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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 differenCé&sptrase,
and the mixing angl@,5. 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 @Riviaéation 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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[. INTRODUCTION tance from HIPA to Super-Kamiokande is about 300 km.

Although the existing data from the Super-Kamiokande In this article, we will examine the prospects of investi-
experiment 1] and various other corroborating experimentsgating neutrino oscillations at H2B in conjunction with J2K
offer very strong indications of neutrino oscillations, the ap-So that the joint data at the two widely different baselines can
pearance experiment, i.e., the appearance of a flavor differeR used in a complementary way to provide strong leverage
from the original one, has not been convincingly performedto eliminate some of the ambiguities in the determination of
If neutrinos indeed oscillate, the oscillation parameters, inoscillation parameters. The joint analysis can expand the ca-
cluding the leptoniaCP phase, have to be determined with Pability of the parameter search in ways not attainable by
sufficient accuracy. Furthermore, the well-known Mikheyev-€ither of the experiments alone. The two baselines can work
Smirnov-Wolfenstein(MSW) matter effect[2] has to be attheir respective favorable energy ranges. The present work
tested by experiments_ In Spite of the various Ongoing andﬁ to demonstrate this pOSSIbI'Ity But we have not searched
planned neutrino oscillation experiments, additional experifor the best narrow beam energies for the two baselines.
ments with a very long baseline are needed, at least to teétssuming a narrow band meson beam and the above men-
the matter effect. The recently approved superbeam facilitjioned 100 kt WCC with RPC’s, we simulate the event rates
[3], which will be available toward the latter part of this for 5 yr operation. The sensitivity of the event rates for the
decade, offers the possibility of a very long baselieBL)  Various oscillation parameters will be explored. The present
experiment which, in conjunction with other oscillation ex- Work can be regarded partly as a continuation of the study of
periments, can test thoroughly all the properties of neutrind12B [4—6] and an initial exploration of the idea of joint
oscillations. analyses of two detectors which we think is appropriate for

Among all neutrino oscillation experimentS, the |ong oscillation phySiCS. In Sec. ”, we discuss some of the funda-
baseline(LBL ) experiments are particularly attractive. Since mentals of neutrino oscillation and LBL experiments. In Sec.
the neutrino beams are produced in an accelerator accordidly, We present some of our numerical results. We present the
to definite physics criteria with the detector site chosen acioint analyses of the data of two detectors in Sec. IV. Finally,
cordingly, the experiment can be conducted in a more conl Sec. V, we present our conclusions.
trolled fashion to maximize the physics output. Hence the
LBL experiments will allow us to make detailed analyses of
the oscillation parameters so as to provide a complete picture
of the physics of neutrino oscillation. As one example of
such experiments, a project called H2B is under discussion If we accept all current data, there will be three distinctive
[4—6]. The neutrino superbeam for H2B would be from themass scales provided by the five categories of experiments:
newly approved high intensity 50 GeV proton synchrotron inlong baseline, short baseline accelerator experiments such as
Japan called HIPA3] and the detector, tentatively called the the Liquid Scintillation Neutrino Detecto(LSND), atmo-
Beijing Astrophysics and Neutrino Detect®BAND), is en-  spheric, solar, and reactor. If the LSND data are excluded,
visioned to be a 100 kilotrofkt) water Cherenkov calorim- the three standard modéM) neutrino flavors are sufficient
eter (WCC) with resistive plate chamberd®kPC’y [7] lo-  and no extension of the number of neutrinos beyond that of
cated in Beijing, China. The distance from HIPA to Beijing is the standard model is necessary. In view of the uncertainty of
about 2100 km. Such a very long baseline experiment woulthe LSND data, our discussion will be restricted to the three-
be complementary to the recently proposed J2K experimerftavor scenario.
[8] which will also use the neutrino beam from HIPA but  The oscillation of the three-flavor neutrinos is a system
with the Super-Kamiokande detector or its update. The diswith a limited number of degrees of freedom. The system

