transition and thev,— v, transition Ve UnUuz  [Unl

(2.52h
4A more detailed study should use the “preliminary earth refer-We find
ence model{36]. We adopt a constant matter density in this report,
which may be justified for LBL experiments up to about 2000 km — 2 5 5 2
baseline according to the studies in R&7]. —H*(omy,,0mig =H(—omp,, —omyg).  (2.53
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TABLE II. Comparison of accelerator parameters used for LBL  In the following discussion, ) protons on targetPOT)
projects. is adopted as a typical 1 year operation. This corresponds to
about 100 days of operation with the design intensity.

Energy Intensity Rep. rate Power

Gev) (10" ppp) (H2) (MW) B. Neutrino beams for LBL experiment between J-PARC
J-PARC-PS 50 330 0.275 0.75 and SK
NuMlI 120 40 0.53 0.41 As a first stage neutrino experiment at this new facility,
KEK-PS 12 6 0.45 0.0052  long baseline experiment from J-PARC to SK has been

planned and discussed seriously by the JHF neutrino work-
_ ing group[19]. Before going into the description of higher
Because the Hamiltonian H* governs the oscillation in the energy beam for VLBL experiment, we briefly introduce the
reversed time direction, we find that the following identities beam for the LBL experiment.
hold Major purposes of the J-PARC-to-SK experiment éke
pl __pV 554 precise measurement of oscillation parameters jrdisap-
vemvg o Va g (2.543 pearance an(P) to discoverv, appearance. The principles of
the experiment are as follows:
Use of low-energy narrow band bediNBB) whose peak
pl —=pI' | (2.54b  energy is tuned at the oscillation maximum. Since the dis-
«F « tance between J-PARC and SK is 295 km, the peak energy
should be aroun&,=0.7—1.2 GeV for the region afma,
plt _ _pll ’ (2.549 allowed by the SK observatidi®].
VaVp Vo VB Neutrino-energy is kinematically reconstructed event-by-
event from the measured lepton momentum by assuming the
" | charged-current quasielasticCge scattering. Inelastic scat-
jﬁjﬁ,: Pyawﬁ’ (2.549 tering with invisible secondary hadrons mimic the CCqe in-
teractions and smears thE, measurement. BelowE,
if the matter density along the baseline is symmetric under-1 GeV, v, interaction is dominated by the CCqe interac-
the reversal of the beam direction, i.e., under the exchange @bn. So the low-energy beam with small high-energy tail is
the injector and the detector. This condition is met approxifavorable for this method.
mately for all terrestrial LBL experiments where both the Currently, three beam options are being considered,
accelerator and the detector are on or near the Earth’s sutamely, the wide-band beafBB), the NBB, and the off-
face. axis beamOAB).

In the following, we therefore give results for all the four ~ WBB: Secondary charged pions from production target
hierarchy patterns but only for the neutrino beam. Oscillatiorare focused by two electromagnetic hoff@8]. Since the
probabilities for antineutrino beams are then obtained acmomentum and angular acceptances of the horns are wide,
cording to the ruldEq. (2.54], while the CC and neutral- resulting neutrino spectrum are also wide. The advantage of
current(NC) event rates are obtained after multiplying the the WBB is the wide sensitivity ihm?. But backgrounds
ratio of the anti-neutrino and neutrino cross sections on thérom inelastic scattering of neutrinos from high-energy neu-

target. trinos limit the precision of the oscillation-parameter mea-
surements.
I1l. NARROW-BAND NEUTRINO BEAMS NBB: Two electromagnetic horns have their axis dis-
WITH J-PARC PS placed by about 10°, and an dipole magnet is placed be-

A The KEK-JAER! ioint proiect tween them to select pion momentum. Resulting spectrum
- 1he joint projec has a sharp peak and much less high energy tail than WBB.
The KEK-JAERI joint project J-PARC is a proton accel-  OAB: The arrangement of beam optics is almost the same
erator complex and associated experimental facilities whictas WBB, i.e., coaxially aligned two horns. The axis of OAB
are being constructed in the site of JAERI, Tokai-village, 60is intensionally displaced from the SK direction by a few
km northeast of KEK. The project consists of 400 MeV degrees. Pions with various momenta but with a finite angle
Linac, 3 and 50 GeV synchrotrons. The design parameters dfom the SK direction contribute to a narrow energy region
50 GeV proton synchrotrofd-PARC P$ are listed in Table in the v, spectrun{39]. The OAB can produce a factor of 2
Il together with some other proton machines for LBL experi-or 3 more intense beam than NBB. But unwanted high-
ments. The intensity is 3:310* protons/pulséppp) and the  energy component is larger than NBB.
repetition rate is 0.275 Hz. The power reaches 0.75 MW The length of the decay pipe is chosen to be relatively
which is 2 orders of magnitudes higher than the KEK 12-short, 80 m for all the configurations. This is becaugge
GeV PS. The accelerators in the facility will be in the powerhigh-energy neutrinos do not improve the measuremeps,
frontier in the world. The facility was approved by the Japa-longer pipe costs very much due to the heavy shielding re-
nese government in December, 2000 and the constructioquired by the Japanese radiation regulation. In Red], the
will take 6 years from 2001. WBB is used only in the early stage of the project in order to
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—~350 TABLE Ill. Summary of beam simulation of the J-PARC-to-SK
5300 - LBL experiment. The neutrino fluxb at SK is in the unit of

10°/cm?lyr, andN,,; and N are the number of total and CC in-
teractions, respectively, in SK’s fiducial volume of 22.5 kton for 1
year (16 POT) in the absence of neutrino oscillation.

Beam v, ® v, Niot v, Nce VeNiot

s} < oo . \ renas
Z 0TSS4 5 8 7 890 NBB ({(p,)=2 GeV) 7.0 870 620 6.8
7 E, (GeV) OAB(2 °) 19 3100 2200 60
10 WBB 26 7000 5200 78

ments. It is a nontrivial exercise to construct a 100 kton-level
detector of a reasonable cost which has the capability of
reconstructing the neutrino energy in the range of several
GeV. See, e.g., the proposal in REZ7].

(ii) The construction of the beam line costs very much. In
the WBB configuration, the proton beam which passes
through the production target goes through the decay pipe all

FIG. 2. Typical spectra of the, CC interactions in the absence the way down. The intensity is still of the order of'4®pp
of neutrino oscillation in the J-PARC—to—SK LBL eXperiment. The even beyond the target |n Order to Sh|e|d the extremely h|gh
solid, dashed, and dotted histograms are spectra for WBB, OA@adiation, we need a considerable amount of shielding

(2°), and NBB (p,)=2 GeV), respectively. around the decay pipe. Constructing a decay pipe of several
100 m with heavy shielding is unrealistic.
pin down sm?;,, at about~10% accuracy. Typical ex- The OAB also has the second disadvantage. Therefore we

pected spectra of those options are plotted in Fig. 2 and thg'00Se high energy NBB for the present study, since it does
flux and number of interactions are summarized in Table 111."°! sgffer from the above d|§adyantages. With an ideal NBB,
neutrino energy reconstruction is not necessarily done by the
detector. It is possible to design a NBB beam line where the
50 GeV proton beam does not enter the decay pipe. Simula-

In order to explore the physics potential of the VLBL tion of high energy WBB is done only for comparison.
experiment with J-PARC PS, we need to estimate the neu- For the purpose of focusing secondary pions, we adopt
trino flux whose spectrum has a peak at higher energies. Wguadrupole(Q) magnets instead of horns. In general, focus-
study the profile of such beams at distances of 1200 km anithg by Q magnets has smaller angular and momentum accep-
2100 km by using Monte Carlo simulation. In this subsec-tance than the horn focusing. The reasons why we choose the
tion, we describe the beam in detail. Q focusing are the following:

First, we chose the decay pipe length to be 350 m. For the (i) Q focusing gives narrower neutrino-energy spectrum.
baseline length currently under consideration, 1200 km to (ii) High energy pions of-10 GeV are emitted at smaller
Seoul and 2100 km to Beijing, oscillation maximum lies atangles and hence reasonable acceptance for those pions can
E,=2-4 GeV and 4-7 GeV, respectively, fosms;, be obtained by the Q optics.
=(2-4)x10 % eV2. In order to make 5 GeV neutrinos for (i) The Q-magnet can be operated at low dc current of
example, we need pions of momentum about 10 GeV. The 16everal kA. Compared with the horn magnets which require
GeV pions run about 560 m during their life. Therefore wepulsed operation with a few 100 kA, much more stable op-
need a long decay pipe of several 100 m for efficient neueration can be expected.
trino production. Considering the site boundary of JAERI We usedGeANT [41] for the beam-line simulation to esti-
and layout of accelerators, maximum decay pipe length ignate the neutrino flux. A target, Q magnets, a dipole magnet,
about 350 m. ]

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

(i) The reconstruction of neutrino energy is difficult. In
the multi-GeV region,v, interactions are dominated by Q
deep-inelastic scattering with multi-pion production. It is dif- }gggﬂ

ficult for a water @renkov detector to make such measure-

C. High energy narrow band beam for VLBL experiments

Target X
SVery recently the JHF-SK neutrino working group has modified 100 cm
its strategy and the beam configuration. In the most recent plan, the z
OAB will be adapted for the LBL experiment and the decay pipe
length will be 130 m. For more details see Ref0]. FIG. 3. Beam line optics for high energy narrow band beam.
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FIG. 4. Typical spectra of narrow band beams. The left figure shows flfleix and the right one gives the numberigf charged current
interactions in the absence of oscillationLat 2100 km. The solid, dashed and dotted histograms are 3, 5, and 8 GeV NBB, respectively.
The thin solid histograms show the WBB spectra for comparison.

