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Probing neutrino oscillations jointly in long and very long baseline experiments
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We examine the prospects of making a joint analysis of neutrino oscillations at two baselines with neutrino
superbeams. Assuming narrow band superbeams and a 100 kiloton water Cherenkov calorimeter, we calculate
the event rates and sensitivities to the matter effect, the signs of the neutrino mass differences, theCP phase,
and the mixing angleu13. Taking into account all possible experimental errors under general consideration, we
explore the optimum cases of a narrow band beam to measure the matter effect and theCP violation effect at
all baselines up to 3000 km. We then focus on two specific baselines, a long baseline of 300 km and a very long
baseline of 2100 km, and analyze their joint capabilities. We find that the joint analysis can offer extra leverage
to resolve some of the ambiguities that are associated with the measurement at a single baseline.
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I. INTRODUCTION

Although the existing data from the Super-Kamiokan
experiment@1# and various other corroborating experimen
offer very strong indications of neutrino oscillations, the a
pearance experiment, i.e., the appearance of a flavor diffe
from the original one, has not been convincingly perform
If neutrinos indeed oscillate, the oscillation parameters,
cluding the leptonicCP phase, have to be determined wi
sufficient accuracy. Furthermore, the well-known Mikheye
Smirnov-Wolfenstein~MSW! matter effect @2# has to be
tested by experiments. In spite of the various ongoing
planned neutrino oscillation experiments, additional exp
ments with a very long baseline are needed, at least to
the matter effect. The recently approved superbeam fac
@3#, which will be available toward the latter part of th
decade, offers the possibility of a very long baseline~VLBL !
experiment which, in conjunction with other oscillation e
periments, can test thoroughly all the properties of neutr
oscillations.

Among all neutrino oscillation experiments, the lon
baseline~LBL ! experiments are particularly attractive. Sin
the neutrino beams are produced in an accelerator accor
to definite physics criteria with the detector site chosen
cordingly, the experiment can be conducted in a more c
trolled fashion to maximize the physics output. Hence
LBL experiments will allow us to make detailed analyses
the oscillation parameters so as to provide a complete pic
of the physics of neutrino oscillation. As one example
such experiments, a project called H2B is under discuss
@4–6#. The neutrino superbeam for H2B would be from t
newly approved high intensity 50 GeV proton synchrotron
Japan called HIPA@3# and the detector, tentatively called th
Beijing Astrophysics and Neutrino Detector~BAND!, is en-
visioned to be a 100 kilotron~kt! water Cherenkov calorim
eter ~WCC! with resistive plate chambers~RPC’s! @7# lo-
cated in Beijing, China. The distance from HIPA to Beijing
about 2100 km. Such a very long baseline experiment wo
be complementary to the recently proposed J2K experim
@8# which will also use the neutrino beam from HIPA b
with the Super-Kamiokande detector or its update. The
0556-2821/2002/65~7!/073021~9!/$20.00 65 0730
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tance from HIPA to Super-Kamiokande is about 300 km.
In this article, we will examine the prospects of inves

gating neutrino oscillations at H2B in conjunction with J2
so that the joint data at the two widely different baselines c
be used in a complementary way to provide strong lever
to eliminate some of the ambiguities in the determination
oscillation parameters. The joint analysis can expand the
pability of the parameter search in ways not attainable
either of the experiments alone. The two baselines can w
at their respective favorable energy ranges. The present w
is to demonstrate this possibility. But we have not searc
for the best narrow beam energies for the two baselin
Assuming a narrow band meson beam and the above m
tioned 100 kt WCC with RPC’s, we simulate the event ra
for 5 yr operation. The sensitivity of the event rates for t
various oscillation parameters will be explored. The pres
work can be regarded partly as a continuation of the stud
H2B @4–6# and an initial exploration of the idea of join
analyses of two detectors which we think is appropriate
oscillation physics. In Sec. II, we discuss some of the fun
mentals of neutrino oscillation and LBL experiments. In S
III, we present some of our numerical results. We present
joint analyses of the data of two detectors in Sec. IV. Fina
in Sec. V, we present our conclusions.

II. FUNDAMENTALS OF NEUTRINO OSCILLATION
AND LBL EXPERIMENTS

If we accept all current data, there will be three distincti
mass scales provided by the five categories of experime
long baseline, short baseline accelerator experiments suc
the Liquid Scintillation Neutrino Detector~LSND!, atmo-
spheric, solar, and reactor. If the LSND data are exclud
the three standard model~SM! neutrino flavors are sufficien
and no extension of the number of neutrinos beyond tha
the standard model is necessary. In view of the uncertaint
the LSND data, our discussion will be restricted to the thr
flavor scenario.

