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We consider the medium- and long-baseline oscillation physics capabilities of intense muon-neutrino and
muon-antineutrino beams produced using future upgraded megawatt-scale high-energy proton beams. In par-
ticular we consider the potential of these conventional neutrino “superbeams” for obserying. oscilla-
tions, determining the hierarchy of neutrino mass eigenstates, and meas#viglation in the lepton sector.

The physics capabilities of superbeams are explored as a function of the beam energy, baseline, and the
detector parametei@iducial mass, background rates, and systematic uncertainties on the backgrdimeds
trade-offs between very large detectors with poor background rejection and smaller detectors with excellent
background rejection are illustrated. We find that, with an aggressive set of detector parameters, it may be
possible to observe,— v, oscillations with a superbeam provided that the amplitude paramet@sgjris

larger than a fewx 10 3. If sin®26,5 is of order 102 or larger, then the neutrino mass hierarchy can be
determined in long-baseline experiments, and if in addition the large mixing angle MSW solution describes the
solar neutrino deficit, then there is a small region of parameter space within which m&dmadlation in the

lepton sector would be observalflgith a significance of a few standard deviatipisa low-energy medium-
baseline experiment. We illustrate our results by explicitly considering massive water Cherenkov and liquid
argon detectors at superbeams with neutrino energies ranging from 1 GeV to 15 GeV, and baselines ranging
from 295 km to 9300 km. Finally, we compare the oscillation physics prospects at superbeams with the
corresponding prospects at neutrino factories. The sensitivity at a neutrino fact@ toolation and the
neutrino mass hierarchy extends to values of the amplitude paramet2#,sitnat are one to two orders of
magnitude lower than at a superbeam.
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. INTRODUCTION tions at a mass-squared-difference scal@0 3 eV? with

amplitude>0.1. Furthermore, large amplitudg, — v oscil-

_Measurementgl,2] of the neutrino flux produced by cos- |ations at thesm?,, scale are also excluded by SuperK. This
mic ray |nteract|oqs in the atmosphe[@ have led to ama- g becausev,— v oscillations are expected to be signifi-
jor breakthrough in our understanding of the fundamenta[:amly affec

. ) ) ted by propagation through mafté8], causing
properties of neutrinos. The early observations of the atmog isiortion in the zenith-angle distribution at large angles

spheric qeutrino interactiqn rates found a mU0,n'to'eleCtrOTcorresponding to long path lengibat is not present in the
event ratio of about 0.6 times the expected ratio. Tl  yaa79). The zenith-angle distribution observed by Superk
anomaly was interpreted] as evidence for neutrino oscil- excludesy, — v oscillations of maximal amplitude at 99%
lations with a Iarge_gmplznude and neutrino mass-squared,nfijence levef9]. We conclude that, if the oscillation in-
difference smg,~10"“ eV”. Continued experimental stud- (orpretation of the atmospheric neutrino deficit is correct, the
ies[1,2], especially by the SuperKamiokandguperK Col-  gominant mode must be,— v, oscillation, with the possi-

Iaborat?on, have firmly_est_ablished that 'Fh_e deviation of theoility of some smaller amplitude muon-neutrino oscillations
wle ratio from expectation is due to a deficit of muon events iy sterile and/or electron-neutrings0].

This muon deficit increases with zenith angle, and hence ap exotic alternative interpretatiofill] of the atmo-

with path length, and is consistent with expectations forgpneric neutrino disappearance results is that a neutrino mass

muon-neutrino osqlllatlons_ to some other n_eutrmo fla_lvor Oreigenstate, which is a dominant component of thestate,
flavors (v,— v,) with maximal or near-maximal amplitude

decays to a lighter mass-eigenstate and a Majpt@h The
and 6m2,,=3.5x10"° eV2. In principle v, could be v, Y g 9 joran