and a decay pipe are put into the geometry. The target is a Cof the Q and bending magnets, the position of the target, etc.
rod of 1 cm diameter and 30 cm length. The length corre- In Fig. 4, some typical spectra obtained by the MC simu-
sponds to about 2 nuclear interaction lengths. ToaLoOrR  lations are plotted. Spectra with a narrow peak structure are
code[42] is used for hadron production in the target. Everygenerated. The peak has a sharper edge in the high-energy
secondary particles produced in the target are tracked. Theide than in the low-energy side. The trailing edge in the
beam line optics assumed for the present study is drawn itow-energy side comes from pions with finite angle. We ob-
Fig. 3. The secondary pions from the target are focused bgerve a small secondary peak at an energy about twice the
the following 4 Q magnets and bent by 10° by a dipole primary peak position. The second peak comes from kaon
magnet. The optics is not fully optimized. Several tens of %decays. In the left-hand figure, we show the flux of the neu-
increase in flux could be expected by tuning the size or fieldrino at 2100 km away from J-PARC in units of
10%/400 MeV/cnt/yr, where 18' POT is assumed for one-
TABLE IV. Expected number of interactions of, NBB. As-  year operation. Three types of the NBB where peak energy is
sumed parameters are hierarchy &m3;,=3.5x10 % eV?, at about 3, 5, 8 GeV, and the high-energy WBB spectra are
Sirf20,m= 1.0, om3o,=10x10"° eV?, sirf2650,=0.8,  shown. The right-side figures show the expected number of
SiNP26rcr=0.06, Suns=0 °, and p=3 glen?. First and second v, CC events per year, in the absence of neutrino oscillation,
lines for each set of baseline length and the peak energy indicate tHer a 100 kton detector. The cross section has been obtained
number of interactions without and with oscillation, respectively. by assuming that the target detector is made of water.

Spectra for each neutrino species in the 5 G@\andjﬂ
beams are shown in Fig. 5. The flux ratio of (76) to
300 km 3 GeV 74950 43.0 55.0 0.90 25409 v, (7M) is 0.9% (0.8%) in total, and 0.2% (0.1%) at the

5903.0  22.0 1050 120 25409 peak energy fow, (v,) beam. In the left figure, we show
6 Gev 13321.0 44.0 82.0  1.90 44574 he V,, Ve, 7H, and;e spectrum of the NBBv,, beam,
124000 210 110.0 1.70 4457.4 \yhjle in the right figure the corresponding spectrum is shown
700km  3Gev 13760 79 101 017  466.7 (. 40 NBB v, beam. The number of wrong-sign, (v,,)

382.0 3.8 43.9 0.28 466.7 . . . — .
CC interactions irv,, (v,) beam is about 0.4%4%) of the

6 GeV 2446.0 8.1 15.0 0.35 818.7 L .
16990 35 406 036 8187 right-sign interactions. Although the flux of the, beam and

1200 km 3 GeV  468.0 27 3.4 005 1588 the 7# beam is almost the same, as well as the fraction of
85.0 0.8 18.1 0.13 158.8 contaminated neutrino flux, the, beam suffers from 10
6 GeV 833.0 2.7 5.1 0.12 278.6 times higher wrong-sign events because of a factor of 3

297.0 1.1 25.3 0.13 2786 smallerv, CC interactions than the, CC interactions off
2100 km 3 GeV  153.0 0.9 11 0.02 51.9 water target at these energies.
119.0 0.5 2.4 0.05 51.9 The results of the simulations are summarized in Tables
6 GeV 272.0 0.9 1.6 0.04 91.0 IVandV.In Table IV, we show the expected number of CC
47.0 0.4 13.2 0.06 91.0 and NC events for the 3 and 6 GeY, NBB's for
100 kton yr (18' POT) at four typical distances 300, 700,

L Epeak 7. CC p,CC 7eCC ,.CcC Nic
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FIG. 5. Composition of neutrino species for a typical NBB. Solid, dashed, dotted, and dot-dashed histograms correspong, IE#,
and v, respectively. The left and right figures shows 5 Geyand v, beams, respectively.

1200, and 2100 km from J-PARC. The upper numbers in In Table V, we show the corresponding numbers for the
each row and column show the numbers of events withouf, NBB's. The number of expected events are about a factor
OSCIIIatlonS while the lower numbers are calculated by US|ng)f 3 smaller than the Correspondmg ones in Table IV because
the three neutrino model for the parameters of the smaller CC and NC interactions a)L off nucleus
SM2s, SM2e SIMP20xns . SIP20c0 . SIE2Oner, S targ_et. Details of all the NBB'’s generated for this study are
( ATM SOL: ATM SOL RCT MNS) avallable from Ref[43].

=(3.5x10 %, 1.0x10°4, 1.0, 0.8, 0.06, 0F (3.0

D. Parametrization of the high-energy NBB
with the neutrino mass hierarchy | and for a constant matter . . .
In the numerical studies of the next section, we make the

density ofp=3 gl/cn?. Because all the three neutrinos havefollowin arametrization of the  NBB with a sinale peak
identical NC interactions, the two numbers are identical in tE —Eg b . m gep
— bpeak

Nnc column. All the upper numbers simply follow theL#/

rule of the flux at a distanck. M NACD(EV)U,SC(EV)
TABLE V. Expected number of interactions of, NBB. As- E, |°Eeead [ ¢ CYE,)
sumed parameters are the same as in Table IV. f(Epeak) “CCE 3.2
pea O'e (EV)
L Epeak 7. CC 3, CC 7 CC p,CcC Nic
300 km 3 GeV 160.0 2871.0 4.0 12.7 11847 Epeax=3 3}
66.0 2261.0 4.9 33.6 11847
6 GeV 141.0 4076.0 6.7 13.3 1584.8
77.0 3793.6 5.4 22.4 1584.8 §
700 km 3Gev 294 527.0 0.7 2.4 217.6 =
13.9 136.0 1.1 16.6 217.6 2
6 Gev 259 748.6 1.2 25 291.1 =
11.5 518.5 1.2 10.8 291.1 8
1200 km 3 GeV 0.0 179.0 0.2 0.8 74.0 =3
35 28.0 0.5 7.0 74.0
6 Gev 8.8 254.7 0.4 0.8 99.1
3.4 881 05 75 991 il
2100 km 3 GeV 3.2 58.6 0.1 0.3 24.2 0.0 1.0 20 3.0 4.0 5.0 6.0 7.0
19 476 02 08 242 7 Een
6 GeV 2.8 83.1 0.1 0.3 32.3 FIG. 6. The NBB's from J-PARChistogramg and our param-
15 12.9 0.2 4.1 32.3 etrization (solid lines. The horizontal axis is the neutrino energy

(E,) and the vertical axis is the beam flux times.
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where 0<E,<Eea, andf(Epea) andb(Eye) are param- has a capability to distinguisa™ CC events fromu™ CC
etrized as events, but does not distinguish their charges. We do not

) require capability of the detector to reconstruct the neutrino
f(Epeard = B-Epeak_ 76.8E peart 520, (3.39 energy.

14 Although water-@renkov detectors have the capability of
B(Epead =20.3E 5+ 2.8. (33D measuring the three-momentum of the produpédande™

. . o as well as a part of hadronic activities, we do not make use of
Epeaxis measured in GeV unitd) =100 kton stands for the e information in our simplified analysis. Instead we use

mass of the detectol,=6.017x 10%is the AVogladro NUM-" only the total numbers of the produced™ ande® events
ber, ®(E,) is the ﬂc%x (in uglcts of GeV/crﬁ/lOz POT) at  from a NBB with a given peak energy. For each baseline
L=2100 km. Theo ;= ando™ are, respectively, the, and  |engthL, we study the impacts of splitting the assumed total
ve CC cross sections per nucleon off water tafget], and  experiment exposure of 1000 kton ywith 102! POT/yr)
their ratio is approximately given by into equipartitioned runs of NBB’s at several peak energies.
We find that the use of two different-energy NBB'’s improves

CC, CC
o, (B0 (Ey) the physics resolving power of the experiment significantly,
1.0-0.056 %% (0.7<E,), but we havg not found further improvements by splitting the
v v experiment into more than two NBB'’s. We therefore choose
=y 0.83+0.16E, (0.3sE,=<0.7), (3.4  two appropriate NBB’s at each, whose peak energies are
0.879E,—m,)/(0.3-m,) (m,<E,=<0.3), chosen to make physics outpuisuch as sensitivity to the

neutrino mass hierarchy, $2¥zcr and sy angles signifi-

wherem,=0.11 GeV represents the muon mass. This pacant. The optimum choice of NBB's should depend on the
rametrization allows us to study the effects of changing thenodel parameters
peak energy of the NBB continuously. We show in Fig. 6 our ’ ) ) ) )
parametrizations of the NBB neutrino spectra by thick solid (SMry, SMEoL, SINP2 Oar ,SINF2 0501, SINP20RcT, , Suns).
curves for several peak energies. For comparison, the corre- 4.2
sponding original NBB spectra are shown by histograms.
The parametrization reproduces the main part of the especially ondmap, and sif26ry , which will be measured
NBBs well. Because it does not account for the secondarynore accurately by K2K3], MINOS [16], and by J-PARC-
high-energy peak fronk ™ — " v, decays(see Fig. 4 we  to-SK[19] in the future. All our major findings will not be
check that our main conclusions are not affected by thoseffected by such details as long as appropriate NBB's are
details(especially the background from. CC events chosen according to the data available at the time of the