The oscillation of the three-flavor neutrinos is a syste
with a limited number of degrees of freedom. The syst
©2002 The American Physical Society21-1
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consists of two mass square differences~MSD’s!, three mix-
ing angles, and one measurableCP phase. These paramete
together with the matter effect determine the various surv
and appearance probabilities@9#. The unitary mixing matrix
in vacuum is generally parametrized as

U5S c12c13 c13s12 ŝ13*

2c23s122c12ŝ13s23 c12c232s12ŝ13s23 c13s23

s12s232c12c23ŝ13 2c12s232c23s12ŝ13 c13c23

D
(2.1)

where sjk5sin(ujk), cjk5cos(ujk), and ŝjk5sin(ujk)e
id, ujk

defined for j ,k is the mixing angle of mass eigenstatesn j
andnk , andd is theCP phase angle. The three mass eige
values are denoted asm1 , m2, andm3. The two independen
MSD’s areDm21

2 [m2
22m1

2 andDm32
2 [m3

22m2
2 .

In LBL experiments the neutrino beam has to go throu
matter, which gives rise to the well-known MSW effect@2#.
A widely used model for the Earth, called the prelimina
reference Earth model~PREM!, is given in @10# and the
Earth density profile can be found in@11#. Since for a VLBL
experiment the matter density can vary significantly alo
the path of the neutrino beam, in our calculation we perfo
numerical integration of the Schro¨dinger equation for a real
istic treatment of the distance dependent matter density.

The detection of a given neutrino flavor is through
accompanying charged lepton produced by the charge
rent interaction of the neutrino with the nucleons in the d
tector mass. For a neutrino energyEn , which is small
compared to the mass of theW and Z bosons but large
enough so that the quasielastic effect is small,
charge current cross sections are given
snN50.67310238 cm2 En (GeV! for electron and muon
neutrinos, andsn̄N50.34310238 cm2 En (GeV) for elec-
tron and muon antineutrinos. For the tau neutrino, the ab
expression is subject to a threshold suppression. The thr
old for the production of the tau isET5mt1mt

2/2mN

53.46 GeV. A fit of thent to nm cross section as a functio
of the neutrino energy in terms of the ratio of two quadra
polynomials can be found in Ref.@4#. The signal of events o
flavor b, i.e., the number of charged leptons of flavorb,
from a neutrino beam of flavora, to be observed at a base
line L is given by

Ns5E
Emin

Emax
F~En ,L !s~En!Pa→b~En ,L !dEn , ~2.2!

whereF(En ,L) is the total neutrino flux spectrum includin
the detector size and running time period,Pa→b(En ,L) is
the oscillation probability,s(En) is the neutrino charge cur
rent cross section, andEmax andEmin are the maximum and
minimum energies of the beam.

In a narrow band beam the neutrino flux is distribut
below a given energyEpeak. The intensity is peaked atEpeak
and decreases rapidly belowEpeak. A wide band beam con
tains neutrinos with energy spread out in a significant ra
of energy. In our calculation we will use the realistic bea
07302
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energies and profiles provided in@5,12#. Some of the narrow
band beams together with the wide beam are plotted in
1. HeredNcc /dEn[F(En ,L)s(En) is the energy distribu-
tion of the charged current eventsNcc for 1 yr operation of a
100 kt detector atL52100 km.

In oscillation experiments, especially in the case of el
tron neutrino appearance, the statistics are generally
large. Therefore the error is an important factor in the ph
ics extraction. We use the approach of Ref.@6# to estimate
the possible statistical and systematic errors and to ga
sense of the goodness of the fit. For electron counting exp
ments the errors and uncertainties arise from the follow
sources.

~i! The statistical error in the measurement of the cha
lepton of flavorb, which is as usualANs1Nb. Nb is the
number of measured background events and can be
pressed as

Nb5 f bE
Emin

Emax
F~En ,L !s~En!dEn . ~2.3!

~ii ! The systematic uncertainty in the calculation of t
number of background events, which can be denoted
r bNb .

~iii ! The systematic uncertainty in the beam flux and
cross section which we denote asgbNs .

