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Abstract

We examine the use of two superbeam neutrino oscillation experiments with baselt@®0 km to resolve parameter
degeneracies inherent in the three-neutrino analysis of such experiments. We find that with appropriate choices of neutrino
energies and baselines two experiments with different baselines can provide a much better determination of the neutrino
mass ordering than a single experiment alone. Two baselines are especially beneficial when the mass scale for solar neutrino
oscillationsSmgOI is >5x 10°° eV2. We also examine CP violation sensitivity and the resolution of other parameter
degeneracies. We find that the combined data of superbeam experiments with baselines of 295 and 900 km can provide
sensitivity to both the neutrino mass ordering and CP violation fér2sigs down to 0.03 forism2,,| ~ 3 x 10~3 eV2. It would
be advantageous to have a 10% determinatiofse,,,| before the beam energies and baselines are finalized, although if
|8m§tm| is not that well known, the neutrino energies and baselines can be chosen to give fairly good sensitivity for a range of
18mZim-
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1. Introduction while the charged-current measurement shows a de-
pletion of the electron neutrino component relative to
Atmospheric neutrino data from Super-Kamio- the total flux [3]. Global fits to solar neutrir?o data
kande provides strong evidence thats created in ~ 9IV€ @ strong preference for the Large Mixing An-
the atmosphere oscillate tg with mass-squared dif- glez(LMA) SO|U'[5IOH ;O the solar neutrino puzzle, with
ferenceldm2,,| ~ 3 x 103 eV2 and almost maximal 95 ~ 5> 10> eV=and amplitude close t0 0.8[3,4].
amplitude [1]. Furthermore, the recent solar neutrino 1€ combined atmospheric and solar data may be
data from the Sudbury Neutrino Observatory (SNO) explal_ned by oscillations of three_ neutrinos, that are
establishes that electron neutrinos change flavor asd€scribed by two mass-squared differences, three mix-
they travel from the Sun to the Earth: the neutral- N9 @ngles and a CP violating phasez. The aztmospherlc
current measurement is consistent with the solar neu-2nd solar data roughly determise: g, dmg, and

trino flux predicted in the Standard Solar Model [2], the corresponding mixing angles. The LMA solar so-

lution will be tested decisively (antiimgoI measured
accurately) by the KamLAND reactor neutrino exper-

E-mail address: whisnant@iastate.edu (K. Whisnant). iment [5,6]. More precise measurements of the other
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oscillation parameters may be performed in long- In Section 3 we analyze how two long-baseline super-
baseline neutrino experiments. The low energy beam beam experiments can break degeneracies, determine
at MINOS [7] plus experiments with ICARUS [8] and the neutrino parameters, and establish the existence
OPERA [9] will allow an accurate determination of of CP violation in the neutrino sector, if it is present.
the atmospheric neutrino parameters and may provide A summary is presented in Section 4.
the first evidence for oscillations of, — v, at the
atmospheric mass scale [10]. It will take a new gen-
eration of long-baseline experiments to further probe 2. Parameter degeneracies
v, — Vv, appearance and to measure the leptonic CP
phase. Matter effects are the only means to determine _ _ o
sgn(sm2,,); once sgm2,,) is known, the level of in- We wqu in the three-neutrl_no scenario using the
trinsic CP violation may be measured. Matter effects Parametrization for the neutrino mixing matrix of
and intrinsic CP violation both vanish in the limit that Ref. [11]. If we assume thavs is the neutrino
the mixing angle responsible fo, — v, oscillations ~ €igenstate that is separated from the other two, then
of atmospheric neutrinos is zero. dm3, = Smiy, and the sign ofsm3, can be either
It is now well known that there are three two- POSitive or negative, corresponding to the massof
fold parameter degeneracies that can occur in the being either larger or smaller, respectively, than the
measurement of the oscillation amplitude fgr — other two masses. The solar oscillations are regulated
v, appearance, the ordering of the neutrino masses,by dm3; = dmZ;, and thus|sm3,| < [sm3,|. If we
and the CP phase [11]. With only one and one accept the likely conclusion that the solar solution
7 measurement, these degeneracies can lead to eights LMA [3,4], then 5m3, > 0 and we can restrict
possible solutions for the oscillation parameters; in 912 to the range{0, z/4]. It is known from reactor
most cases, CP violating (CPV) and CP conserving Neutrino data thagss is small, with sirf 2613 < 0.1
(CPC) solutions can equally explain the same data. at the 95% C.L. [22]. Thus a set of parameters that
Studies have been done on how a superbeam [11—16]Unambiguously spans the spacesis3; (magnitude
neutrino factory [16-18], superbeam plus neutrino and sign)gms3,, sir? 2615, sindzs, and sirf 2613; only
factory [19], or two superbeams with one at a very theézzangle can be below or abowg4.
long baseline [20,21] could be used to resolve one or ~ For the oscillation probabilities for, — v, and
more of these ambiguities. v, — V. We use approximate expressions given in
In this Letter we show that by combining the results Ref. [11], in which the probabilities are expanded
of two superbeam experiments with different medium in terms of the small parametefsz and sm3; [23,
baselines< 1000 km, the ambiguity associated with  24], which reproduces well the exact oscillation prob-
the sign ofsm?,,, can be resolved, even when it cannot  abilities for £, 2 0.5 GeV, 613 < 9°, and L <
be resolved by the two experiments taken separately. 4000 km [11]. In all of our calculations we use the av-
Furthermore, the ability to determine ggm3,,,) from erage electron density along the neutrino path, assum-
the combined data is found to not be greatly sensi- ing the preliminary reference Earth model [25]. Our
tive to the size ofsm2,, unlike the situation where  calculational methods are described in Ref. [12].
data from only a single baseline is used. If both ex-  We expect thatém2,| and sirf 20,3 will be mea-
periments are at or near the peak of the oscillation, a sured to an accuracy aof 10% at & from v, — vy,
good compromise is obtained between the sensitivities survival in long-baseline experiments [7-10], while
for resolving sg@m2,,) and for establishing the ex-  8m3,; will be measured to an accuracy=fl0% at 2
istence of CP violation. |famgtm| is not known accu-  and sirf 261> will be measured to an accuracy-0.1
rately, the neutrino energies and baselines can be cho-at 2 in experiments with reactor neutrinos [6]. The
sen to give fairly good sensitivity to the sign mgtm remaining parameter®s, the CP phasé, and the
and to CP violation for a range wmgtm|. sign ofamgl) must be determined from long-baseline
The organization of our Letter is as follows. In Sec- appearance experiments, principally using the modes
tion 2 we discuss the parameter degeneracies that carv, — v, and v, — v, with conventional neutrino
occur in the analysis of long-baseline oscillation data. beams, ow, — v, andi, — v, at neutrino factories.
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However, there are three parameter degeneracies thaflapan Hadron facility (JHF) to the Super-Kamiokande