IIl. FUNDAMENTALS OF NEUTRINO OSCILLATION
AND LBL EXPERIMENTS
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consists of two mass square differen¢BtSD’s), three mix- 350
ing angles, and one measurakl® phase. These parameters
together with the matter effect determine the various survival

Narrow Band Beam
300

where Sjk=sin(0]-k), Cjk:COS(ajk), and g‘,jk=sin(¢9]k)é5, ﬁlk Wide Band Beam
defined forj <k is the mixing angle of mass eigenstates
andv,, andé is theCP phase angle. The three mass eigen-
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values are denoted as;, m,, andms. The two independent 60

MSD’s areAm3,=m5—m?2 and Am3,=m3—m3. %
In LBL experiments the neutrino beam has to go through

matter, which gives rise to the well-known MSW eff¢2f. 20

A widely used model for the Earth, called the preliminary

reference Earth moddlPREM), is given in[10] and the

Earth density profile can be found fih1]. Since for a VLBL 20 b el b b Lo b e e
experiment the matter density can vary significantly along z2 4 6 8 w0 2 MU 16 8B 2
the path of the neutrino beam, in our calculation we perform E, (Gev)

numerical integration of the Schiimger equation for a real-

istic treatment of the distance dependent matter density. FIG. 1. The energyE, distribution of charged current events

The detection of a given neutrino flavor is through its Nec for 1 yr operation of a 100 kt detector.
accompanying charged lepton produced by the charge cur- , , )
rent interaction of the neutrino with the nucleons in the de-energies and profiles provided[i§,12]. Some of the narrow
tector mass. For a neutrino enerds,, which is small band beams together with the Wlde. beam are plot_ted_m Fig.
compared to the mass of th&/ and Z bosons but large 1- HerédNec/dE,=®(E, ,L)o(E,) is the energy distribu-
enough so that the quasielastic effect is small, thdion of the charged current everit. for 1 yr operation of a
charge current cross sections are given byl00 ktdetector aL=2100 km. o
o,n=0.67X10"% cnmPE, (GeV) for electron and muon In oscnlatlon experiments, espeaglly in the case of elec-
neutrinos, andr,=0.34x10 % cnPE, (GeV) for elec- ToN neutrino appearance, the statistics are generally not
tron and muon antineutrinos. For the tau neutrino, the abovi9€- Therefore the error is an important factor in the phys-

expression is subject to a threshold suppression. The thresfS extraction. We use the approach of Réf to estimate
old for the production of the tau i€r=m +m2/2mN the possible statistical and systematic errors and to gain a
T T

—3.46 GeV.Afit of ther_to » . cross section as a function S€NS€ of the goodness of the fit. For electron counting experi-
. . ,tov,

of the neutrino energy in terms of the ratio of two quadraticments the errors and uncertainties arise from the following

. : . sources.
ﬁg\%ﬁolg“?lz C?Rebii?gjggrlgfgﬁg};—:j Eg?:rll:f;vﬁg\tgff (i) The statistical error in the measurement of the charge

from a neutrino beam of flavax, to be observed at a base- '€Pton of flavor3, which is as usuakNs+Np. N, is the
line L is given by number of measured background events and can be ex-

pressed as

Ng= JEmax(D(EV L)o(E,)P,_4(E,,L)dE,, (22

min

EmaX

Nb=fﬁf ®(E,,L)o(E,)dE, . 2.3
min

where®(E, L) is the total neutrino flux spectrum including i) The systematic uncertainty in the calculation of the

the detector size and running time peridd, . 5(E,,L) IS number of background events, which can be denoted as
the oscillation probabilityg(E,) is the neutrino charge cur- N, .