The total error is the quadrature of all these uncertainties
The value ofr b depends on how well the background

calculated. The value ofgb depends on how well the beam
flux and detection cross sections are known. Althoughf b is

FIG. 1. The energyEn distribution of charged current event
Ncc for 1 yr operation of a 100 kt detector.
1-2
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PROBING NEUTRINO OSCILLATIONS JOINTLY IN . . . PHYSICAL REVIEW D65 073021
not a physical quantity, it can be estimated from the ba
ground of the beam survival measurement. In our calcula
we will take r b50.1, gb50.05, and f b50.01. Although
these values are only a set of examples and the actual va
may vary slightly for different situations@13#, our numerical
results are not sensitive to such small variations. This is
cause in our results the statistics of the electron neut
events is not large and the error is dominated by the stat
cal one.

III. NUMERICAL RESULTS FOR INDIVIDUAL
BASELINES

Presently there are sizable errors in all the oscillation
rameters. However, we envisage that at the H2B ti
Dm32

2 , Dm21
2 , u23, andu12 will be fairly accurately deter-

mined. So we will not assign any specific errors to them.
focus our investigations on the following parameters and
fects: matter, MSD sign,CP violation, andu13.

A. Inputs

We present numerical results of a 5 yr operation with a
water Cherenkov detector. The detector size is assumed
100 kt for all baselines. Sizes other than 100 kt will be
beled whenever used.

The inputs of the mixing angles and MSD’s are from s
lar, atmospheric, and CHOOZ experiments. For definiten
we take sin2(2u12)50.8 and sin2(2u23)51.0. In most of our
results we use sin2(2u13)50.05 for illustration and the effect
of larger and smaller values ofu13, 0.01<sin2(2u13)<0.1,
will be investigated. The inputs of MSD’sDm21

2 and Dm32
2

are respectively given byDmsol
2 5531025 eV2 and Dmatm

2

5331023 eV2.
Presently the signs of the MSD’s are unknown so th

are four possibilities.

I II III IV

Dm32
2 1 1 2 2

Dm21
2 1 2 1 2

After showing the effects of all four sign combinations in t
electron event numbers we will choose the signs in case
illustration.

B. Matter effects

In Tables I and II we show thenm→ne event rates with
and without matter effects for a narrow band beam w
Epeak54 GeV for both baselines. It is clear that for bo
narrow band and wide band beams the matter effect is
nificant on electron event number atL52100 km, but neg-
ligible at L5300 km. As expected, thenm and nt events
show very little matter effect at either distance. The ev
rates at both baselines can be increased if different nar
band beams are used. For example, forL52100 km the
Epeak56 GeV beam has twice as many electron events
the Epeak54 GeV beam.
07302
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In order to look for the optimum beam energy to meas
matter effects at a given baseline, we have examined
following ratio, which is approximately the statistical signifi
cance of the matter effect and is referred to in Ref.@6# as the
figure of merit:

Rmatter5
Neuwith matter2Neuwithout matter

DNe
. ~3.1!

HereDNe is the total error of the electron event number,
discussed at the end of Sec. II, without the matter effe
Figure 2 showsRmatterversus the baseline up to 3000 km f
several narrow band beams for the four MSD sign combi
tions. We see that forL52100 km the optimal narrow ban
beams for the matter effect are with peak energies in
range of 4–6 GeV. For example, as shown in Fig. 2 for
MSD sign I, the optimal narrow band beam has the pe
energy aroundEpeak54 GeV. ForL5300 km, as expected
there is very little statistical sensitivity to the matter effect
all available energies.

Given a narrow band beam withEpeak54 GeV for L
52100 km andEpeak50.7 GeV for L5300 km, Fig. 3
shows the electron event rate versus theCP phase with or
without matter effect. We see that foru13 to have a fixed
value or small range of uncertainties the matter effect is
perimentally measurable forL52100 km but hardly observ
able forL5300 km. However, in the currently fully allowed
range of u13, sin2(2u13)<0.1, it is even difficult for the

TABLE I. Event rates of 5 yr operation with and without matt
effects for different MSD sign choices for a narrow band beam
Epeak54 GeV. TheCP phase is taken to be zero.

Electron No. Muon No. Tau No.

L52100 km I 34~10! 430 ~435! 10 ~11!

II 46 ~16! 405 ~415! 11 ~11!

III 3 ~16! 413 ~415! 12 ~11!