) | ; . first oscillation minimum in»,— v, must be observed or
(electron-neutring v (tau-neutring, or v (sterile neutrin®

y7
o . excluded to differentiate neutrino oscillations from neutrino
[5]. However, the observer, flux is in approximate agree-
ment with the predicted,, flux for all zenith angleq1],

decays. Unfortunately, the SuperK neutrino-energy and
which rules outv,— v, oscillations with large amplitude.

angular-resolution functions smear out the characterigfic
- event rate dip that would correspond to the first oscillation
The null results from the CHOOZ and Palo Verde reaa‘/tpr minimum’ which cannot therefore be resolved.
disappearance experimeri also excludev.— v, oscilla- Progress in establishing neutrino oscillations at the atmo-
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spheric scale is expected in the near future at acceleratqart for the differences in conclusions. It is expected that the
neutrino sources with detectors at medium to long baseline&kamLAND reactor experimenit29] will be able to measure
The K2K experiment, from KEK to Superi13], with a  |sm3,| to +10% accuracy and siB;, to +0.1 accuracy
baselineL=250 km and average neutrino energi,) [30] if the LMA solar solution is correct.

=1.4 GeV, is underway. Their preliminary results are in ex- Finally, the Liguid Scintillation Neutrino Detector
cellent agreement with the oscillation expectatiof®’  (LSND) accelerator experimer{t31] reports evidence for
events are observed, whereas 27 events would be expectsgssimejﬂ_;e and v, — v, oscillations with very small

with oscillations and 40 events for no oscillatigis]). The amplitude a”@mESND*1 e\2. If, in addition to the LSND

MINOS experiment from Fermilab to Soudgf4] with L gpservations, the atmospheric and solar effects are also to be
=730 km and(E,)=3.5 GeV, which begins operation in explained by oscillations, then three distinth? scales are
20083, is expected to resolve the first oscillation minimum inneeded, requiring a sterile neutrino in addition to the three
v, < v, and to search for, v, oscillations at theSm3,,  active neutrino flavor§s,10,27,28 The MiniBooNE experi-
scale with an amplitude sensitivity of 18. Beginning in  ment at Fermilay32] is designed to cover the full region of
2005, similar physics measurements will be made by thescillation parameters indicated by LSND.
ICARUS [15] and OPERA[16] experiments with neutrinos ~ The principal goals of our analyses are to examine the
of average energyE,)=20 GeV from CERN detected at relative merits of different neutrino “superbeam” scenarios,
L=730 km in the Gran Sasso laboratory. where we define a neutrino superbeam as a conventional

In addition to the atmospheric neutrino deficit, there areneutrino beam generated by~ decays, but using a very
other possible indications of neutrino oscillations. In particu-intense megawattMW-) scale proton source. In particular,
lar, the long-standing deficit of solar neutrifd¥—20 com- ~ We are interested in the physics reach in medium- and long-
pared to the standard solar mod8SM) predictions[21] is baseline experiments with a neutrino superbeam, and how
widely interpreted as an oscillation depletion of theflux.  this reach depends upon the beam energy, baseline, and the
Note that helioseismology and other solar observations striParameters of the neutrino detector. As representative ex-
gently limit uncertainties in the central temperature of theamples we explicitly consider water Cherenkov, liquid argon
sun and other solar model parametg28]. The v, deficit ~ and iron scintillator detectors. However, we note that there is
relative to prediction is about one-half for the water Cherenfoom for new detector ideas, detector optimization, and pos-
kov [18,19 and gallium experiment0], with the chlorine  sibly an associated detector research and development pro-
experiment[17] finding a suppression of about one-third. gram. Therefore, results are presented that apply to any de-
The latest solar neutrino results from SuperK show an eledtector for which the effective fiducial mass and background
tron recoil spectrum that is flat in energy, and exhibits norates can be specified. Finally, we will discuss the role that
significant day-night or seasonal variatif28]. neutrino superbeams might pl§$3,34 en route to a neu-