We have not made parametrizations for the secondaryLBL experiment.
(v,..ve,ve) beams. In the following analysis we use the MC ~ The signals of our analysis are the numbersvof CC
generated secondary beams at discrete enerfiiggX [43] ~ events and those aof, CC events from thes, beam. They
and make interpolation for the needEgk,values. Fluxes at ~ are calculated as
different distances and for differe2nt species are obtained eas- e
ily by multiplying _the (2100. kmL)“ flux factor and the ratio N(2,EpeaieL) =M NAJ P dEVq)(EV;Epeak)UISCPV o
of the cross section at a givés, . 0 mom

4.2
IV. RESULTS
In this section we present results of our numerical studies (g E ... L)=M NAJ'Epeakd E,®(E, Epead 0P, ., ,
on physics potential of VLBL experiments by using the P 0 P wove

NBB's from J-PARC. First, we present our basic strategy of (4.3
the analysis and explain our simplified treatments of signals

and backgrounds, and those of statistical and systematic ef:"ere the flux at a distandeis calculated from the param-

rors. In the next subsection, we give our reference predicEtrization alL=21020 km[Eg. (3.2] by multiplying the scale
tions for the results that may be obtained from the LBL ex-@ctor (2100 kmL)®. The cross sections are obtained by as-
periment with J-PARC and SKL(=295 km). In the latter SUMINg & pure water target. The probabilitiés ., and
two subsections, we give results &f=2100 km andL P, ., are calculated for the following model parameters:
=1200 km, respectively.

Sif20,y=1.0, may=3.5x10"° eV?, (4.49

A. Signals, backgrounds, and systematic errors )
Sif26505,=0.8, 6m3y =10x10"° eV?,

In order to explore the physics potential of a VLBL ex- (4.40)
periment with J-PARC at several baseline lengths, we make
the following simple treatments in estimating the signals and Sinf20rcr=0.00,0.02,0.04,0.06,0.08,0.10, (4.49
the backgrounds of a future experiment. For the detector we
envisage, a 100 kton-level wateef@nkov detector which ouns=0°,90°,180°,270°, (4.49
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1.0 = =3 glcn?. 4.6
L .P VH Vi (a) L=295km P 9 48

We show in Fig. 7 the oscillation probabilities calculated for
the above parametefat sirf26zcr="0.1 anddyns= 270 °) at
three baseline lengthis=295 km (SK), L=1200 km, and
RNAGEAE P L=2100 km. The NBB fluxes X E,) chosen for our analy-
sis are overlayed in each figure.
The following background contributions to theu” and
the “e” events are accounted for

N(4, EpeaoLJse=N(1;,CO) + N(1;v,CCir— ),

(4.7
il P
T Vuove N(€, EpeatoL)ss=N(€;7.CC) +N(e; »,CCir—e)
2.0
+N(e;NC)
(b) L=1200km +N(e;v,CC:7— hadrons. (4.8
NBB P VH—Ve Herejﬂ CC andv, CC contributions are calculated by in-
(3GeV) ™. tor : - 0 :
polating the numerical integrations
.
NBB(5GeV) )
) N(I; v CC):MNAJ’ dE, @ /(E, ;Epead 0P )
Y v non
/ 4.9
/ 7 for the discrete set of the MC simulatiorg3]. Here
\ // CD;”(EV;EpeaL) and CDVe(EV;EpeaQ stand for, respectively,
< P the MC generated seconda;)g and v, flux of the primarily
: ST VS ) .. €
do g = v, beam. The survival probabilities are calculated for the
50 same set of the model paramete¥rs4). We find that contri-
butions from oscillations from the background beams, such
00km as v—v,, are negligibly small and hence they are not

counted. The contributions from-lepton pure-leptonic de-
cays are estimated as

= N(I;VTCC:T—>I)=MNAJ dE,®(E,;Epead

XP O'SCBI‘(T*”EVT), (4.10

VMHVT

where we adopt BH—uv,r,)=0.1737 and Brf

—ever,) =0.1783[45]. The 10% errors in these branching
fractions are accounted for as systematic errors. Because of
. . the 7-lepton thresholds backgrounds are significant only at
EfGeV) P high energies, NBB’s WittE.,=4 GeV. Because they re-
ceive contribution from the small high-energy secondary
FIG. 7. The neutrino oscillation probabilities a@) L  peak due to kaon decays, we use the interpolation of the
=295 km, (b) L=1200 km andc) L =2100 km, calculated for the results obtained for the discrete set of MC generated fluxes.
parameter  values  SBOy=1.0, SMj,=3.5%<103 eV?, The “e” events receive contributions from the NC events

Sif2050,=0.8, M5 =10x10"° eV?, sif26rcr=0.1, Swns  where producedr®'s mimic electron shower in the water-

=270°, andp=3 glen? with the hierarchy 1. Overlayed are the = oo\ detector. By using the estimations from the SK
NBB's (flux times energyused in our analysis.

experiments, we adopt

>Ve /—/

for the neutrino mass hierarchy |
N(e;NC):MNAJ dE,®(E,;Epeap 0y Penc  (4.11)
SmZ,= 6map, >0, 6m2,=6m35>0 (hierarchy), g

(4.5  with

and for a constant matter density Pe/ne=0.0055+0.00055. (4.12
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TABLE VI. Expected signals and backgrounds foilike ande-like events. The results are shown for the
parameters of Eq4.16) at Syns=270 °, (a) 500 kton yr atL =2100 km,(b) 500 kton yr atL = 1200 km,(c)
100 kton yr atl. =295 km.

N
Nsignal NBG Ntot "\s||gnal
tot
beams v, CC NC

(@) L=2100 km
NBB (Epea=6 GeV) N(w) 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 (Epca=4 GeV) N(w) 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) L=1200 km
NBB (Epea=5 GeV) N(w) 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 (Epea=3 GeV) N(w) 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) L=295 km
NBB ((p.)=2 GeV) N(w) 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

The error in the above/NC misidentification probability is as a representative density and the uncertainty.

accounted for as a systematic error. The last term in(4£8) Typical numbers of expected signals and backgrounds are
accounts for the probability that the CC events with had- tabulated in Table VI for the parameter set of E4.4) at
ronic 7 decays are counted adike events. In the absence of Sirf26zc1=0.1 andyns=270°. The numerical values are
detailed study of such backgrounds, we use the same misiiven for the following sets of experimental conditions:

dentification probability for the NC eventd.12 and obtain
(a) L=2100 km, 500 kton yr,

N(e;v,CC:7—hadron$
NBB (Epeca=4 GeV), NBB (Epea=6 GeV),

_ . cC
_MNAJ dB, P (B, Bpeal Py, 0,0 (b) L=1200 km, 500 ktonyr,

XBr(r— v, hadron$Pgnc.- (4.13 NBB (Epea=3 GeV), NBB (Epea=5 GeV),

If the small misidentification probability of Eq4.12 holds
even forr— hadrons events, their background is only at the

2% level of ther—e backgroundN(e;»,CC:r—e), and e note here that 100 kton yr bt=295 km is what SK can
hence can safely be neglected. gather in approximately 5 yr with #OPOT per yr.

In addition, we account for the following two effects as 500 kton yr at longer distances can be accumulated in 5 yr
the major part of the systematic uncertainty in the VLBL for 3 100 kton detector with the same intensity beam.
experiments. One is the uncertainty in the total flux of the A few remarks are in order. A 100 kton-level detector at
neutrino beam, for which we adopt the estimate L=2100 km or 1200 km can detect comparable numbers of

f. —1+0.03 (4.14 p-like and e-like events as SK22.5 kton at L=295 km.
flux ™ &= ) The backgrounds due to secondary bedamsstly from the

common for all the high-energy NBB's. We allocate an inde-e b€am are significant in all cases for theslike events. The
pendent flux uncertainty of 3% for the low-energy NBB usedNC background for the-like events remains small at high
for the SK experimentl{(=295 km) since it uses different energies if the estimate E¢4.12 obtained from the K2K
optics. Finally, we allocate 3.3% uncertainty in the mattereXPeriment at SK remains valid. We may expect gradual in-

density along the baseline. In our simplified analysis, we us&éase in the misidentification probabiliBeyc at high en-
ergies as the mean multiplicity af® and charged particles

p=3.0+0.1 g/cn? (4.15  grows. Finally ther-decay background can be significant

(c) L=295 km, 100 ktonyr, NBB({p, =2 GeV).
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NBB <p,>=2GeV at L=295 km we know the neutrino-beam flux exactly, then there is a pos-
470 g sibility of distinguishing the mass hierarchy | from Ill. In
( = i —— practice, the LBL experiment between J-PARC and SK can
465 U < ) >\ga~-- constrain mainly Sma;,, and sif26x, from N(u), and
IV\\>=_‘+_,_T SirP260xcr from N(e) [19]. Figure 8 shc_)W_s th_at those mea-
5 460 surements should suffer from uncertainties in the remaining
o parameters of the three-neutrino model, the neutrino mass
g 455 hierarchy cases anﬁ}ms, as are explicitly shown,zas well as
b on the solar-neutrino oscillation parametefsng, and
8 450 Sinf26s, . The next generation of the solar-neutrino obser-
= vation experiment§46] and KamLAND experimen{47]
3 0" " may further constrain the latter two paramefefsut the
=z 4481 I mass hierarchybetween | and Il and Syns should be de-
| ‘\,- termined by the next generation of accelerator-based LBL
440 pom S R : experiments.
It is hence necessary that all the results from the LBL
435 experiment between J-PARC and K9] should be ex-