rent cross section, art,,, andEp, are the maximum and  * (jij) The systematic uncertainty in the beam flux and the

minimum energies of the beam. . o cross section which we denote ggNs;.
In a narrow band beam the neutrino flux is distributed

below a given energf pea. The intensity is peaked &,  The total error is the quadrature of all these uncertainties.
and decreases rapidly beld#e,. A wide band beam con- The value ofr ; depends on how well the background is
tains neutrinos with energy spread out in a significant rangealculated. The value of; depends on how well the beam
of energy. In our calculation we will use the realistic beamflux and detection cross sections are known. Althotighs
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not a physical quantity, it can be estimated from the back- TABLE I. Event rates of 5 yr operation with and without matter
ground of the beam survival measurement. In our calculatiogffects for different MSD sign choices for a narrow band beam of
we will take rz=0.1, g3=0.05, andfz=0.01. Although Epea—4 GeV.TheCP phase is taken to be zero.

these values are only a set of examples and the actual valugs

may vary slightly for different situationigs3], our numerical Electron No.  Muon No.  Tau No.
results are not sensitive to such small variations. This is ber 5100 km | 34(10) 430 (435 10 (11)
cause in our results the statistics of the electron neutrino I 46 (16) 405 (415) 11 (11)
events is not large and the error is dominated by the statisti- " 3 (16) 413 (415 12 (11)
cal one. \Y 3 (10) 427 (435) 11 (12)
Ill. NUMERICAL RESULTS FOR INDIVIDUAL L=300 km | 159(157) 39408(39407% 72 (72
BASELINES 1] 119 (116 39535(39535 71 (7))

Il 114 (116 39535(39535 71 (71

Presently there are sizable errors in all the oscillation pa-
v 154 (157 39408(39407% 72 (72

rameters. However, we envisage that at the H2B time
Am3,, Am3,, 6,3, and 6y, will be fairly accurately deter-
mined. So we will not assign any specific errors to them. We
focus our investigations on the following parameters and ef
fects: matter, MSD signC P violation, andé,5.

In order to look for the optimum beam energy to measure
matter effects at a given baseline, we have examined the
following ratio, which is approximately the statistical signifi-
cance of the matter effect and is referred to in R&f.as the

A. Inputs figure of merit:

We present numerical result§ a 5 yr operation with a Nelwith matter Nelwithout matter
water Cherenkov detector. The detector size is assumed to be Rmatte™ AN
100 kt for all baselines. Sizes other than 100 kt will be la- e

beled whenever used. Here AN, is the total error of the electron event number, as
. e ) _ e !
The inputs of the mixing angles and MSD's are from so giscussed at the end of Sec. I, without the matter effect.

(3.9

lar, atmospheric, and CHOOZ experiments. For definitenes
we take siA(26;,) =0.8 and sif(26,3) =1.0. In most of our
results we use sf(26;5) = 0.05 for illustration and the effects
of larger and smaller values df,3, 0.01<sir’(26,5)<0.1,

igure 2 showsRp,.ierVErsus the baseline up to 3000 km for
several narrow band beams for the four MSD sign combina-
tions. We see that fdc=2100 km the optimal narrow band

will be investigated. The inputs of MSD’Amgl andAm§2 beams for the matter effect are with peak energies in the

: . > e 4 2 range of 4—6 GeV. For example, as shown in Fig. 2 for the
arg;els(f_esctlv\?zly given bmg,=5x10"" eV andAmay,  \SD sign |, the optimal narrow band beam has the peak
= eV

) , energy around =4 GeV. ForL=300 km, as expected,

Presently the signs of the MSD’s are unknown so thergnere is very little statistical sensitivity to the matter effect at
are four possibilities. all available energies.

Given a narrow band beam with,.,=4 GeV for L
' I I IV =2100 km andE,e,=0.7 GeV for L=300 km, Fig. 3

Am? + + _ _ shows the electron event rate versus @ié phase with or

32 : .

without matter effect. We see that fak; to have a fixed

value or small range of uncertainties the matter effect is ex-

. . . . perimentally measurable for=2100 km but hardly observ-
After showing the effects of all four sign combinations in the ;)10 tor. =300 km. However. in the currently fully allowed

electron event numbers we will choose the signs in case | forrange of 15, SiF(26,)=0.1, it is even difficult for the
illustration. 13 1 -4

Am3, + - + -~

TABLE Il. Same as Table |, but for a wide band beam.