can occur in such an analysis: (i) th& €13) ambigu-
ity [17], (i) the sgr(8m§l) ambiguity [13], and (iii) the
(623, T /2 — 623) ambiguity [11,26] (see Ref. [11] for a

detector at Kamioka. For the differential rates (flux
times cross section per kiloton-year vs. neutrino en-
ergy) of this experiment we use theit 8ff-axis beam

complete discussion of these three parameter degen-with average neutrino energy of 0.7 GeV [27]. For

eracies). In each degeneracy, two different sets of val-
ues foré and @13 can give the same measured rates
for both v and v appearance and disappearance. For
each type of degeneracy the value®gf for the two
equivalent solutions can be quite different, and the two
values ofs may have different CP properties, e.g., one
can be CP conserving and the other CP violating.

A judicious choice ofL and E, can reduce the
impact of the degeneracies. For examplel. ffE,, is
chosen such that = |§m3,|L/(4E,) = 7 /2 (the peak
of the oscillation in vacuum), then the cbgerms

the second experiment we assume an off-axis beam
in which the beam axis points at a site 735 km from
the source (appropriate for a beamline from NuMI at
Fermilab to Soudan, or from CERN to Gran Sasso).
For the off-axis beam of the NuMI experiment we use
the results presented in Ref. [28], which provides dif-
ferential rates for 39 different off-axis angles ranging
from 0.32° to 1.76°. We calculate the total number of
events by integrating the differential event rate times
oscillation probability for each experiment, using the
energy ranges 0.11-10.0 GeV for the JHF spectra and

in the average appearance probabilities vanish, even0.2—20 GeV for NuMI spectra.

after matter effects are included [11]. Then since it
is sind that is being measured, th&, ¢13) ambiguity

is reduced to a simple§(mw — §) ambiguity, CPV
solutions are no longer mixed with CPC solutions,
and 613 is, in principle, determined (for a given
sgr(Smgl) and6q3). If L is chosen to be long enough
(= 1000 km), then the predictions fdmgl > 0 and
amgl < 0 no longer overlap ib13 = a few degrees,
and the Sg(ﬁm%l) ambiguity is removed; our previous
studies indicated that fatm3, = 5 x 107> eV? this
happens atL > 1300 km if sirf 2613 > 0.01 [11]
(before experimental uncertainties are considered).
However, the persistence of the S@Iﬂ%l) ambiguity

is highly dependent on the size of the solar oscillation
mass scale, because large valueso, cause the
predictions forsm3; > 0 and§m3, < 0 to overlap
much more severely than whém%1 is smaller. Also,
existing neutrino baselines are no longer than 735 km.
In this Letter we explore the possibility that two
experiments with medium baselines§ £000 km) can
determine sgmmgl), even when data from one of the