80 90 100 110 120 130 140 150 160 170

pressed as constraints on the three primary parameters
N(e)/100kton-year

SMiry» SiF20y, and siR26zcr, which depend slightly
on the three remaining parameters of the three-neutrino
_ FIG. 8 CP phase dependence Bi(e) andl\l(p) at Skt modeldmZ,, , sirf26so,, ands, as well as on the mass-
=295 km) for 100 kton yr with the NBB{(p,.)=2 GeV). Suns ! SoL» SOL» MNS » ]
=0° (solid circl®, 90° (solid squarg 180° (open circle, and  hierarchy cases. In the following subsections, we show that
270° (open Squam The results are shown for gBﬂATM::L'Ol the data Obtained from the LBL experiment betWeen J-PARC
SMZy=3.5x 1073 eV?, sinf2050,=0.8, Smi, =10x107° eV?, and SK (=295 km) are useful in determining the neutrino
sirf26kc1=0.1, andp=3 g/cn?. The predictions for the four types mass hierarchy, and in some cases efigigs, when they are

of the neutrino mass hierarchi€gig. 1) are depicted as |, II, I, combined with the data from a VLBL experimentt (
and IV. =2100 km or 1200 kmwith higher-energy neutrino beams
from J-PARC.

only for NBB's with E.=5 GeV. If a detector is capable ~ Before moving on to studying physics potential of VLBL
of distinguishingr events from thes, and v, CC events, the ~€Xperiments, it is worth noting that the predictions for the
overall fit quality improves slightly in the three-neutrino Mass hierarchy IV in Fig. 8 represent the prediction for the
model, because the constrai®, ., +P, ., +P, _, v,—v,,Ve oscillation probabilities in the hierarchy I, ac-
w Ve w w oV .
—1 implies that the information obtained from tie, ,,  cording to the theorem Ed2.54), once the scales are cor-
1 e .

measurement always diminishes by contaminations from théécted by the factoro(»N)/o(»N). By comparing the

r events. omns dependences of the circle | and circle 1V, we can
clearly see thatPV#_,Ve and P;M_;e interchange approxi-
mately by exchangin@yns=90° and 270°. The compari-

) son of v, and v, oscillation experiments at around
In Fig. 8 we show the number of, CC eventN(x) and =295 km hence has a potential of discoverg violation

that of v, CC eventsN(e) expected at SK=295 km) for i the |epton sector. However, determination of thgys

100 ktonyr. The NBB with(p,)=2 GeV, NBB (p,) . — i
=2 GeV), with 16* POT/yr has been assumed for simplic- Sirz;%l:rt:jétléiltg? ttrrgﬂstggrzqfrom J-PARC needs a much

ity. The three-neutrino model parameters of E4.4) at

Sif26rc7=0.1 are assumed, and we tage 3 g/cn?, EQ.

(4.6). The predictions then depend only on tBd°> phase

parameter,,ns, and when we vargy,s from 0 ° to 360 °, Figure 9 shows the numbers of, CC events and that of

we have a circle on the plane df(x) vs N(e). The four v, CC events expected at the baseline length Lof

representative casef;ns=0°, 90°, 180°, and 270° are =2100 km from J-PARC with 500 kton yr. The expected

marked by solid circles, solid squares, open circles, and opesignal event numbers are shown fay the NBB with E ¢«

squares, respectively. The four possible mass hierarchy casest GeV and for(b) the NBB with Epe=6 GeV. The pa-

of Fig. 1 are depicted as I, II, lll, and IV. rameters of the three neutrino model and the matter density
Only the expected event-numbers from thebeam, Egs. are taken exactly the same as in Fig. 8 :

(4.2) and(4.3), are counted in Fig. 8, so that we can read off . 5 IR

the ultimate sensitivity of the experiment from the figure. SiI’20,ru=1.0, dmypy=3.5x10"°% eV?, (4.163

Statistical errors for such an experiment are shown for the

Suns=270° point in the mass hierarchy | circle. We can

learn from the figure that if we know all the parameters of ®inpacts of KamLAND measurements for determining the neu-

the three-neutrino model except for the mass hierarchy and ifino model parameters have been studied in R&S].

B. Results forL=295 km

C. Results forL=2100 km
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(a) NBB (Epeak=4GeV) at L=2100 kr (b) NBB (Epeak=6GeV) at L=2100 kr
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FIG. 9. CP phase dependence bife) andN(u) at L=2100 km for 500 kton yr with(@ NBB (Epeq=4 GeV) and(b) NBB (Epeax
=6 GeV). Syns=0 ° (solid circlg, 90 ° (solid squarg 180 ° (open circlg, and 270 °(open square The results are shown fa¥mz,
=3.5X 103 eV?, sirf26umy=1.0, Sm3o, =10X10"° eV?, sirf2650,=0.8, sif26cr=0.1, andp=3 g/cnt. The predictions for the four
types of the neutrino mass hierarchi€sg. 1) are depicted as |, II, Ill, and IV.

sif26505,=0.8, 6m3, =10x10"° eV?, (4.16h =4 GeV is then chosen because it has dgs dependence
of N(e) which is significantly different from that of the

SiP260rcr=0.1, (4.160 Epea=6 GeV case. By comparing the hierarchy | circles of
Figs. 9@ and 9b), we find that for the NBB WithE e
Ouns=0°—360°, (4160 =4 GeV, N(e) is largest at aroundsyys=180° (open
circles and smallest at aroundyns=0 ° (solid circles,
p=3 glcnt. (4.169  whereas for the NBB WitlEe.=6 GeV, N(e) is largest at

The predictions for the four neutrino mass hierarchy case%mt@gg'ys(soﬁosq&ez; squargsand smallest at around
(Fig. 1) are shown by separate circles when Ge-phase In Fig. 9, we show the statistical errors of thgu) and
angledyns is allowed to vary freely. The predictions for the N(e) measurements at 500 kton yr on thgys=270° point
four representative phase values are shown by solid CirCleg the hierarchy case 1. The size of the error bars suggest
(uns=0 °), solid squares (90°), open circles (180°), andihat 4 100 kton-level detector is needed to explore the model
open squares (270°). , . parameters in VLBL experiments &t=2100 km. It also
When comparing with thé =295 km casdFig. 8), itis 15 ys that such detector has the potential of discriminating
most striking to find that the predictions for tlg CC events 1o neutrino mass hierarchies and constraining &R
N(e) differs by a factor of 5 or even larger in magnitude 4ngie in a certain region of the three-neutrino model param-
between the neutrino mass hierarchy | and Ill. This is begter space. A more careful error analysis that accounts for
cause of the enhancement of the matter effect at high enegcigrounds and systematic errors is given in the next sub-
gies. This striking sensitivity of the probabiliy, ., on  gection.
the mass hierarchy cases is the basis of the capability of We are now ready to study the physics capability of such
distinguishing the cases in VLBL experiments by using theVLBL experiments in some detail. In Fig. 10, we show the
J-PARC PS. On the other hand, we will find that the 5% levelexpected numbers of signal evem$u) andN(e) for the
differences inN(u) between the mass hierarchy cases ar&same NBB's and for the same volume of 500 kton yr as in
not useful for this purpose becaLBQF v, depends strongly  Fig. 9. The circles of Fig. 9 are now made of&fs points,

on the parametersmyr, and sif26xy , and also because duns=nx10° forn=1 to 36, for each set of the model
N(w) suffers from the neutrino-beam flux uncertaifdy14). parameters. The common parameters for all the points are
We have examined NBB'’s with various peak energies,

and find that the NBB WitlE ,...—= 6 GeV (see Fig. 7 makes SiP20,my=1.0, oMy =3.5%x10° eV, (4.173
N(e) largest while keepindN(x) small for the atmospheric-

neutrino oscillation parameter of E@4.163. The ration Sinf2 6rc1=0.00, 0.02, 0.04,0.06, 0.08, 0.10, (4.17b
N(e)/N(u) can be as large as 1/2 if $trcr=0.1 [Eq.