B. Matter effects

. Electron No. Muon No. Tau No.

In Tables | and Il we show the,— v, event rates with
and without matter effects for a narrow band beam withL=2100 km | 151(96) 2313(231) 448 (453
Epea=4 GeV for both baselines. It is clear that for both I 151 (90 2326(2333 443 (449
narrow band and wide band beams the matter effect is sig- m 39 (90 2335(2333 454 (449
nificant on electron event number lat=2100 km, but neg- \Y] 49 (96) 2308(2311) 458 (453

ligible at L=300 km. As expected, the, and v, events
show very little matter effect at either distance. The event. =300 km I 453(443  271536(271535 731(731)
rates at both baselines can be increased if different narrow Il 359 (348  271842(271842 718(718
band beams are used. For example, lfe+ 2100 km the Il 337 (348  271843(271843 718(718
Epea=6 GeV beam has twice as many electron events as IV 431 (443  271535(271535 731(73)

the Epea=4 GeV beam.
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FIG. 2. Ryaier [EQ. (5)] versus the baseline for several narrow
band beams. ThE€P phases is taken to be zero and (26,5
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FIG. 3. The electron event number versus @B phase with
and without the matter effect. 26,5 is assumed to be 0.05 ex-
cept for the dotted curve which is for ${@6,5)=0.03 to show the
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FIG. 4. Same as Fig. 3, but for different MSD signs with matter
effect.

2100 km baseline to distinguish the matter effect from the
vacuum because of the following fact: Since the electron
event rate is proportional to 26,5, the electron event
rates for sif(26,5=0.03 with matter effect and for
sin?(26,5) = 0.1 in the case of vacuum are the same, as can be
inferred from Fig. 3; it is not possible to distinguish the two.
This ambiguity will be reinforced when the error is not neg-
ligible.

C. MSD sign effects

The sensitivity of the event rate to the sign of the MSD
for sirf(26,5)=0.05 is also shown in Tables | and Il for
Epea=4 GeV ands=0 for both baselines, and in Fig. 4 for
different energies for the two baselines as functions of the
CP phase. Tables | and Il show that the electron event rates
are sensitive to the sign of the MSD at the 2100 km baseline.
It is also interesting to note that fdr=300 km there is
sensitivity in distinguishing signs | and IV in which both
MSD are positive or negative from signs Il and Il in which
one is positive and the other negative. This general feature is
valid for other values of);5 once it is determined.

Figure 4, in which we take sf(26,5=0.05, shows
clearly that forL=2100 km | and Il are well separated from
Il and IV for all values of theCP phase. Hence the sign of
AmZ, should be readily determined with a moderate amount
of electron neutrino appearance data. However, the separa-
tion of | from Il depends on the value of tl&P phase. In the

effect of varying 6,5. Representative total errors are also shown.region of small, intermediate, and large value of @@

The MSD sign is assumed to be I.

phase, the sign oAm2, can be determined, but arour
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=130° and6=280° | and Il are not distinguishable. The 22100 km
signs Il and IV are almost inseparable in the whole region of e
5. Hence the sign oAm3, will be very hard to determine if E o T )
Am3,<0. Then an antineutrino beam is needed for the de- 50 L =7 T
termination. Fol. =300 km, Fig. 4 shows that it is difficult e NG S
to distinguish 1, II, Ill, and IV except in very special values = [ e,
of the CP phase. 30 Eo T
Unfortunately, the above result is true only éi5 is al- s Eo e
ready known. Similar to the situation discussed at the end ola E e 3
the preceding _subsection, the significant uncertainty in% 10 r ______________ [ . N
sir(26,5) muddies the water. As si(26,;) decreases the = e Epead T L e
electron event rate will also be reduced. Therefore, it is dif- ¢ =, F— 50 10 150 a0 280 300 35
ficult to distinguish signs | and Il of sma#l;5 from signs IlI o E =300 km N
and IV with a largerd;3. We demonstrate the decrease of the G '7* .. P
lepton event rate with decreasing%Rv,) in Fig. 4. Hence, uij 190 Eg%ﬁ&i .........
when the full range of current uncertainty éfs is included, 125 3 \ .............
i.e., sirf(20,9<0.1, the sensitivity in distinguishing the S, e T
MSD sign is lost for both baselines. 100 B e 07
75 — -
D. CP violation effects 50 \_/_\
Figures 3 and 4 show the electron event number versus 25