Using the off-axis components of the beam has the
advantage of a lower background [15,29,30] due to
reducedv, contamination and a smaller high-energy
tail. Off-axis beams also offer flexibility in the choice
of L and E,. For example, for a beam nominally
aimed at a ground-level site a distante from the
source, the distance to a ground-level detector with
off-axis angledpoa can lie anywhere in the range

2R, SiN@ — Boa) < L < 2R, SiN@ + Bon), 1)

where sir® = Lo/(2R.), andR, = 6371 km is the ra-
dius of the Earth. Then fatZ < R? the possible range
of distances for an off-axis detector at approximately
ground level is

Lo—2Rc.00A S LS Lo+ 2R.00A. (2

The neutrino energy and neutrino fluk, decrease
with increasing off-axis angle as
0.43E,

Ey=—
" 149202,

T o (3)

baselines alone cannot. We then address the sensitivityyyhere , — £, /m, is boost factor of the decaying

for establishing CP violation.

3. Joint analysis of two superbeam experiments

3.1. Description of the experiments and method

For our analysis we take one baseline to be 295 km,
the distance for the proposed experiment from the

pion. Thus a wide range df and E, can be achieved
with a single fixed beam, although the event rate will
drop with increasing off-axis angle because the flux
decreases and the neutrino cross section is smaller at
smallerE, (thereby putting a limit on the usable range
of L andE)).

For the first experiment ak1 = 295 km, we as-
sume that the neutrino spectrum is chosen so that the
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coss terms in thev andv oscillation probabilities van-
ish (after averaging over the neutrino spectrum), us-
ing the best existing experimental value W%r The
JHF 2 off-axis beam [31] satisfies this condition for
8m3; = 3 x 1073 eV2. This spectrum choice reduces
the @, #13) ambiguity to a simpled, = — §) ambiguity,

as described in Section 2. For the second experiment

we allow L, andfpa to vary within the restrictions of
Eqg. (2). This flexibility can be fully utilized if a deep
underground site is not required; the short duration of

the beam operation (an 8.6 us pulse with a 1.9 s cy-

cle time [32]) may enable a sufficient reduction in the

cosmic ray neutrino background. We assume that the
proton drivers at the neutrino sources have been up-

graded from their initial designs (from 0.8 to 4.0 MW
for JHF [31] and from 0.4 to 1.6 MW for FNAL [33]),

so that they are both true neutrino superbeams. We as-

sume two years running with neutrinos and six years
with antineutrinos at JHF, and two years with neutri-

nos and five years with antineutrinos at FNAL; these
running times give approximately equivalent numbers
of charged-current events for neutrinos and antineutri-
nos at the two facilities, in the absence of oscillations.

For detectors, we assume a 22.5 kt detector in the JHF
beam (such as the current Super-Kamiokande detec-

tor) and a 20 kt detector in the FNAL beam (which
was proposed in Ref. [15]). Larger detectors such
as Hyper-Kamiokande or UNO would allow shorter
beam exposures or higher precision studies. In all of
our calculations, we assuniém3,| = 3 x 1073 eV?,
623 =1 /4,8m3, =5x 1075 eV?, and sirf 201, = 0.8,
unless noted otherwise.

We first consider the minimum value of i3
for which the signal in the neutrino appearance chan-
nel can be seen above background at ihde¥el (the
discovery reach), varying over a range of allowed val-
ues fordpa andL2 in the second experiment. The dis-
covery reach depends on the valuesadind the sign
of §m3,; the best (wherdm3, > 0) and worst (when
amgl < 0) cases in the channel (after varying ove)
are shown in Fig. 1. In the channel, the best case oc-
curs forcSm31 < 0 and the worst f06m3l > 0. In our

V. Barger et al. / Physics Letters B 560 (2003) 75-86
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Fig. 1. Contours of (a) best-case (wheﬂm%l > 0), and
(b) worst-case (wherimgl < 0), sirf 2013 30 discovery reach in
the @oa, L2) plane, for thev channel at NuMI, wherépp is the
off-axis angle andL» is the baseline of the NuMI detector. For
the other neutrino parameters we assyswes;| = 3 x 103 eV,
O23=1/4,6m3, =5 x 107° eV2, and sirf 201, = 0.8. The boxes
indicate detector positions for which the dogerms in the aver-
age oscillation probabilities vanish. For thehannel the results are
similar, except that the best case occurssﬁea%l < 0 and the worst

calculations we assume a background that is 0.5% of case forsm3, > 0.