(4.160] for the hierarchy case I. The NBB WitlE e, Suns=nXx10° (n=1 to 36, (4.170
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(a) NBB( Epeak=4GeV ) at L=2100 km (b) NBB( Epea= 6GeV ) at L=2100 km
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FIG. 10. The neutrino parameter dependences of the expected numbgiS©@fandy,, CC eventdN(e) andN(u), respectively, for the

NBB with Ej.=4 GeV (@) and 6 GeV(b) with 500 kton yr atL=2100 km. The predictions are shown for the LMA, SMA, and VO

scenarios of the solar neutrino oscillations and for the four neutrino mass hierarchies | to IV. All the numbers are calculitgg,for

=3.5x 102 eV? and sif20xry=1.0 at Sif20rc1=0.02xm(m=0 to 5 and S;ys=10 °Xn(n=1 to 36. The five larger circles in each
hierarchy show thed,;ys predictions of the LMA With(SmgOL: 15X 10°° eV? and the five smaller circles are for the LMA witliméOL
=5X10"° eV?, both form=1 to 5. yns dependence is not recognized for the predictions of SMA and VO, and also?ab:gin

=0 (m=0). The VO predictions are the same for the hierarchy | and II, and IIl and IV.

p=3 glcn. (4.179 The solid-circle points in Fig. 10 show the predictions of
all the models with neutrino mass hierarchy I. They reside in
The predictions for the six st@fzcr cases(4.17h can be the corner at largéN(e) and smallN(u«). The five grand
recognized as five circles and one point with decreasingircles with smallesN(u«) give the predictions of the LMA
N(e) values, as s26rct decreases from 0.1 to 0.0. The solution for 5m§OL:15>< 10 % eV?, and those with larger
remaining two parameters are constrained by the solamN(u) are for the LMA with Sm3o, =5x 1075 eV2. It is
neutrino oscillation experiments, and we chose the followingc|early seen that thé,,s dependencéthe size of the grand
representative parameter sets for the three possible solut|oeﬁc|es) is larger for Iarger(SméOL and for larger sif2drcr as

to the solar-neutrino deficit anomaly: expected. It is worth pointing out that the LMA scenario with
I om3, =15x10° eV? predicts nonzero N(e),N(e)
2 15107~ eVs, =5/500 kton yr even when siidzcr=0. This is because

. 4 — —
LMA: sin“2050.=0.8,  oMsoL=| 5. 145 ev?, the “higher” oscillation modes of the three-neutrino model

grow asém3g, /dmary rises. The predictions of the SMA
(4.189 parameters appear just above the upper LMA grand circles,
where thedyns dependencdthe size of the grand circle
SMA:  sirP2050,=7%x10"3%, 6miy=5%x10° eV?,  diminishes to zero for each $R¥cr value. This is expected
(4.18b from the Hamiltonian Eq(2.523 that governs the neutrino
oscillation in matter, because th®,,s dependence of ob-
VO:  sif2650,=0.7, 6m2g =7x10"1 eV?, servables diminished whenever the second terms propor-
tional to m3,/ 5m?3, are much smaller than the first term. The
(4.180 predictions of the VO parameters, which are given by the
solid diamonds, are shown just above those of the SMA pa-
The predictions of the four types of the neutrino mass hierrameters. Here théys dependence vanishes because of the
archy I, Il, Ill, 1V are indicated explicitly. extreme smallness om2, /6ma,, . By the same token,
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we cannot distinguish the VO predictions of the neutrinotrino mass hierarchy cases are shown clearly in Fig. 10, we
mass hierarchy | and Il. Because the magnitudérngOL is  would like to examine the capability of such VLBL experi-
so small, the sign obm3,= + ém3,, does not have observ- ments in determining the model parameters. The following

able consequences in terrestrial LBL experiments. three questions are of our concern.

The predictions of the four scenarios of the solar neutrino (1) Can we distinguish the neutrino mass hierarchy cases?
oscillations[VO, SMA, and twosm3, cases of LMA in Eq. (2) Can we measure the two unknown parameters of the
(4.18] with the neutrino mass hierarchy Il Sfnf,= model sif26rcr and Syns ?

— 8m&o, ,8ma,= émary) are shown by open-circle points,  (3) How much can we improve the measurements of
which are located in the corner of lare) largeN(w). As (‘Sm,iT,\,I and sif20xy?

explained above, the predictions of the VO scenario do not In this subsection we examine these questions for a VLBL
differ from those for the hierarchy I. The predictions of the experiment at. =2100 km in combination with the LBL ex-
SMA scenario appear slightly above those of VO. The twoperiment ofL =295 km between J-PARC and SK.

LMA scenario predict largeN(«) and give visible dyns For definiteness, we assume that the VLBL experiment at
dependences, which lead to five grand circles each for the—2100 km accumulates 500 ktonyr each with the
five discrete values of assumed @ﬁ?CT. Again thedyns  NBB (Epea=6 GeV) and NBB Eea=4 GeV). As for the
dependencéthe size of thezgrand circless larger for the | ) experiment at_ =295 km, we assume that 100 kton yr
large sif26c7 and largedms, . Summarizing the predic- data are obtained for the NBE,)=2 GeV). Although
tions of the four scenarios in the neutrino mass hierarchies .« |atter assumption does not agree with the present plan of
and II, both of which havedmf;=omjn, >0, N(€) grows  he 3 pARC—to-SK projedi40] where the OAB may be

linearly with increasing sit26kcr in all four scenarios and saq in the first stage, we find that essentially the same final
for both hierarchies. The predictions of the hierarchy Il dn‘ferresults follow as long as the total amount of datalat

from those of the hierarchy | only by slightly largsi( ) in _
each scenario. The difference{u) is largest in the LMA r:uzrr?t?el:;no?n-elikf ;23 egglggre\(;énfgo ktonyr. The expected
scenarios withhmZ,, =15x 10~° eV?, for which the hierar- H
chy Il predicts about 30%10%) largerN(x«) than the pre- N()=N(x,Epeai L)+ N(1,EpeacL)se,  (4.19
dictions of the hierarchy | for the NBB witk,.,=6 GeV
(4 GeV).

All the predictions of the hierarchy cases IIl and IV have
very smallN(e). The predictions of the hierarchy Il are
shown by solid squares and those of the hierarchy IV are

shown by open squares. As in the case of hierarchy | vs I :
the predictions of the VO scenario do not show visible de—élre tabulated in Table V1 for the parameters of E16 at
Suns=0°. We see from Table VI that roughly the same

pendence on the sign @m?2,= + ém,,, and its common _ _ _
number ofv,— v, signal events is expected for an experi-

predictions for the hierarchy Ill and IV are shown by open- . :
diamonds. Even though compressed to the very shig) ment atL =2100 km with 500 kton yr and for an experiment

region, the largesii(e) point is for sif26xcr=0.1. The pre- at L.=295 km with 100 kton yr. This agrees with the naive
dictions of the SMA scenario appear just abdbelow) the ~ Scaling low ofN~1/L at sameL/E, . _
VO points for the hierarchy 1I(IV). In the LMA scenario, Our program proceeds as follows. For a given set of the
the predictions foN(u) increase asm2,, grows for the three-neutrino model parameters, we calculate predictions of
hierarchy Ill, whileN(u) decreases witdm?2,, for the hi-  N(x) and N(e), including both the signal and the back-
erarchy IV. ground, with a parametrized neutrino-beam flux and a con-
By noting that thew,,— v, oscillation probability of the ~Stant matter density of the Eartp €3 g/cn?). We assume
hierarchy IV(I1) is that of thew,,— v, oscillation probability that the detection efficiencies of thelike ande-like events

of the hierarchy (Ill ), see Eq(2.54), and by noting that the '€ 100% for simplicity. The statistical errors of each predic-
— tion are then simply the square roots of the observed num-

ve CC cross section is a factor of three smaller thanithe f N dN | Vsi i
CC cross section, we can conclude from the figures that th ers ot event: (u) an (_e). h our analysis, we accoun
— or the following systematic errors: overall flux normaliza-

v,— ve OSCillation experiments by using the, beam from . tion error of 3%, uncertainty in the matter density along the

J;’ARdCt arelngt e&fectme |fhthe q n'(;,\l:rt]rm.o m?sg R'eramﬁylllsoaseline of 3.3%, relative uncertainty in the misidentification
indeed type 1. ©n the other hand, It he inverted hierarchy probability Pnc Of 10%, and relative uncertainty in the

is chosen by the nature, experiments with the beam  packgrounds of 10%. Thg? function of the fit to the LBL
should play a major role. experiments may then be expressed as the sum

N(e):N(eaEpeakvL)+N(e:EpeakvL)BGv (4.20

D. A case study of semiquantitative analysis ¥2=x2(L=2100 km+x2(L=295 km), (4.2
Now that the intrinsic sensitivity of the very simple ob-
servablesN(u,Epea) and N(e,Epeq) On the three-neutrino
model parameters SP0rcr, Suns, 5m§OL and the neu- where the first term is
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(a) Hierarchy | (true) vs IlI (fit) (b) Hierarchy | (true) vs IlI (fit)
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FIG. 11. Minimumy? as functions of the fitting parameter €izc1 by assuming the hierarchy I, when the mean valueN@f, Epeqy
andN(e,Epq) are calculated for the LMA points with hierarchyEq. (4.26]. In total 12 cases of the input data are labeled by the input
(“true” ) values of siR26% = 0.02 (thin lineg, 0.04 (medium-thick line 0.1 (thick lines, and s = 0 ° (solid liney, 90 ° (long-
dashed lines 180 ° (short-dashed lings270 ° (dot-dashed linés The minimum of they? function is found by assuming the hierarchy IlI
for a since sif6xcr value, by varying the parametefn3,, and sif26so, within the LMA allowed region, and the remaining three
parametersSmary , Sirf26,ry . and Syns freely [Eq. (4.27)]. (@) Result with 500 kton yr each for NBBH,cai=6 GeV) and NBB Epeax
=4 GeV) atL=2100 km.(b) In addition, 100 kton yr data from NBB(p.)=2 GeV) atL=295 km are included in the fit.

x2(L=2100 km density error are assumed to be independent from those for
o t , the L=2100 km experiment. The functiog?(L =295 km)
B Fawe N™ (1) =N ) is obtained similarly by using the NBB(j0,,) =2 GeV) flux,
B Epearklon yr o) to which we assign the 3% normalization error.
fau Nt(e) — NTUe(e) ) 2 fau— 112 1. Neutrino mass hierarchy
( o(e) ) ] ( 0.03 ) We show in Fig. 11 the minimung? as functions of the

parameter sit26xc7 by assuming the hierarchy Ill, when the
p—3\2 mean values ol (u,Epea) andN(e,Epe,) are calculated for
+ 01/ (4.22 the LMA points with the hierarchy I. The results in Figs.