An industry has developed to extract the allowed rangedino factory[35,36. Our calculations are performed within
of sm,,,and v, mixing angles that can account for the solar & three—neutrmo_oscnlat|on framework W|th the parameters
neutrino data. The analyses take account of the coherent sc&f0sen to describe the atmospheric neutrino deficit and the
tering of v, on matter{7], both in the Sur(the MSW effect ~ Solar neutrino deficit assuming the LMA solution. However,
[24]) and in the Eartfj25]. These matter effects can make OUr considerations for long-baseline experiments are relevant
significant modifications to vacuum oscillation amplitudes.€ven if there are additional short-baseline oscillation effects
Until recently, four viable regions of the parameter spaceassociated with a fourth neutrif87]. . -
were found in global fits to the data: The central objective of long-baseline neutrino oscillation

(i) LMA—large mixing angle with small matter effects €Xperiments is to determine the parameters of the neutrino
(6mZ, ~1075-10 *e\?), mixing matrix an.d the magmtude; and_ signs qf the neutrino

(i) SMA—small mixing angle with large matter effects mass_—squared dlﬁe_rences; the signs fix the hlerarchy of the
(6mZ,,~10 SeV?), neutrino mass glgenstate_§38]. For three. neutrinos

(iii ) LOW—Iarge-angle mixing with quasi-vacuum ampli- (ve,v,,v,) the mixing matrix relevant to oscillation phe-
tude (5m§o|ar% 107 eV?), nomena can bg specnjed by Fhreg anges (01,,0.3) and a

(iv) VO—large-angle vacuum mixing with small matter phases associated thkCP violation [see Eq.(9) belpvv].
effects (M2, ~10 VeV?). There are only two independent mass_-squared differences

solar Jeg. om3, and ém3,) for three neutrinos. The muon-

The latest global solar neutrino analysis by the Super disappearance measurements at Superk constain /2
Collaboration[23] strongly favors solar, oscillations to 3
23] gy ve and ém3,~3x 10 ° eV2. The other parameter that enters at

active neutrinos ¢, and/orv,) in the LMA region. A very . 5 L . .
small area in the LOW region is also allowed at 99% C.L.,[n€ 1eadingoms, oscillation scale if;3, and its measure-

while the SMA and VO regions are rejected at 99% C.L.ment requires the observatio_n of neutrino appearanae, in
However, other global analyses disagree that the latter re=>Vu» ¥u— Ve, OF ve— v, OScillations.

gions are excludef6]. Moreover,v,— v solar oscillations In long-baseline experiments, #,3 is nonzero, matter
may also still be viabld27,28. The relative weighting of effects [7,39,4q_mod|fy the probability for oscillations in-
different experimentge.g. inclusion or exclusion of the Cl volving av, or v, in a way that can be used to determine the
data and whether théB flux is held fixed at its SSM value sign of 6m3, [38,41-43. Matter effects give appareiiP

or allowed to float in the global fits presumably account inviolation, but this may be disentangled from intrinsic
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CP-violation effects[38,44—52 at optimally chosen base- wheresm? =m’—mg. We assumésms,|<|sm3,|, and that
lines. Matter can also modify the effects of intrin€® or T e sign of 5m3, can be either positive or negative, corre-
violation [53}. Intrinsic CP violation may also be s;ud|ed at sponding to the case where the most widely separated mass
short baselines where matter effects are relatively smalbjgnstate is either above or below, respectively, the other two
[54,55. CP-violating effects enter only for values &f/E,  a5q eigenstates. Thus the signsai2, determines the or-
where oscillations associated with the sublea}dﬁn@l be-  gering of the neutrino masses. The evolution equations can
come  significant[56,57. The most challenging goal of e solved numerically taking into account the dependence of
accelerator-based neutrino oscillation experiments is to dgpe density on depth using the density profile from the pre-

tect, or place_ stringent limits oG P violat_ion in_ the lepton liminary reference earth modgb9]. We integrate the equa-
sector. We will address the extent to which this may be postions numerically along the neutrino path using a Runge-

sible with conventional superbeams. Kutta method. The step size at each point along the path is
taken to be 1% of the shortest oscillation wavelength given