the unoscillated charged-current rate (see Ref. [15]),
and that the systematic error is 5% of the background.
The statistical uncertainty of the signal plus back-

general conclusions are not significantly affected by

ground events and the assumed systematic uncertalnt>fe<'3‘50”<"\bIe changes in these experimental uncertainty
are added in quadrature. However, we note that our @ssumptions. Detector positions where there are no
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Table 1

Number ofv, — v, survival, andv,, — v, andv, — v, signal and background events for the JHF and NuMI experiments, shown for several
values of sif 263 and 5. The other oscillation parameters are chosen to be the standard values described in the text. The NuMI detector is
placed atL = 890 km andpp = 0.74°

sin? 2613 8 JHF NuMl
V= vy Y —> Ve 17,,_ — Ve V= vy Dy = Ve Dy — Ve
survival B S/B survival B S/B
0.01 90 22980 46115 85102 14210 4371 6071
270 22980 103115 36/102 14210 9471 2171
0.03 90 22980 164115 216102 14210 15471 14971
270 22980 263115 132102 14210 24871 8271
i 1200 T T T T T T T
coss dependence in the rates are denoted by boxes. sin%(2 6,5) = 0,080 ——
The best reach is #2613 ~ 0.003, which occurs for 080

foa >~ 0.5-0.9. In the worst case scenario the reach 1000
degrades to sf613~ 0.01. Table 1 shows the num-
ber of v, — v, survival, andv, — v, andi, — v,
signal and background events for several values of
sir? 2013 and§ when L = 890 km anddoa = 0.74°

for the NuMI detector.

The measurement @ and P at L4 allows a de-
termination of sif 2013 and sins, modulo the possi-
ble uncertainty caused by the sign &Thgl, assum-
ing for the moment that,3 = 7 /4, so there is no
(623, T /2 — 623) ambiguity. The question we next con-
sider is whether an additional measuremenpPadénd

L (km)

P at L, can determine sgamgl), measure CP viola- 20 e,
tion, and distinguisi from = —§. We define the;? of Boa ()
neutrino parameters’( 0; ;) relative to the parameters
(3, 913) as Fig. 2. Contour_s of 3%2913 reach for resolving the sign dfm%l
at the & level in the Ppa, L2) plane when data from JHF and
. "2 NuMI are used. The JHF detector is assumed to have baseline
(Ni — N;)
X2 = Z ’72’, (4) L1 = 295 km. Other parameters and notation are the same as in
(ONi) Fig. 1.

whereN; andN; are the event rates for the parameters

(8,613) and ¢, 6;5), respectivelysN; is the uncer-  sign ofsm3, from all other possible sets of oscillation
tainty in N;, andi is summed over the measurements parameters with the opposite signmgl, we sample
being used in the analysis @ndv at L1 andv andv the @, #13) space for the opposite s@mgl) using a

at Lp). ForsN; we assume that the statistical error for  fine grid with 1° spacing in and approximately 2%
the signal plus background can be added in quadratureincrements in sifi2613. If the x2 between the original
with the systematic error. For a two-parameter system set of oscillation parameters and all of those with the
(6 and 613 unknown), two sets of parameters can be opposite sg6m3,) is greater than &7 (1183), then

resolved at the@ (30) level if * > 6.17 (1183). sgr(émgl) is distinguished at thea2(30') level for that
- _ parameter set.
3.2. Determining the sign of §m3, Fig. 2 shows contours (in the space of possibje

andépa for the second experiment) for the minimum
To determine if measurements Af and Ly can value of sif 2013 (the sirf 2013 reach) for which
distinguish one set of oscillation parameters with one sgr(amgl) may be determined at thex3evel when
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Table 2

sin? 2013 reach for determining the sign &hgl at 3 usingv andv

data from JHF at 295 km and NuMI &b, for various detector sizes
and proton driver powers. The approximate rangégX that can
obtain the reach shown is given in parenthedes; 900 km in all

cases
JHF NuMI (20 kt)
0.4 MW 1.6 MW

sir? 2013 (Bop) sin? 2013 (Bon)
no JHF data 0.09 (0.7-Fp 0.05 (0.8-1.9)
22.5 kt, 0.8 MW 0.07 (0.8-19 0.04 (0.9-1.0)
22.5 kt, 4.0 MW 0.06 (0.7-199 0.03 (0.7-1.0)
450 kt, 4.0 MW 0.05 (0.6-19 0.02 (0.7-0.9)

v and v data fromL, and L, are combined. As in
Fig. 1, the boxes indicate the detector positions where
the cos terms in the average probabilities vanish. For
the $m3, > 0 solution,§ = 90° is chosen since it has
the most serious overlap problem with th%l <0
solutions.