11(a) and 11b) are given for the following sets of experi-
mental conditiongA) and(B), respectively.

(A) 500 ktonyreach for NBB(E =6 GeV), and

()= YN™(u) +[0.IN"(;»,CC) %, (4.23

a(e) NBB (Epea=4 GeV) at L=2100 km. (4.253

= /N™¢e) +[0.IN™Se;NC)]?+[0.IN"]e; ».CCO)]2.
(4.24

(B) In addition to(A), 100 kton yr data from NBR(p.)
=2 GeV) at L=295 km are included in the fit. (4.25b

Here they? is a function of the parameters of the three- The results are shown for the 12 sets Mfu,Eeq) and
X . 1y —=peal
neutrino model(the two mass-squared differences, threeN(e,Epea,), which are generated for the LMA parameters of

angles, and one phasehe flux normalization factofy, and  Eq. (4.4) at sirf26gcr=0.02,0.04,0.1, with the matter density
the matter density. We assign the overall flux normaliza- ,=3 g/cn? by assuming the hierarchy I:

tion error of 3% which is common for all high-energy ) e I e
NBB (Epead’s, including the secondary beams. In addition SinP260xm=1.0, omzm*=3.5x107° eV?, (4.263
to this common flux normalization error, the individual error

; true __ 2 true__ —5 2
of N(u) is the sum of the statistical error and the systematic SiP2055,=0.8,  mgg*=10x10"° eV?, (4.26H
error coming from the uncertainty in thebackground. The i26e —0.02.0.04.0.1
error ofN(e) is a sum of the statistical error and the system- Siff26cr=0.02,0.04,0.10,
a_lt_ic errors comiqg from the uncertainty in teeNC misid_en- sUue.=0°,90°,180°,270°, (4.260
tification probability and ther background. Thee? function
for the J-PARC—to—SK experiment is obtained similarly Smi,=omaSte,  smi,=smaiue (hierarchy ),
where the 3% flux normalization error and the 3.3% matter (4.260
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FIG. 12. Regions allowed by the VLBL experiment lat=2100 km and the LBL experiment &t=295 km, with the experimental
condition of Eq.(4.25h. The input data are calculated for the LMA parameters,(B@6), at sirf26 hs=0.06 and for four values of i
0°,90°, 180°, and 270°. In each figure, the input parameter poirt2@i;, 5 \is) is shown by a solid circle, and the regions where
szin<1, 4, and 9 are depicted by solid, dashed, and dotted boundaries, respectively.

fite=1.0, p'e=3 glcnt. (4.266 Sif20,ry :free,  omany © free, (4.273
The 12 cases of the input data sets are labeled by the input SIMt2 0 =0.7—0.9
values of sif261%4¢=0.02 (thin lines, 0.04 (medium-thick soL T T
lines), 0.1 (thick lines, and &\ps=0° (solid lines, 90° ) P
(long-dashed linas 180 ° (short-dashed lings 270° (dot- dMgo =(3—15 %107~ eV® (LMA), (4.27b
dashed lines
The x? fit has been performed by assuming the hierarchy SiMt20rcr:free,  Suns:free, (4.279

1. The minimum of they? function is found for a SifRfrct
value below 0.12, by varying the paramete?méOL and

2 _ 2 H
sirf26so, within the LMA allowed region, Eq(2.30, and omiz= — émyry, (hierarchy I,

2 _ o2
omi,= dMgqy ,

the remaining three paramete&niTM , Sirf26y, and (4.279
Suns freely. Summing up, the fitting parameters used to ob-
tain the x? functions of Fig. 11 are fau.free, p:free. (4.27¢
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In Fig. 11(a), we show the resultiannin from the VLBL 5m§OL:(3— 15)x10°° eV? (LMA), (4.28b
experiments at L=2100 km. The minimum y? for
Sif205&=0.1 is always larger than 30 for $R¥gcr SiP260pcr:  free, Syns:free, (4.280
<0.12. We can hence distinguish the neutrino mass hierar-
chy I from I11. At sin?20 5&=0.04, it is possible to make the omi,=6mio, Omi;=Smag, (hierarchy),
distinction at more than@ level for &\s=180° and 270°, (4.280
but not for essentiallyyjs=0 ° and 90 °. This is because,
the hierarchy | predictions dfi(e)’s for Sjjes=0° and 90° f:  free, p: free. (4.280

at sirf295&=0.04 can be reproduced by the hierarchy-IlI
model if we choose larger SPdxcr (=0.08); see Figs. 9
and 10.

In Fig. 11(b), the minimum y? values are shown when
data from J-PARC-to—SK experiment are added. The re
markable difference between Figs.(dland 11b) is found
for the small siR20x& cases when the fitting parameter
Sinf26xct is large. This can be explained as follows. In the
J-PARC-to—SK LBL experiment, the predictéte, Eyca)
of the hierarchy Il is not much smaller than that of the
hierarchy I(see Fig. 8. In particular,N(e,Epe.) calculated
for the hierarchy | at s#26rc7<0.04 is significantly smaller : 5 A
than that for the hierarchy Il at $B@rcr>0.1. This leads ©Ur €xample are obtained fémgo =10 10"° eV*. An ap-
to the enhancement of the minimwﬁ in Fig. 11(b) at large propriate mterpglaﬂon be_tween the tW(z cases is hence
SifP26rcr. We find that the data obtained from the J-PARC—needed. From Fig. 9, we find thajs=90° (solid-squarg

to—SK experiments are useful, which allow us to determind®@ints for the hierarchy I lie in the lowei(e) corner of the

the neutrino mass hierarchipetween | and Il for all four ~ 9rand circle made of the predictions of alls. On the
values of s™e. at 30 level when siR20™e=0.04. and at ©°ther hand, we can tell from Fig. 10 that the same values of

one—sigmahlﬂg\fel when 986" =0.02. RCT™ low N(e) can be obtained for the othes values typitcrﬁlily
by reducing the s#26zcr parameter. In case 0Bys
=270 ° (bottom-righy, this situation is reversed, and we can
) ) ) expect sameN(e) for different Syns by increasing
Figure 12 shows the regions in the %hzcr VS Suns Sif20rcr.
plane which are allowed by the VLBL experiment ht The left figures of Fig. 12 show thaf,ys can be con-
=2100 km with 500 kton yr each for NBBEeo=6 GeV)  strained at #r level whens!™S.=0 ° (top left) or 180 ° (bot-
and NBB Epea=4 GeV), together with the 100 ktonyr 5m |efy. The reason for this behavior is more subtle.
data from thel =295 km experimenfEq. (4.25D]. The in-  \we find that it is essentially the ratio of
put data are calculated for the LMA parametfgs|. (4.26)] N(e,4 GeV)N(e,6 GeV) which distinguishes between
at sirf26kcy=0.1 and for four values obyys, 0°, 90°, 5 —0° and 180°. In Fig. 9, we can see that
180°, and 270°. The? fit has been performed by assuming N(e 4 GeV)N(e,6 GeV) is smallest atsyys=0° (solid
that Sm, and sif26so, are in the LMA region(2.30 while  circleg and it is largest aByys= 180 ° (open circle while
the rest of the parameters are freely varied: this ratio is almost the same fdi,ys=90 ° (solid squares
and Syns=270° (open squargs Because it is the energy
SiP20xmy:  free, ompn: free, (4283 dependence oN(e) that has the discriminating power for
duns. detectors with the capability of measuring neutrino
Sif26050,=0.7-0.9, energy[27] may have better sensitivity for th&,ns angle.

In each figure, the input parameter point €IS, Sy

is shown by a solid circle and the regions whgﬁqn<1, 4,
and 9 are depicted by solid, dashed, and dotted boundaries,
respectively.

A few comments are in order. From the two figures in the
right-hand side fordiis=90° (top) and Syes=270° (bot-
tom), we learn thatdyns cannot be constrained by these
experiments. The reason can be qualitatively understood by
studying the LMA predictions shown in Figs. 9 and 10. Note,
however, that the LMA cases shown in Fig. 10 are for
om35,=5x10"° and 15<10°° eV?, while the input data in

2. si260xcr and Syns

TABLE VII. The mean and the one-sigma errorsd@hz;,, and the one-sigma lower bound of &y,
when the input data are calculated for the four LMA poifEs|. (4.26) at sirf26 xsy=0.06] and the fits are
performed by assuming the LMA scenari¢&) Results with 500 kton yr each for NBEE(.,~=6 GeV) and
NBB (Epea=4 GeV) atL=2100 km. (B) In addition, 100 kton yr data from NBB(p,)=2 GeV) atL
=295 km are included in the fit.