the CP phase, modulo the matter effect. The typical total 0 N T T N
errors are also shown. The dominant error is found to be 0 50 100 150 200 250 300 350

statistical, i.e., from the sourde as described at the end of CP Phase (degree)

Sec. Il. We see that, although the event rate varies signifi-

cantly with theCP phase, as the electron event rate is not a FiG. 5. The electron event rate versus ®B phase for differ-
single valued function of th€P phase, it is ambiguous to ent narrow band beams. The MSD sign is assumed to be .
determines from the electron event number even for a fixed

value of 13. The caveat of the uncertainty #y; discussed |n Fig. 6 we plotFcp(5) versus the peak energy of the
in the two previous subsections makes the ambiguity eveRarrow band beam separately for=2100 and 300 km. We
more Serious. show six values ofés=0°, 30°, 60°, 90°, 120°, and

The sensitivity of the electron event rate to € phase  150°. The curves approximately satisfy the relation
depends on the beam energy as shown in Fig. 5. At some of

the beam energies, e.g., 2 and 10 GeVLlfer2100 km and
0.7 GeV forL=300 km, the curves are quite flat, indicating 2
a poor sensitivity to theCP phase at such beam energies.
Furthermore, at almost no energies can one determine &
uniqgue CP phase from the electron event number at either
300 km or 2100 km.

To investigate the sensitivity we define two ratios involv-
ing the twoCP conserving phased=0° and 6=180°:

E L=2100 km
F Detector: 100 kt

L=2100 km
1000 kt

Fea(6)

Ne(8) —Ng(0°)

RO (6= —"——, 3.2
) ANLO®) (3.2
. Ne(6) —Ng(180°
RUEY) 5)= el O~ N 1809 (3.3
ANg(180°)
F L=300 km
whereNg(5), Ng(0°), andNg(180°) are, respectively, the 2 F 100kt 1000 kt

electron event numbers f@P phases’, 0°, and 180°, and e
ANg(0°) andANg(180°) are the total errors a=0° and
6=180°. We can now define the figure of md#i, i.e., the Peak Energy (GeV)
goodness of the fit, for th€ P violation measurement as the
smaller in magnitude of the two ratios:

FIG. 6. Fcp(5) [Eq. (8)] versus the peak energy of the narrow
band beams. The MSD sign is assumed to be . With the approxi-
o o mate relation F-p(180°+ 8)=—Fcp(d), the curves for &
—rp(0 180 cP cp
Fep=[RER(8),RER () Imin- (34 —180°, 210°, 240°, 270°, 300°, and 330° can be inferred.

073021-5



WANG, WHISNANT, XIONG, YANG, AND YOUNG PHYSICAL REVIEW D 65 073021

190 £ 75760 km r
90 ;— Eea=4 GeV 0_\ E
50 :_ \ 210
70 & OReremmmmmemee . v i
g g oot
e L T— o 10 -
e =
40 P OX e, [
T . E e A
O L e T =2 r
€ 2F a i
§ E ! ! ! L ! ! ! O s -
- 180 [ 50 100 150 200 250 300 350 © r
O r L=300 km r
S 160 - =07 GeV 50 L
8 140 - 0.1 L
- 120: ; | | | | | |
S g0 Ll A D e L
100 & 003 0035 004 0045 005 0055 006 0.065
80 o sin®(29,;)
Fo e . |
60 [ et T e FIG. 8. TheCP phase versus sif26,5) for a given electron
D L event numbeN,. The solid(dashedl curve is forN.=60 (40) at
F | | | | | | | L=300 km(2100 km with a narrow band bearipe,=0.7 GeV
20 0 50 100 150 200 250 300 350 (4 GeV). The MSD sign is assumed to be I.