The best reach of about €93 ~ 0.03 for
sgr(Smgl) determination can be realized fépa >~
0.7-10° andL> values near the maximum allowed by
Eq. (2) &= 875-950 km). Table 2 shows the sensitivity
for determining sg(ﬁmgl) for different combinations
of detector size and proton driver power in the two ex-
periments. The table shows that once enough statis-
tics are obtained at JHF (with a 22.5 kt detector and
a 4 MW source), combined JHF and NuMI data sig-
nificantly improve the sifi2613 reach for determining
sgrtémgl) at 3 (by nearly a factor of two compared
to data from a 1.6 MW NuMI alone).

The ability to distinguish the sign dfngl is greatly
affected by the size of the solar mass so?a;k-?zfl, be-
cause the predictions fém3, > 0 andsm3, < 0 over-
lap more for larger values QTm%l. In Fig. 3(a) we
show the region in{, sirn? 26013) space for which pa-
rameters WithSm%l > 0 can be distinguished from all
parameters witlim2, < 0 at the 3 level for several
possible values o8m3,, using combined data from
L1 =295 km andL» = 890 km, withfpa = 0.74°
for the second experiment. With this configuration the
coss terms in the average probabilities vanish for both
experiments and nearly maximal reach for distinguish-
ing sgr(8m§l) is achieved. A similar plot using only
data atL, = 890 km andfpoa = 0.74° is shown in
Fig. 3(b). We do not show a corresponding plot for

V. Barger et al. / Physics Letters B 560 (2003) 75-86

360 T

dmPy =210 -
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315 F 5107 3
1107 -~
210"
270 | 3
225 F 3
< 180 F 3
(2]
135 | 3
%0 F 3
45 b 3
() JHF + NuMI
O 1
0.0001 0.001 0.1
sin®(28,5)
360 T
315 F 3
270 F 3
225 3
< 180 | 3
2]
135 | 3
%0 F 3
45 F 3
(b) NuMI only
0
0.0001 0.001 0.1
sin?(26,5)

Fig. 3. Minimum value of sifi2613 for which sgriém%;) may be
determined at @, assuming the true solution ham%l > 0, using

v and v data from (a) JHF withL1 = 295 km and NuMI with

Ly =890 km, and (b) only NuMI withZ, = 890 km, for several
values ofsm3, (in eV2). The off-axis angle for the NuMI detector

is 6pa = 0.74°. Other parameters are the same as in Fig. 1. Results
for smgl < 0 are approximately given by reflecting the curves about
5 =180.

L1 =295 km because the shorter baseline severely in-
hibits the determination of sgém2,). A comparison

of the two figures shows that fér= 270 (where the
sm3, > 0 predictions have the least overlap with any
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Table 3

sin? 2013 reach for determining the sign cﬁfmgl at 3 usingv
and v data from JHF at 295 km and NuMI dty = 890 km with
foa = 0.74°, for different combinations of sgmmgl) and 6»3,

where siif 2053 = 0.9

sgn(sm3,) sin? 2613 reach for sgvm3,)
sinfp3 = 0.585 sip3 =0.811
+ 0.04 0.02
- 0.03 0.03

of those forsm3, < 0) the sensitivity to sgdm3,)
is not significantly improved by adding the data at
L1. However, at§ = 90° the ability to distinguish
sgn(m3,) is much less affected by the value®h3,
when the data at; is included. With data only at»,
sgném3,) can be determined for 2913 = 0.1 when
§ = 90° only for m2; < 8 x 107° eV2, while with
data atL; and L, it can be determined for si26;3
as low as 0.04 foém32, as high as 2 10~4 eV2. The
corresponding results fdmgl < 0 are approximately
given by reflecting the curves in Fig. 3 abéut 180°.

We conclude that combining measurements of>
ve andv, — v, from two superbeam experiments at
differentL results in a much more sensitive test of the
sign ofamgl than one experiment alone, especially for
larger values of the solar mass scéies; .

The ability to determine sgamgl) is also affected
by the value ob,3. We found that the sf2613 reach
for determining sg@m3,) at 3 varied from 0.02
to 0.04 for sirf 20,3 = 0.90 (compared to 0.03 when
623 =1 /4), depending on whethém%l is positive or
negative, and whethehs < /4 or 623 > n/4. The
sgrtamgl) sensitivities for different possibilities are
shown in Table 3.