Simes=0° 90° 180° 270°
SMiryy (A) 3.50010 3.50°015 350015 3.50°01s
(x107%)(eV?) (B) 3.507666 3.5000%7 3.50°016 3.50°011
SirPOsry (A) 0.5+ 0.077 0.5-0.077 0.5-0.079 0.5-0.077
(B) 0.5+0.047 0.5-0.047 0.5-0.047 0.5-0.047
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(a) NBB (Epeak=3GeV) at L=1200 kr (b) NBB (Epeak=5GeV) at L=1200 kr
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FIG. 13. CP phase dependence bi(e) andN(u) atL=1200 km for 100 kton yr witi{a) NBB (Epea=3 GeV) and(b) NBB (Epeax
=5 GeV). duns=0 ° (solid circle, 90 ° (solid squarg 180 ° (open circlg, and 270 °(open squane The input parameters a@myny,
=3.5X10"3 eV?, sirf26xmy=1.0, Sm3o, =10X10"° eV?, sirf2650,=0.8, sif26cr=0.1, andp=23 g/cn?. The predictions for the four

types of the neutrino mass hierarchi€sg. 1) are depicted as |, II, Ill, and IV.
3. dmipy and sin®Omy dictions are calculated for exactly the same three-neutrino

Finally, we study the capability of the VLBL experiment model parameters and the matter density as in Figs. 8 and 9,

in measuring the atmospheric neutrino oscillation parameter3€® Ed(4.16. The predictions for the neutrino mass hierar-
5mf\TM and sifé,m, accurately. Table VIl shows the mean chy cases I-1V, see Fig. 1 and Table 1, are shown by separate

and one-sigma errors ofmZ;,, and the one-sigma lower circles Whe_n thedys is allowed to vary freely. Th_e fOL_Jr
2 true representative phase values are shown by solid circles
bound on sifRRdiy, when the data are calculated for S —0° lid 90° ircles (180 ° q
Sm2, —3.5x10-3 eV2 and sif20,y=1.0 in the LMA  (ovns=0 ), solid squares (90°), open circles (180°), an
ATM -~ == ; ATM ™ = open squares (270 °). The statistical errors of\fe) and
scenario with the hierarchy I. The input parameters are choN(M) measurements at 500 kton yr are shown on dhq
sen for the LMA point of Eq.(4.26, but for sif26%s  _57g0 point for the hierarchy case |. s
=0.06. They? fit has been performed by assuming the hi- Because we have learned from the analysis Lat
erarchy | but allowing all the model parameters to vary freely_ o100 km the number of, CC events\(e) is most sensi-
within the LMA constraint(2.30. The fitting conditions are e 5 the neutrino model parameters, we choose the peak
the same as in E@44.28. The(A) rows gives the results with energies E,ey) of the NBB by requiring largeN(e) and
5_00 Kton yr eaih for NBB Epeai=6 GeV) *”?”d NBB Epeax suppressedN(w). A pair of NBB’s is then chosen such that
=4 GeV) atL=2100 km. The(B) rows gives the results o 5 dependence of the ratio di(e)’s is significant.
when in addition, 100 ktonyr data from NBRH{.,) The chosen peak energie€,=3 and 5 GeV atlL
=2 GeV) atL=295 km are included in the fit. The sensi- _ 1500 km have the same/E ]\}Nith E ~5 and 9 GeV at
tivities to 6miTM and sif26,n, are improved by using the | —2100 km, respectively. In Fig. 18 for NBB (Epea
data_f_ro_m the JZ—PA_RC—to—SK experiments. The _expected;5 GeV) atL=1200 km, the predicted(ux) in the hierar-
sensitivity for Smry is about 3—4.5 % and that for Sk chy | is larger than that in the hierarchy Ill because the
is about 15%. After including the J-PARC—-to—SK data thegyryival probability P, ., for the mass hierarchy | is
sensitivities improve to about 2-3 and 9.4%, respectively. smaller than that for the hierarchy Il in the interval 3 GeV
<E, =<6 GeV. It turns out that this reversing of the ordering
E. Results forL =1200 km of N(u) is not very effective in distinguishing the neutrino
In order to examine the sensitivity of the physics outputshierarchy cases because the trend can easily be accounted for
of the VLBL experiments to the baseline length, we repeaby shifting the atmospheric neutrino oscillation parameters
the whole analysis fok = 1200 km, which is approximately My, and sif6xy slightly.
the distance between J-PARC and Seoul. When we compare Fig. 13 fdr=1200 km with Fig. 9
We show in Fig. 13 the expected signal event numbersfor L=2100 km, we notice that the reductionidfe) for the
N(e) andN(u), at the baseline length &f=1200 km from  hierarchy Il atL=1200 km is not as drastic as the reduction
J-PARC with 500 ktonyr for(a) the NBB with Epey  atL=2100 km, but that the expected statistical errors of the
=3 GeV and for(b) the NBB withEp.,.=5 GeV. The pre- signal are smaller at =1200 km because of a factor of 2
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(a) NBB( E,,,=3GeV ) at L=1200 km (b) NBB( E,,=5GeV ) at L=1200 km
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FIG. 14. The neutrino parameter dependences of the expected numbgiG©fevents and,, CC eventsN(e) andN(u), respectively,
for the NBB with Epeq=3 GeV (a) and 5 GeV(b) 500 kton yr atl = 1200 km. All the symbols are the same as those in Fig. 10.

largerN(e) for the same size of the detector. N(e) on the input sifRércr are the same as those found in
In Fig. 14, we show the expected numbers of signalrig. 10;N(e) decreases as input & is decreased from
events N(u) and N(e) for the same set of NBBs(@ 0.1 to 0. The solid circles, open circles, solid squares, and
NBB (Epea=3 GeV) and(b) NBB (E,..i=5 GeV), each open squares show the predictions for the neutrino mass hi-
with 500 kton yr atL=1200 km. The three-neutrino model erarchy I, II, lll and IV, respectively. For each hierarchy, the
parameters and the matter density used for calculating thodeve larger grand circles give the predictions of the LMA
numbers are the same as those used to generate Fig. 10 fmenario with sm3, =15x10"° eV?, and the smaller
L=2100 km; see Eqg$4.17) and(4.18. All the symbols are  circles are for the LMA withém3, =5x10"° eV2. The
the same as those adopted in Fig. 10. The dependences 0D predictions of the neutrino mass hierarchies | andlll

(a) Hierarchy | (true) vs Il (fit) (b) Hierarchy I (true) vs Il (fit)
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FIG. 15. The same as Figs. (&L and 11b), but for L=1200 km.
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FIG. 16. The same as Fig. 12, but for 1200 km.

and V) cannot be distinguished, and they are given by the
solid (open diamonds. The difference iN(u) is largest in
the LMA scenarios withdm3,, =15x 107° eV?, for which
the hierarchy Il predicts about 40% largé20% smalley
N(u) than the predictions of the hierarchy | for the NBB
with Epeq=3 GeV (5 GeV). When we compare Fig. 14 for
L=1200 km with the corresponding Fig. 10 foL
=2100 km, we notice that the prediction fdt(e) in the
hierarchy Ill are significantly larger fot.=1200 km than
those forL=2100 km. If it were onlyN(e) in Fig. 14 that
effectively discriminates the neutrino mass hierarchy, w

(B”) In addition to(A"),

are included in the fit.

NBB (Epea=3 GeV) atL=1200 km. (4.293

100 kton yr data from
NBB ({p,)=2 GeV) atL=295km

(4.290

In Figs. 1%a) and 1%b), we show the minimumy? as

efunctions of the fit parameter $R¥xc for the data sets (A
should expect significant reduction of the hierarchy discrimi-

nating capability of the VLBL experiments at=1200 km.

In order to study these questions quantitatively, we repe
the x? fit for the following sets of experimental conditions:

(A") 500 kton yr each for NBB Epe=5 GeV) and

RCT—
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and (B), respectivly. The mean values bf(u,Epeq) and
N(e,Epead atL=1200 km and those dt=295 km are cal-
a(Eulated for the experimental conditions of E¢.29 by as-
suming the LMA scenario and the hierarchy I, and by choos-
ing 12 sets of the model parameters as in E426);
sinf20 5&=0.02, 0.04, and 0.10 angf}\;s=0°, 90°, 180°,
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TABLE VIII. The mean and the & errors ofémj;,, and the one-sigma level bound of &i}s, when the
input data are calculated for the four LMA poifi&q. (4.26 at sirf26 pey=0.06] and the fits are performed
by assuming the LMA scenarios. (A Results with 500 ktonyr each for NBEE(.,~=5 GeV) and
NBB (Epea=3 GeV) atL=1200 km. (B) In addition, 100 kton yr data from NBB(f,)=2 GeV) atL
=295 km are included in the fit.