CP Phase (degree)
CP phase from 0.6 at anoth€@P phase. This ambiguity is

FIG. 7. The electron event number versus BF phase for eyven more serious fok. =300 km because there is more
different SII%(Z@]_?‘) values. The MSD Sign is assumed to be |. Total variation of the event number as a function of F phase_
errors at some points are also shown.

IV. JOINT ANALYSIS OF BASELINES 2100 AND 300 km

Fcp(180°+ 8)~—Fcp(8). Hence the curves foré
=180°, 210°, 240°, 270°, 300°, and 330° can be in- We imagine that major efforts of the very long baseline
ferred as the negatives of the above corresponding curves féxperiments such as H2B will be the confirmation of the
5 less than 180°. The left panel is for the 100 kt detector andnatter effect, and the determination of the MSD signs, the
the right panel shows the results for a 1000 kt detector. W& P phase, and);;. However, there exist difficulties in find-
see that for the 100 kt detector at both baselines the effects #1g unique solutions for them, given the measured electron
the finite CP phases are within & from each other, includ- eventrate, as demonstrated in the preceding section. We have
ing the CP conserving case. If we increase the detector sizéliscussed repeatedly in the previous section the ambiguities
to 1000 kt, theCP violation effects can reach theo2level ~ caused by the current wide range of uncertaintyia.
for the beams aroun&eu~3-4 GeV and 6—7 GeV for There are other ambiguities which are caused by the multi-
5=60°-120° and 240°-300° &t=2100 km, and around Vvaluedness of the oscillation probability as a function of the
Epea=0.7 GeV for similard ranges at. =300 km. oscillation parameters and the possibility of overlapping pa-
rameter regions. To illustrate the latter ambiguity let us con-
sider Fig. 4. For the simplicity of argument, let us ignore any
possible errors. Suppose a measurement of the electron event

In all the above results we have used?#,;)=0.05. rate is 60 at the 300 km baseline for a narrow band beam
Since v,— v, is proportional to sif(26,5), the latter is a  with peak energy 0.7 GeV. Then tkP phase can be around
sensitive parameter for the electron event number. Accordeither 0° or 150° for sif(26,5) =0.05. Similarly, suppose a
ingly, a counting experiment of the electron event numbemeasurement at the 2100 km baseline gives, say, the electron
may provide a good measurement for the value cf(8if,). event rate of 40 at 4 GeV. Then ti&P phase can be either

In Fig. 7 we present the electron event number versus th&50° or 300° for siA(26,5) =0.05. Further, since the value of
CP phase for different sf26,3) values. The error bars in- sirf(26,5) is unknown, we in fact obtain a curve in the
dicate the sizes of the estimated total errors. From the tota-sir’(26,5) plane for a given electron event number, as
errors, we see how precisely the %R¥,;) value can be shown in Fig. 8. Hence a measurement from only one ex-
measured. For example, fdc=2100 km the curve of periment, either aL =300 km or atL=2100 km, is not
sir’(26,9) =0.08 (0.06) lies about 15 (30) away from  enough to determine thH@P phase or the value of Sif26;5).
that of sirf(26,5) =0.1. Thus it is difficult to distinguish 0.1 To illustrate the advantage of the joint analysis of two
from 0.08 all along the curves. Furthermore, without know-widely different baselines, we plot in Fig. 8 ${@6,5) vs &
ing theCP phase, it may be difficult to distinguish 0.1 at one for measured electron event rates for both 300 km and 2100

E. Effects of the uncertainty of sirf(26,3)
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E,.s(300) =0.7 GeV TABLE Ill. Some Eeq4 values(GeV) of narrow band beams
Epea2100)=4 GeV where the ellipses dfl¢(300) versudN,(2100) asCP phase varies
from 0° to 360° collapse into line segments. The MSD sign is
assumed to be case I.