3.3. Establishing the existence of CP violation

An important goal of long-baseline experiments is
to determine whether or not CP is violated in the
leptonic sector. In order to unambiguously establish
the existence of CP violation, one must be able to
differentiate betweers( 613) and all possibled(, 6} 5),
whered’ = 0° or 180° andd; ; can take on any value.
For our CP violation analysis we vary §in913 in 2%

81

1200 T T T T T T T

L (km)

200 1 1 1 1 1 ! !

B0a (%)

Fig. 4. Contours of 3%2913 reach for distinguishing = 90° from

the CP conserving values= 0° and 180 at 3 (for the same
sgr(émgl)), plotted in the §poa, L2) plane, when data from JHF and
NuMlI are combined. Other parameters and notation are the same as
in Fig. 1. Results fos = 270° are similar to those fo$ = 90°.

Fig. 4 shows contours of Si?2613 reach for dis-
tinguishingé = 90° from the CP conserving values
8 =0° and 180 at 3 (with the same sgim3,)),
plotted in the ¢oa, L2) plane, assuming andv data
at bothL1 and L, are combined. The CP conserving
solutions are sampled over a wide range irf 8N 3,
not just for the same value of €ii93 as thesm3, > 0
solution. The CP reach in $i9;3 can go as low as
0.01 forfppa = 0.5° to 0.9°. Results fors = 270° are
similar to those fob = 90°.

Fig. 5 shows the minimum value of $ig¢13 for
which § can be distinguished from all CP conserving
parameter sets with= 0° and 180, including those
with the opposite sgﬁmgl), at the & level when
fop = 0.74° and Lo, = 890 km, for several different
values ofamgl. Fig. 5(a) shows the reaches if data
from JHF and NuMI are combined, while Fig. 5(b)
shows the reaches if data from NuMI only are used.
For most values of, when amgl is higher the CP
effect is increased, and hence CP violation can be
detected for smaller values 6f3. However, there is
a possibility that a CPV solution with one sgm3,)
may not be as easily distinguishable from a CPC

increments, as was done in the previous section whensolution with the opposite sgéw3,); this occurs, e.g.,

testing the sg@m2,) sensitivity.

in Fig. 5(a) for §m3, = 1 x 10~ eV2, where the
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(a) JHF + NuMI
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1107 -~
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9 F , /
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O 1 1
0.0001 0.001 0.01 0.1
sin(26,5)
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{b) NuMI only P
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270 | <
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i
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sin(26,5)

Fig. 5. Minimum value of sif 2613 vs. CP phasé for which § can

be distinguished from the CP conserving valdes 0° and 180
(with either sign Ofémgl) at the & level when (a) data from JHF
and NuMI are combined, and (b) data from NuMI only are used. The
baseline for JHF id.q = 295 km, while for NuMI Lo = 890 km
andfpa = 0.74°. The curves are plotted for several values of the
solar mass scalbngl (in eV2). Other parameters are the same as in
Fig. 1.

predictions for § = 45° and 135, amgl > 0) are close
to those for § = 0° and 180, ém3, < 0), in this case
the CP reach for those values &fs about the same
for sm3, =1 x 10~* eV? andém3, =5 x 107 eV2.
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We note that if data from only JHF are used (and
assuming sifi2613 < 0.1) no value of the CP phase
can be distinguished ato3from the CP conserving
solutions whensm3, < 8 x 107° eV?, principally
because the intrinsic CP violation duestand the CP
violation due to matter have similar magnitudes and it
is hard to disentangle the two effects. For larger values
of 8m3,, the intrinsic CP effects are larger and CP
violation can be established, e.g.gifi3; = 1 x 1074
(2 x 1004 eV2, maximal CP violation { = 90° or
270°) can be distinguished from CP conservation at
30 for sin?2613 > 0.006 (Q001). Therefore, when
8m3; = 1x 10~%eVZ, most of the CP sensitivity of the
combined JHF plus NuMI data results from the JHF
data, forsm3, = 2 x 10~* eV? the two experiments
contribute about equally to the CP sensitivity.

The boxes in Figs. 2 and 4 indicate the values of
L> andfpa for which the cos$ terms in the average
probabilities vanish for the second experiment. As in-
dicated in the figures, these detector positions are good
for both distinguishing sg(ramgl) (see Fig. 2) and for
establishing the existence of CP violation (see Fig. 4),
especially for larger values @f;. A good compromise
occurs abpa >~ 0.74° with Ly >~ 890 km. In Ref. [15]
it was shown that similar values fépa and Ly us-
ing the NuMI off-axis beam gave a favorable figure-of-
merit for the signal to background ratio; our analysis
shows that such an off-axis angle and baseline is also
very good for distinguishing sg&mgl) and establish-
ing CP violation, when combined with superbeam data
atLq =295 km.