Syns=0° 90° 180° 270°

My (A) 3.50 5076 3.50'0:06 3.50' 505 3.50'9:07
(X1073) (eV?) (8) 3.50 002 3,50 00% 3.50 0075 3.50 507

Sir? Oy (A 0.5+0.039 0.5-0.039 0.5-0.040 0.5-0.040

(B") 0.5+0.037 0.5-0.037 0.5-0.037 0.5-0.037

and 270°. They? fit has then been performed by assumingaimost the same as that of the=2100 km experiment in
the LMA scenario with the hierarchy IIl; see E@.27 for  Fig 12 for eachs{us; case. We conclude that the capability
details. The 12 lines in Figs. & and 15b) correspond to of measuring sit20rcr and Syys in the LMA scenario is
Sirf26 k= 0.02 (thin lines, 0.04 (medium-thick liney 0.1 very similar between the VLBL experiments at
(thick lines and &yNs=0 ° (solid lines, 90° (long-dashed  _ 57100 km and those at=1200 km.

lines), 180 ° (short-dashed lings 270 ° (dot-dashed lings Finally, we show in Table VIII the expected accuracy of

As in the case of the =2100 km study in Fig. 11, inclusion the measurements Gfmim and sif,y . The expected

of the L=295 km data improves the sensitivity to the hier- number of events are calculated foBmZiUe—3 5
archy cases significantly. After the two experiments are com- AMT —

_3 2 . t _ . B .
bined, we find that the neutrino mass hierarchgtween | <10~ €V~ and sit0xmy=0.5 in the LMA scenario with

and 1l) can be distinguished ato3level, for all four values the hierarchy I. The 4 LMA input points and the fit param-

of 5&”1\165 and when sif26rcr=0.1, and f0f5tnﬁu§s: 180° and ©ters are the same as those used for Table VII. The mean and

270° when sif2614e = 0.04. 2, is greater than about 7 for the one-sigma errors for fittedmyry, and the one-sigma

5R5IuNeS:O ° and 90° when sﬁiag‘éﬁ=0.04. Even when lower bound for siﬁeATM are shown in Table VIII. The re-
Sinzzgguce_r: 0_02,X§1in>4 for 5}\%53: 180° and 270°. These Sults of the VLBL experiment only, E¢4.293, are shown in

results al.= 1200 km are not much worse than the results at® (A') row, whereas those obtained by adding _the LBL
L=2100 km. We find that this is because the combination ofXPeriment atl =295 km, Eq.(4.299, are shown in the
the VLBL experiment and thé =295 km LBL experiment (B') rows. By comparing the results of Table VII and Table
is still effective in distinguishing the hierarchy cases, evenVIIl, we find that more precise measurementssafr,, and
though the VLBL experiment at.=1200 km itself cannot sir’fxry can be achieved by the VLBL experiments lat
distinguish the hierarchy cases when’@#fie;=<0.04. =1200 km. This is essentially because the two NBBs that
Figure 16 shows the regions in the %fizcr Vs Syns  We choose for studying the potential of the= 1200 km ex-
plane which are allowed by the VLBL experiments lat ~periments cover the two sides of tHe, _, =0 node,
=2100 km with 500 kton yr each for NBBHpea=5 GeV)  whereas one of the two NBB's chosen for studying the
and NBB Epca=3 GeV), and the LBL experiment d  =2100 km case sits on top of the node to minimitguw);
=295 km with 100 kton yr for NBB (p,)=2 GeV) [Eq.  gee Fig. 7. We find that the accuracydfiy, and siffy

(4.29h]. All the model parameters used to calculate the €Xmeasurements at the=2100 km experiments can be im-

pected numbers of events and the symbols of the figures agroved farther. if a NBB with hi -
) : . ) gher peak energy is added.
the st%r?e asothosoe ado!ated f?r Fig. 12. Tf:ﬁefour input point ecause higheE .. NBBs give higherr backgrounds and
at djs=0°,90°,180°,270° and siBfrc7=0.06 are largerN(u), the optimal choice of the beam type and beam
shown by the solid circles in each plane, and the region with ’

X2r<1, 4, and 9 are shown by the solid, dashed, and dotte§NEr9Y should be determined according to the prime physics

boundaries, respectively. The fit has been performed by objectives and the details of the proposed detectors.

assuming the LMA scenario with the hierarchy I, but other-

wise by allowing all the model parameters to vary freely; see
Eq. (4.27. V. SUMMARY AND DISCUSSIONS

The results shown in Fig. 16 look very similar to those of  The 50 Gev proton synchrotron at J-PAREpan Proton
Fig. 12 for the combination of the VLBL experiment Bt aAccelerator Research Complek22] will start delivering
=2100 km and the LBL experiment dt=295km, Ed. 10?1 pOT (protons on targétper one operation year by the
(4.25B. For 8ys=90° and 270°, we cannot constrain the year 2007. This compares with 3.880° POT [50] at 12
CP phase at all from these experiments. Bijiks=0° and  GeV which are being provided by the KEK PS for the K2K
180°, there appear a region )@ﬁm<1 wheredyys is con-  neutrino oscillation experiment. The J-PARC project thus
strained, but the preferred region covers the whole range grovides us with an excellent opportunities of extending the
Xﬁqm<4 level. We find that the area of tuémn<1 regionis K2K experiment, by shooting the neutrino beam from
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J-PARC to SK(the Super-Kamiokandewith L=295 km We find the following observations. By assuming that the
[19]. Refinement of the measurements of the atmospheri¢-PARC—to—SK experiment measures the atmospheric-
neutrino oscillation parameterssifizr,, and siffsy) and ~ Neutrino 9350'”2“0'1 parameters to be centeredé'ert;‘;w
the first measurement of the,— v, oscillation parameter =3.5X10"~ eV* and sif26;v=1, and by assuming that
(sir26kcr) by observing the electron appearance are thdlS cumulative effects can be represented by
main targets of the proposed experimgtf].

In this paper, we explored the possibility of extending the 100 kton yr atL =295 km with NBB ((p,)=2 GeV),
LBL experiments to a much longer baseline length ( (5.1)
>1000 km) as a second stage of the neutrino oscillation ex-
penmepts using the J—PARQ PS. In particular, we exammegve find that VLBL experiments of
in detail the physics potential of VLBL experiments lat
=2100 km, which is approximately the distance between
J-PARC anq Beijing, where strong interests in constructing a500 kton yr atL=2100 km with NBB (Epea=6 GeV),
huge neutrino detectaiBAND) have been expressga7].
We also examined the caselat 1200 km carefully in order
to study the sensitivity of physiqs outputs on thg baseling5oo kton yr atL=2100 km with NBB (Epea=4 GeV)
lengths of the same order. The distance 1200 km is approxi- (5.2
mately that between J-PARC and central Korea, where strong
interest in LBL neutrino oscillation experiments are ex-

pressed. - : : : -

We studied the physics potential of such VLBL eXperi'the(r})tlr:ethkﬁenrzréﬂgol|r|n2;§ glg rraéjcehC);EJC;S; glllfre)dlgzlé\ll aﬁure,
ments within the three-neutrino model. The three—neutrin%inzza ~0.04(0.02, see Fig. 1tb)
model gives a consistent picture of all the neutrino oscilla- @ RCT . the . LMA  scenario o2 — 10
tion observations except the LSND experiment, and has six SOL

75 2 . _ . . . .
parameters that are observable by neutrino-oscillation phe>-<. 10°° eV?, sif26s0,=0.8) is realized in Nature, and if

nomena: two mass-squared differendes?,= + 6m3,, and szzaRCT:Q'OG’ then 9'04:5m22°0RCT<0'.1 Is  obtained
2 2 5 . when Sys is around 0° or 180°, 0.02sirP260rc1<0.08
dmiz=+ émin,, three angles sf®6so., Sirfy, and

[ : o when Syns is around 90°, 0.045sirf260zc1<0.12 when
SiM26rcr, and one phas@yys. The main objectives of MNS ReT

. X Suns IS around 270 ° Syns can be constrained to local val-
_such VLBL experiments may be summarized by the follow-ues at one-sigma level when the trigys is around 0 ° or
ing three gquestions.

80 ° but it is unconstrained when it is around 90 ° or 270 °,

(1) Can we distinguish the neutrino mass hierarchy casesi’ee Fig. 12.

2) Can we measure the two unknown parameters of the .
mo(dgzl SiIR200r and Surme? P ©)] If the LMA scenario QSmém: 10
i~ VS 1074 eV?, sirf2650,=0.8) is realized in Naturedmiry,

3) How much can we improve the measurements of . .
5m(2) and sif26,,? P is measured with the 3% accuracy and?8jpy to 9.4%
ATM ATM ? level; see Table VII.

In order to quantify our answers to the above questions, Summing up, a combination of LBL experiments lat

we make the following simplifications for the neutrino _ . - .
beams and the detector capability. =295 km and VLBL experiments dt=2100 km with the

(i) High-energy NBB's with E ..=3~6 GeV for the NBBs from J-PARC can de@ermine the neutrino mass hi_erar-
VLBL experiments. P chy at the ¥ level if sirf26zcr>0.04 can constrain

(i) Low-energy NBB with(p,.)=2 GeV to represent the sif26rcr, and it can also constraiiyys at the one-sigma
LBL experiment to SK. level in some cases. The errors of the atmospheric-neutrino

(iii) 100 kton-level detector which is capable of detectingoscillation parameters are reduced &(dmzpy)==0.1
v, CC andw, CC events almost perfectly, but is not neces-* 10"° eV? and sirf6xny=0.5+0.047. Very similar results
sarily capable of measuring the particle charges and hadrcere found for a combination ofL=295km and L
energies. =1200 km experiments; see Figs. 15, 16, and Table VIII.

(iv) Backgrounds from secondary beams and from lep-
tonic 7 decays of thev, CC events, as well as those from
7%-e misidentification the neutral current processes are ac-
counted for. The authors wish to thank K. Nakamura, J. Sato, Y.F.

(v) Common flux normalization errors of 3% are assignedwang, K. Whisnant, Z.Z. Xing, C.G. Yang, J.M. Yang, B.L.
for the high-energy NBB's, and an independent 3% error foryoung, and X.M. Zhang for stimulating discussions. The

can give the following answers.
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