IV 3 ~10! 427 ~435! 11 ~11!

L5300 km I 159~157! 39408~39407! 72 ~72!

II 119 ~116! 39535~39535! 71 ~71!

III 114 ~116! 39535~39535! 71 ~71!

IV 154 ~157! 39408~39407! 72 ~72!

TABLE II. Same as Table I, but for a wide band beam.

Electron No. Muon No. Tau No.

L52100 km I 151~96! 2313 ~2311! 448 ~453!
II 151 ~90! 2326 ~2333! 443 ~449!
III 39 ~90! 2335 ~2333! 454 ~449!
IV 49 ~96! 2308 ~2311! 458 ~453!

L5300 km I 453~443! 271536~271535! 731 ~731!
II 359 ~348! 271842~271842! 718 ~718!
III 337 ~348! 271843~271842! 718 ~718!
IV 431 ~443! 271535~271535! 731 ~731!
1-3
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FIG. 2. Rmatter @Eq. ~5!# versus the baseline for several narro
band beams. TheCP phased is taken to be zero and sin2(2u13)
50.05.

FIG. 3. The electron event number versus theCP phase with
and without the matter effect. sin2(2u13) is assumed to be 0.05 ex
cept for the dotted curve which is for sin2(2u13)50.03 to show the
effect of varyingu13. Representative total errors are also show
The MSD sign is assumed to be I.
07302
2100 km baseline to distinguish the matter effect from
vacuum because of the following fact: Since the elect
event rate is proportional to sin2(2u13), the electron event
rates for sin2(2u13)50.03 with matter effect and for
sin2(2u13)50.1 in the case of vacuum are the same, as can
inferred from Fig. 3; it is not possible to distinguish the tw
This ambiguity will be reinforced when the error is not ne
ligible.

C. MSD sign effects

The sensitivity of the event rate to the sign of the MS
for sin2(2u13)50.05 is also shown in Tables I and II fo
Epeak54 GeV andd50 for both baselines, and in Fig. 4 fo
different energies for the two baselines as functions of
CP phase. Tables I and II show that the electron event ra
are sensitive to the sign of the MSD at the 2100 km basel
It is also interesting to note that forL5300 km there is
sensitivity in distinguishing signs I and IV in which bot
MSD are positive or negative from signs II and III in whic
one is positive and the other negative. This general featur
valid for other values ofu13 once it is determined.

Figure 4, in which we take sin2(2u13)50.05, shows
clearly that forL52100 km I and II are well separated from
III and IV for all values of theCP phase. Hence the sign o
Dm32

2 should be readily determined with a moderate amo
of electron neutrino appearance data. However, the sep
tion of I from II depends on the value of theCP phase. In the
region of small, intermediate, and large value of theCP
phase, the sign ofDmsol

2 can be determined, but aroundd
.

FIG. 4. Same as Fig. 3, but for different MSD signs with mat
effect.
1-4
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PROBING NEUTRINO OSCILLATIONS JOINTLY IN . . . PHYSICAL REVIEW D65 073021
5130° andd5280° I and II are not distinguishable. Th
signs III and IV are almost inseparable in the whole region
d. Hence the sign ofDm21

2 will be very hard to determine if
Dm32

2 ,0. Then an antineutrino beam is needed for the
termination. ForL5300 km, Fig. 4 shows that it is difficul
to distinguish I, II, III, and IV except in very special value
of the CP phase.

Unfortunately, the above result is true only ifu13 is al-
ready known. Similar to the situation discussed at the en
the preceding subsection, the significant uncertainty
sin2(2u13) muddies the water. As sin2(2u13) decreases the
electron event rate will also be reduced. Therefore, it is
ficult to distinguish signs I and II of smallu13 from signs III
and IV with a largeru13. We demonstrate the decrease of t
lepton event rate with decreasing sin2(2u13) in Fig. 4. Hence,
when the full range of current uncertainty ofu13 is included,
i.e., sin2(2u13),0.1, the sensitivity in distinguishing th
MSD sign is lost for both baselines.

D. CP violation effects

Figures 3 and 4 show the electron event number ve
the CP phase, modulo the matter effect. The typical to
errors are also shown. The dominant error is found to
statistical, i.e., from the source~i! as described at the end o
Sec. II. We see that, although the event rate varies sig
cantly with theCP phase, as the electron event rate is no
single valued function of theCP phase, it is ambiguous to
determined from the electron event number even for a fix
value ofu13. The caveat of the uncertainty inu13 discussed
in the two previous subsections makes the ambiguity e
more serious.