3.4. Resolving the (8, = — §) ambiguity

If L, ~ 890 km andfpa >~ 0.74° are chosen for
the location of the second experiment, as suggested
in the previous section, then both the first and second
experiments are effectively measuring &inand it
is impossible to resolve thes,(r — §) ambiguity.
Different values ofL, and 6pa would be needed to
distinguishs from & — 4.

Fig. 6 shows contours (in the space of possible
L> and 6oa) for the minimum value of sf2613
needed to distinguish = 0° from § = 180° at the
20 level usingv and v data fromL1 and L> (it is
not possible to distinguish = 0° from § = 180° at
the 3 level for any value of sifi2613 < 0.1). As with
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Fig. 6. Contours of 3%2913 reach for distinguishing = 0° from

§ =180 (the (8, # — §) ambiguity) at the 2 level, plotted in the
(6oa, L2) plane, when data from JHF and NuMI are combined.
Other parameters and notation are the same as in Fig. 1.

Fig. 4, a wide range of sfi26;3 values are sampled
for the alternate solutions. Two choices are possible:
one with 6pa < 0.3°-0.5° and Ly >~ 650-775 km,
and another neafpoa >~ 1.0° with L, ~ 950 km.
The former choice does not do well in distinguishing
sgr(amgl), while the latter choice is nearly optimal for
sgr(amgl) sensitivity but significantly worse for CP
violation sensitivity. Thus the ability to also resolve
the @, m — §) ambiguity is rather poor, and comes at
the expense of CPV sensitivity.

3.5. Resolving the (623, w/2 — 623) ambiguity

If 623 # n/4, there is an additional ambiguity
betweerp,z andn /2 — 623. This ambiguity gives two
solutions for siR 2613 whose ratio differs by a factor
of approximately tahd,3, which can be as large as 2
if sin® 2603 = 0.9 [11]. AssumingL1 = 295 km for the
first experiment, we could not find any experimental
configuration ofL.; andéoa for the second experiment
that could resolve theds, 7 /2 — 623) ambiguity for
sif2013 < 0.1 at even the & level for the entire
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the approximate oscillation probability far, — v

is given by the interchanges sigy <> costoz and

8 — —4 in the expression for thg, — v, probability,

a neutrino factory combined with detectors having
tau neutrino detection capability provides a means for
resolving the §23, 7/2 — 623) ambiguity [11]. Another
possibility is to measure survival 8f’s from a reactor,
which to leading order is sensitive to 2913 but not

623 [34,35].

3.6. Dependence on other parameters

The foregoing analysis assumeém3,;| = 3 x
103 eV2. If the true value differs from this, then to
sit on the peak (where the cbserms vanish) requires
tuning the beam energy and baseline according to the
measured value o|’6m§1|. JHF has the capability of
varying the averagé&, from 0.4 to 1.0 GeV, which
would correspond to realizing the peak condition
for |6m%,| = 1.6-40 x 102 eV2 [31]. In principle,
NuMI can vary bothL, and6pa to be on the peak.

If |8m3,] <3 x 1072 eV2, then the best sensitivity

to sgr(am?ﬂ) is obtained for largepoa and longer
distances (the larger angle makgssmaller while the
longer distance enhances the matter effect), and the
sensitivity is reduced (since the matter effect is smaller
for smaller (Sm%l). The CP violation sensitivity is
also reduced, although not as significantly. For larger
values of|§m3,| the sensitivity to sgfm3,) is better,
with CP violation sensitivity about the same.

The tuning of the experiments to the peak (where
the cos$ terms in the average probabilities vanish)
requires knowledge q6m§l| before the experimental
design is finalized. The values pﬁ‘m§1| and 623 will
be well measured in the survival channgl — v,
measurements that would run somewhat before or
concurrently with the appearance measurements being
discussed here, but of course this information may
not be available when the configurations for the off-
axis experiments are chosen.|5fm§l| is known to
10% at & (the expected sensitivity of MINOS), then
the sensitivities to sgﬁmgl) and CP violation are
not greatly affected by baselines that are slightly

range of detector sizes and source powers listed in off-peak. If the baselines and neutrino energies for
Table 2. Therefore, we conclude that superbeamsthe superbeam experiments must be chosen before a

are not effective at resolving thedog, 7/2 — 023)
ambiguity usingv, and v, appearance data. Since

10% measurement q6m§1| can be made, a loss of
sensitivity to sg(ﬂmgl) could result by not being on
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the peak. For example, if the experiments are designedformation in the energy spectrum, even for the narrow

for |8m3,] = 3 x 1073 eV2 but in fact|sm3,| = 2.5 x
103 eV2, the I sgn(sm3)) reach is less (sfi2d13 =
0.04, compared to 0.03 fasm3,| = 3 x 1073 eV?).
If |8m3,| is actually 2x 10~3 eV2, the 3 sgn(sm3,)
reach extends only down to €iB913 >~ 0.075, just a
little below the CHOOZ bound.