90

80

o0

70 o

%

60 Epeal(?’oo) Epeal(zj-oo)

.

) “',,(/.ﬁ./\;//
ShEa 0.70 0750 1215 185 230  6.30

S 0.80 0820 110 198 225 7.0
0.85 0820 120 205 219 830
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40

Q
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%
N

30

|||—I-|.|I|.|I|||I|||I|||I i
S = P o = e arrow on the curve. The curves are generally ellipses and the

(300) =0.7 Gev eccentricity of the ellipse is determined by the specific beam
::t(gmo):ég GeV - energies of the two baselines.
We fix 0.7 GeV for the 300 km baseline and allow the
A 7|

Ne (2100)

120

mm

100
energy at 2100 km to change. The upper diagram of Fig. 9 is

0/%(,/ at 4 GeV for 2100 km. When si(26,5) increases the ellipse
o moves toward the upper right, i.e., increasing the electron
o event rate for both baselines. This is expected from the fact
that the oscillation probabilityv,— v, is proportional to
sirf(26,5). Since the ellipses of neighboring values of
Sin?(26,5) overlap significantly, the value of and sirf(26,5)
L cannot be determined uniquely, reflecting again the ambigu-
80 100 120 140 ities discussed in the preceding section. However, there are
energies at which the overlap of the ellipses is minimized.
Ne <3OO> The lower diagram of Fig. 9 shows that the ellipses of con-
stant 6,5 are collapsed into lines when the beam energy of
the 2100 km baseline is 6.3 GeV. So in principle the joint
measurement allows us to narrow down the allowed range of
Sir?(26,5). For the lines each measurement still allows two
values of 8. But the two values of that fall on top of one
another on the line segment will be separated when the line
becomes an ellipse. So measurements at both 6.3 and 4 GeV
will offer a better possibility of determining the values of
Sirf(26,5) and & simultaneously.
km baselines at, respectively, 60 and 40 events for MSD sign In Table Il we present, for the case of MSD sign |, some
I In the absence of any errors, the intersection of the curveBpeakvalues in GeV of narrow band beams where the ellipses
gives unique values of both ${®6;5) and é. In reality the  Of N¢(300) versusN¢(2100) as th&C P phase varies from 0°
situation will be more complicated due to the presence of© 360° collapse into lines. At these energies the curves for
errors of the measurements, and hence the intersection of théSD sign Il are ellipses of high eccentricities which ap-

two curves will cover a sizable area of the %29 3) VS & proximate lines. For MSD signs Il and I\/,'and in the ab.'
1 sence of the matter effect, the curves are ellipses of very high

plane. However, this example shows the possibility of extra . . .

leverage one can aain with two different baselines eccentricities. For these energies the combined measure-
| tﬁ' . 9 i f | ' f ents of electron events &t=2100 km andL=300 km

_ [N this section we present Some of our analyses of suciy, provide a better measurement forPEn, 5).

joint measurements, taking advantage of superbeams like

HIPA, which can offer multiple narrow band beams of dif-

ferent energies. We use different energies at the two base- . o .

lines. We will plot the 2100 km baseline vs the 300 km In Fig. 10 we present similar results, but for different

baseline by simultaneously looking at two different param-MSD signs with fixed sif(26,5) =0.05. The results without
eters. the matter effect are also plotted, with the dotted curves de-

noting MSD sign Il or Il and the dashed ones | or IV. In the
absence of the matter effect MSD signs | and IV give the
A. sin%(20,) and the CP phase d same results and so do the MSD signs Il and lll, as already
) shown in Tables | and Il. For the almost overlapping curves
In Fig. 9 we show the electron event number lat 4 \MSD signs 11l and IV with matter effects, the solid ones
=2100 km versus that at=300 km for fixed MSD sign I.  denote Ill and dotted ones IV.
Each curve has a fixed value of §®6,5) with the CP phase It is clear from Fig. 10 that in the lower diagram, i.e., 6.3
6 varying in the full possible range from 0° to 360°. The GeV for the 2100 km baseline, it is quite easy to differentiate
6=0° point is marked by a solid dot and tlée=180° point  MSD signs | and Il from Il and IV, and from the case with-
by a cross. The direction of increasidgs indicated by the out the matter effect. To make better measurements it is