The sensitivity of the electron event rate to theCP phase
depends on the beam energy as shown in Fig. 5. At som
the beam energies, e.g., 2 and 10 GeV forL52100 km and
0.7 GeV forL5300 km, the curves are quite flat, indicatin
a poor sensitivity to theCP phase at such beam energie
Furthermore, at almost no energies can one determin
uniqueCP phase from the electron event number at eit
300 km or 2100 km.

To investigate the sensitivity we define two ratios invo
ing the twoCP conserving phasesd50° andd5180°:

RCP
(0°)~d![

Ne~d!2Ne~0°!

DNe~0°!
, ~3.2!

RCP
(180°)~d![

Ne~d!2Ne~180°!

DNe~180°!
, ~3.3!

whereNe(d), Ne(0°), andNe(180°) are, respectively, th
electron event numbers forCP phasesd, 0°, and 180°, and
DNe(0°) andDNe(180°) are the total errors atd50° and
d5180°. We can now define the figure of merit@6#, i.e., the
goodness of the fit, for theCP violation measurement as th
smaller in magnitude of the two ratios:

FCP[@RCP
(0°)~d!,RCP

(180°)~d!#min . ~3.4!
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In Fig. 6 we plot FCP(d) versus the peak energy of th
narrow band beam separately forL52100 and 300 km. We
show six values ofd50°, 30°, 60°, 90°, 120°, and
150°. The curves approximately satisfy the relati

FIG. 5. The electron event rate versus theCP phase for differ-
ent narrow band beams. The MSD sign is assumed to be I.

FIG. 6. FCP(d) @Eq. ~8!# versus the peak energy of the narro
band beams. The MSD sign is assumed to be I. With the appr
mate relation FCP(180°1d)52FCP(d), the curves for d
5180°, 210°, 240°, 270°, 300°, and 330° can be inferred.
1-5
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WANG, WHISNANT, XIONG, YANG, AND YOUNG PHYSICAL REVIEW D 65 073021
FCP(180°1d)'2FCP(d). Hence the curves for d
5180°, 210°, 240°, 270°, 300°, and 330° can be
ferred as the negatives of the above corresponding curve
d less than 180°. The left panel is for the 100 kt detector a
the right panel shows the results for a 1000 kt detector.
see that for the 100 kt detector at both baselines the effec
the finiteCP phases are within 1s from each other, includ-
ing theCP conserving case. If we increase the detector s
to 1000 kt, theCP violation effects can reach the 2s level
for the beams aroundEpeak.3 –4 GeV and 6–7 GeV for
d560° –120° and 240° –300° atL52100 km, and around
Epeak.0.7 GeV for similard ranges atL5300 km.

E. Effects of the uncertainty of sin2
„2u13…

In all the above results we have used sin2(2u13)50.05.
Since nm→ne is proportional to sin2(2u13), the latter is a
sensitive parameter for the electron event number. Acco
ingly, a counting experiment of the electron event num
may provide a good measurement for the value of sin2(2u13).

In Fig. 7 we present the electron event number versus
CP phase for different sin2(2u13) values. The error bars in
dicate the sizes of the estimated total errors. From the t
errors, we see how precisely the sin2(2u13) value can be
measured. For example, forL52100 km the curve of
sin2(2u13)50.08 (0.06) lies about 1.5s (3s) away from
that of sin2(2u13)50.1. Thus it is difficult to distinguish 0.1
from 0.08 all along the curves. Furthermore, without kno
ing theCP phase, it may be difficult to distinguish 0.1 at on

FIG. 7. The electron event number versus theCP phase for
different sin2(2u13) values. The MSD sign is assumed to be I. To
errors at some points are also shown.
07302
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CP phase from 0.6 at anotherCP phase. This ambiguity is
even more serious forL5300 km because there is mor
variation of the event number as a function of theCP phase.