Since the sgwmgl) determination has the worst
reach in sik2013 (compared to the discovery reach
and the CPV sensitivity), and since not knowing
sgr(amgl) can induce a CPV/CPC ambiguity, the
measurement of sgém3,) is crucial. If [m3,| is not
known precisely, then the exact peak position is not

spectrum of the off-axis beams, which would help to
mitigate the effect of these uncertainties [16].

4. Summary

We summarize the important points of our Letter as
follows:

(i) Two superbeam experiments at different base-
lines, each measuring, — v. and v, — v, ap-

known, and an off-axis angle and baseline should be pearance, are significantly better at resolving the

chosen that will give a reasonable reach for(égfgl)
over as much of the allowed range qﬂm%ﬂ as
possible. For exampl&oa = 0.85°-0.90° and L ~
930 km gives a sgramgl) reach that is fairly good
for the ranggsm3;| =2 x 103 eV2 to 4 x 103 eV2.
The reach for sg(rﬁmgl) is farthest from optimal at the
extremes (sifi2013 = 0.06 vs. the best reach of 0.05
when [sm3,| = 2 x 103 eV? and 0.03 vs. the best
reach of 0.02 whemm3,| = 4 x 103 eV?). But the
CPV reach remains at least as good as theéé@g%ul)
reach for this range dbm3;,|.

The uncertainties in the parameténss,, sir? 2023,
Smgl, and sirf 261, will increase the region over which
ambiguities can occur. As a test for this effect, we have
used the approximate formulas for the probabilities
to calculate the additional uncertainties in the event

rates due to the expected uncertainties of these para
meters and added them in quadrature to the statisti-

cal and systematic uncertainties. We assumertors

of about 1% for the atmospheric parameters (which
should be measured to very good precision in the
survival channel of the JHF and NuMI experiments)
and 5% for the solar parameters (which will be mea-
sured by a combination of solar and KamLAND data).

sgr(amgl) ambiguity than one experiment alone. Us-
ing beams from a 4.0 MW JHF with a 22.5 kt detec-
tor 2° off axis at 295 km and a 1.6 MW NuMI with
a 20 kt detector 0°-1.0° off axis at 875-950 km,
sgn(m3,) can be determined for si2¢13 > 0.03 if
sm3, = 3 x 1072 eV2. Sensitivities for other beam
powers and detector sizes are given in Table 2.

(i) For the most favorable cases, a higher value
for the solar oscillation scalémg1 does not greatly
change the sensitivity to sgéhngl) whenv andv data
from two different baselines are combined (unlike the
single baseline case, where the ability to determine
sgndm3,) is significantly worse forsm3, > 5 x
102 eV2).

(iif) Running both experiments at the oscillation
peaks, such that the cbderms in the average prob-
abilities vanish, provides good sensitivity to both
sgn8m3,) and to CP violation. On the other hand,
the ability to resolve thes( = — §) ambiguity is lost,
and the @23, 7/2 — 623) ambiguity is not resolved for
any experimental arrangement considered. However,
the ¢, m — &) and @23, /2 — H23) ambiguities do not
substantially affect the ability to determine whether or
not CP is violated (although the latter ambiguity could
affect the inferred value af;3 by as much as a factor

When these additional uncertainties are included, we of 2)

find that for the favorable case considered in Fig. 3
(L =890 km andbpp = 0.74° for the NuMI experi-
ment) the reach in sfr613 for the determination of
sgn(8m3,) is about the same far= 270° (where the
sm3, > 0 andsm3, < 0 solutions do not overlap) and
degraded by about 20-30% &= 90° (where the two
solutions do overlap). However, there is also some in-

(iv) Since running at or near the oscillation peaks
is favorable, knowledge qﬁm§1| to about 10% (from
MINOS) before these experiments are run would be
advantageous. |Bm§1| is not known that precisely in
advance, then the detector off-axis angle and baseline
can still be chosen to give fairly good (though not
optimal) sensitivities to sg[ramgl) and CP violation.
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We conclude that superbeam experiments at differ-
ent baselines may greatly improve the prospects for
determining the neutrino mass ordering in the three-
neutrino model. Since a good compromise between
determining sg(ﬁmgl) and establishing the existence
of CP violation is obtained when both experiments are
tuned so that the cdsterms in the average probabili-
ties approximately vanish, knowledge|6;fn§l| would
be helpful for the optimal design for the experiments.
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