80

<

60

\o\
Q
b4

40

A e S e B e na e
°
2

~
<
Rz
o

FIG. 9. Electron event number dt=2100 km versusL
=300 km for different siA(26,5) values. TheCP phasesd in-
creases from 0{solid bullets to 180° (crossesand then to 360°
according to the direction indicated by the arrows. The MSD is
assumed to have the sign I. In the lower digram EQg.(300)
=0.7 GeV andE,(2100)=6.3 GeV, the ellipses collapse into
line segments. The typical total errors are also shown.

B. MSD sign and theCP phase é
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Ne (300) The investigation of ther appearance and the inclusion of

the v, beam option in the analysis, which is needed in the
cases of MSD signs Ill and 1V, i.eAm3,<0, will be in-
cluded in a future investigation. There we will also make a
again better to take measurements with the line together witfore complete search for the best energies of the two base-
the ellipse. lines for the various parameters.
We finally note that the statistics are generally low in all

V. CONCLUSION the cases discussed. Running with a higher energy narrow
and beam will increase the statistics. However, that may be
isfavored by the figure of merisignal to error ratip An-
other way to increase the statistics is to increase the detector
mass. It has been pointed out, however, that there is a satu-
ration problen 13] caused by systematic errors which are of
the form of the errors of type@) and(iii ) as discussed at the
end of Sec. Il. These errors increase linearly as the number
of events rather than the square root of the number of events,

peak energy£ 0.7 GeV) is preferable. But the matter effect as is the case of the statistic error. Hence, when the mass of
is hardly observéble at such a shorte'r baseline. the detector is increased so that the number of events be-

(c) The two baselines 300 km and 2100 km are comple£0mMes sufficiently Iargef the systematic error becqmes domi-
mentary to each other. Through the joint analysis of the twd'@nt. After that, .fqrther increase of the detector.3|ze may no
baselines, some of the ambiguities associated with the mei2nger be beneficial. In Fig. 11 we show the ratioAd¥, to
surement at either baseline may be resolved. N, as a function of the detector mass. We see that according

With the optimum narrow band beam 5 yroperation of  to our general error estimate the bed\, to N ratio that
a 100 kt water Cherenkov detector at a very long distancean be attained is 6%. When the detector reaches 1000 kt the
such asL=2100 km has the following physics prospects: benefit of further increasing the detector size is no longer
(1) The matter effects can be observég); the sign ofAm3,  significant.
may be determined3) the sign ofAmg1 may be determined
only in favorable situationg4) evidence exceeding&of a
CP violating phase may be seen in favorable cases for a ACKNOWLEDGMENTS
detector size of 1000 kt or with a much longer running time;

(5) combined with analyses dt=300 km, the parameter We thank K. Hagiwara and N. Okamura for discussions.
sir’(26,9) may be measured and the matter effects are mor@e also thank our colleagues of the H2B collaborafidh
clearly determined. for support. This work is supported in part by DOE Grant

In this article we have focused om,— v, exclusively. ~No. DE-FG02-G4ER40817.

FIG. 10. Similar to Fig. 9 for different MSD signs with fixed
sir?(26,3) =0.05. The results without matter effects are also plotted.

In the above study of the event rates and the sensitivity t(g
various oscillation parameters, we found the following.

(a) At the distanceL=2100 km, a narrow band beam
with peak energy of about 6 GeV is optimum for measuring
CP violation effects and of about 5 GeV for measuring mat-
ter effects.

(b) To measure th& P violation effect at a shorter dis-
tance such ak =300 km, a narrow band beam with lower
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