IV. JOINT ANALYSIS OF BASELINES 2100 AND 300 km

We imagine that major efforts of the very long baseli
experiments such as H2B will be the confirmation of t
matter effect, and the determination of the MSD signs,
CP phase, andu13. However, there exist difficulties in find
ing unique solutions for them, given the measured elect
event rate, as demonstrated in the preceding section. We
discussed repeatedly in the previous section the ambigu
caused by the current wide range of uncertainty inu13.
There are other ambiguities which are caused by the m
valuedness of the oscillation probability as a function of t
oscillation parameters and the possibility of overlapping
rameter regions. To illustrate the latter ambiguity let us co
sider Fig. 4. For the simplicity of argument, let us ignore a
possible errors. Suppose a measurement of the electron e
rate is 60 at the 300 km baseline for a narrow band be
with peak energy 0.7 GeV. Then theCP phase can be aroun
either 0° or 150° for sin2(2u13)50.05. Similarly, suppose a
measurement at the 2100 km baseline gives, say, the ele
event rate of 40 at 4 GeV. Then theCP phase can be eithe
150° or 300° for sin2(2u13)50.05. Further, since the value o
sin2(2u13) is unknown, we in fact obtain a curve in th
d-sin2(2u13) plane for a given electron event number,
shown in Fig. 8. Hence a measurement from only one
periment, either atL5300 km or atL52100 km, is not
enough to determine theCP phase or the value of sin2(2u13).

To illustrate the advantage of the joint analysis of tw
widely different baselines, we plot in Fig. 8 sin2(2u13) vs d
for measured electron event rates for both 300 km and 2

l

FIG. 8. TheCP phase versus sin2(2u13) for a given electron
event numberNe . The solid~dashed! curve is forNe560 ~40! at
L5300 km ~2100 km! with a narrow band beamEpeak50.7 GeV
~4 GeV!. The MSD sign is assumed to be I.
1-6
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PROBING NEUTRINO OSCILLATIONS JOINTLY IN . . . PHYSICAL REVIEW D65 073021
km baselines at, respectively, 60 and 40 events for MSD s
I. In the absence of any errors, the intersection of the cur
gives unique values of both sin2(2u13) and d. In reality the
situation will be more complicated due to the presence
errors of the measurements, and hence the intersection o
two curves will cover a sizable area of the sin2(2u13) vs d
plane. However, this example shows the possibility of ex
leverage one can gain with two different baselines.

In this section we present some of our analyses of s
joint measurements, taking advantage of superbeams
HIPA, which can offer multiple narrow band beams of d
ferent energies. We use different energies at the two b
lines. We will plot the 2100 km baseline vs the 300 k
baseline by simultaneously looking at two different para
eters.

A. sin2
„2u13… and the CP phased

In Fig. 9 we show the electron event number atL
52100 km versus that atL5300 km for fixed MSD sign I.
Each curve has a fixed value of sin2(2u13) with theCP phase
d varying in the full possible range from 0° to 360°. Th
d50° point is marked by a solid dot and thed5180° point
by a cross. The direction of increasingd is indicated by the

FIG. 9. Electron event number atL52100 km versusL
5300 km for different sin2(2u13) values. TheCP phased in-
creases from 0°~solid bullets! to 180° ~crosses! and then to 360°
according to the direction indicated by the arrows. The MSD
assumed to have the sign I. In the lower digram forEpeak(300)
50.7 GeV andEpeak(2100)56.3 GeV, the ellipses collapse int
line segments. The typical total errors are also shown.
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arrow on the curve. The curves are generally ellipses and
eccentricity of the ellipse is determined by the specific be
energies of the two baselines.

We fix 0.7 GeV for the 300 km baseline and allow th
energy at 2100 km to change. The upper diagram of Fig.
at 4 GeV for 2100 km. When sin2(2u13) increases the ellipse
moves toward the upper right, i.e., increasing the elect
event rate for both baselines. This is expected from the
that the oscillation probabilitynm→ne is proportional to
sin2(2u13). Since the ellipses of neighboring values
sin2(2u13) overlap significantly, the value ofd and sin2(2u13)
cannot be determined uniquely, reflecting again the amb
ities discussed in the preceding section. However, there
energies at which the overlap of the ellipses is minimiz
The lower diagram of Fig. 9 shows that the ellipses of co
stantu13 are collapsed into lines when the beam energy
the 2100 km baseline is 6.3 GeV. So in principle the jo
measurement allows us to narrow down the allowed rang
sin2(2u13). For the lines each measurement still allows tw
values ofd. But the two values ofd that fall on top of one
another on the line segment will be separated when the
becomes an ellipse. So measurements at both 6.3 and 4
will offer a better possibility of determining the values o
sin2(2u13) andd simultaneously.

In Table III we present, for the case of MSD sign I, som
Epeakvalues in GeV of narrow band beams where the ellip
of Ne(300) versusNe(2100) as theCP phase varies from 0°
to 360° collapse into lines. At these energies the curves
MSD sign II are ellipses of high eccentricities which a
proximate lines. For MSD signs III and IV, and in the a
sence of the matter effect, the curves are ellipses of very h
eccentricities. For these energies the combined meas
ments of electron events atL52100 km andL5300 km
can provide a better measurement for sin2(2u13).

B. MSD sign and theCP phased

In Fig. 10 we present similar results, but for differe
MSD signs with fixed sin2(2u13)50.05. The results withou
the matter effect are also plotted, with the dotted curves
noting MSD sign II or III and the dashed ones I or IV. In th
absence of the matter effect MSD signs I and IV give t
same results and so do the MSD signs II and III, as alre
shown in Tables I and II. For the almost overlapping curv
of MSD signs III and IV with matter effects, the solid one
denote III and dotted ones IV.

It is clear from Fig. 10 that in the lower diagram, i.e., 6
GeV for the 2100 km baseline, it is quite easy to differentia
MSD signs I and II from III and IV, and from the case with
out the matter effect. To make better measurements i

s

TABLE III. Some Epeak values ~GeV! of narrow band beams
where the ellipses ofNe(300) versusNe(2100) asCP phase varies
from 0° to 360° collapse into line segments. The MSD sign
assumed to be case I.

Epeak(300) Epeak(2100)

0.70 0.750 1.215 1.85 2.30 6.30
0.80 0.820 1.10 1.98 2.25 7.60
0.85 0.820 1.20 2.05 2.19 8.30
1-7
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again better to take measurements with the line together
the ellipse.

V. CONCLUSION

In the above study of the event rates and the sensitivit
various oscillation parameters, we found the following.

~a! At the distanceL52100 km, a narrow band beam
with peak energy of about 6 GeV is optimum for measur
CP violation effects and of about 5 GeV for measuring m
ter effects.

~b! To measure theCP violation effect at a shorter dis
tance such asL5300 km, a narrow band beam with lowe
peak energy (;0.7 GeV) is preferable. But the matter effe
is hardly observable at such a shorter baseline.

~c! The two baselines 300 km and 2100 km are comp
mentary to each other. Through the joint analysis of the t
baselines, some of the ambiguities associated with the m
surement at either baseline may be resolved.

With the optimum narrow band beam, a 5 yroperation of
a 100 kt water Cherenkov detector at a very long dista
such asL52100 km has the following physics prospec
~1! The matter effects can be observed;~2! the sign ofDm32

2

may be determined;~3! the sign ofDm21
2 may be determined

only in favorable situations;~4! evidence exceeding 2s of a
CP violating phase may be seen in favorable cases fo
detector size of 1000 kt or with a much longer running tim
~5! combined with analyses atL5300 km, the paramete
sin2(2u13) may be measured and the matter effects are m
clearly determined.

In this article we have focused onnm→ne exclusively.

FIG. 10. Similar to Fig. 9 for different MSD signs with fixe
sin2(2u13)50.05. The results without matter effects are also plott
07302
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-
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The investigation of thet appearance and the inclusion

the n̄m beam option in the analysis, which is needed in t
cases of MSD signs III and IV, i.e.,Dm32

2 ,0, will be in-
cluded in a future investigation. There we will also make
more complete search for the best energies of the two b
lines for the various parameters.

We finally note that the statistics are generally low in
the cases discussed. Running with a higher energy nar
band beam will increase the statistics. However, that may
disfavored by the figure of merit~signal to error ratio!. An-
other way to increase the statistics is to increase the dete
mass. It has been pointed out, however, that there is a s
ration problem@13# caused by systematic errors which are
the form of the errors of types~ii ! and~iii ! as discussed at th
end of Sec. II. These errors increase linearly as the num
of events rather than the square root of the number of eve
as is the case of the statistic error. Hence, when the mas
the detector is increased so that the number of events
comes sufficiently large, the systematic error becomes do
nant. After that, further increase of the detector size may
longer be beneficial. In Fig. 11 we show the ratio ofDNe to
Ne as a function of the detector mass. We see that accor
to our general error estimate the bestDNe to Ne ratio that
can be attained is 6%. When the detector reaches 1000 k
benefit of further increasing the detector size is no lon
significant.
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FIG. 11. The relative errorDNe /Ne versus the detector size.
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