It is instructive to examine analytic expressions for the

The flavor eigenstates =e,u,7) are related to the g . .
d o (a=eu,7) vacuum probabilities. We introduce the notation

mass eigenstateg (j=1,2,3) in vacuum by

L =5m2 - 2 2
VEFE o, 0 Aj=omj L/IAE,=1.27 omj/eV)(L/km)(GeVIE,). -
J

whereU is a unitary 3<3 mixing matrix. The propagation of The vacuum probabilities are then given by
neutrinos through matter is described by the evolution equa-

t [ ! ] f (la lﬁ) HG(UaZUaSUBZU,BB)Si I A32
dba * “'2 A -4 RdU ur.uz,U S'IIZA
i — E E J 2 al%¥ B ,33) | 31
! dx - 3 f Uaj Bi ZEV 2EV 6&95,86 Vﬁa ( ) 3 !

—4 ReU ,1U%,U%U go)sinPA,+ 23S,
wherex=ct and A/2E, is the amplitude for coherent for- (6)
ward charged-current, scattering on electrons,

A=22Gg Yo pE whereJ is the C P-violating invariant[60,61],
e v

=1.52}<10"* eV?XYp (glen?)XE, (GeV), (3) I=IM(UgU2U%,U ,a), @)

whereY(x) is the electron fraction and(x) is the matter
density. In the Earth’s crust the average density is typicall
3—4 gm/cm andY,.=0.5. The propagation equations can be

re-expressed in terms of mass-squared differences: S=sin2A;+sin 2A 3~ sin 2A3;. (8)

y'andS is the associated dependenceloandE,,

The mixing matrix can be specified by 3 mixing angles
(035,015,043 and aCP-violating phase §). We adopt the
(4)  parametrization

. 1 2 * 2 *
i = % f(5m31u a3U gt 0mM3U (oU o+ Adedpe),

C1C12 C13512 sie '’
Uz| ~CosSizmS1sSai’’  CoCrr—SisSesiR’ CusSyg | )
SpaS12— S1C2C128' 0 —SpaC1o—S1C23518'°  C1aCaa

where c;,=cosf and sj=sin#,. We can restrict the For convenience we also define
angles to the first quadrant<09;; < 7r/4, with § in the range

— < <. In this parametrizatiod is given by ’ 1. ) .
K= $13015812015523C25C 5= g SIN 2023SIN 2015 SIN 2015C1.C 5.

1. . . 11
J= 513053512(31252302355:55'” 20535IN 261,8IN 26,5C13S5s. @D

(100  Then the vacuum appearance probabilities are given by
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P(v,— ve) = [ S5:82,SiMP2 13— 4K ]SIPA 3o+ [ $5,C7,SiMP2 013+ 4K SiPA 3
+[C24(Chs— S24555)SiIMP2 6,5+ 4K COS 201,]SiMPA 51+ 23S, (12)
P(v,—v,)=[cly(cT,— ST;879) SN2 0,3+ 4K COSB,3]SinPA s,
+[c24(s8,— €1,524)SiIMP2 05— 4K COSO,3]SiIMPA 5,
+ 2[ SIP2 0,y S35~ S2,C0 1+ 525)2) + S2,8IMP2 01 1+ SINP2 0,553)

+5iN 26, C0S01, SN B3C0S0,35, 5 5( 1 + S25) ]SINPA 5, — 23S, (13

P(ve— v,) =[ C5:52,SiMP2 015+ 4K ]SIMPA 3o+ [ C5,C1,SiMP2 01— 4K SirPA 5

+[C2(Sh3— S24C34)SIMP26,,— 4K COS 20,,]SiMPA 51+ 23S,

The corresponding probabiliti#®(»,— vg) can be obtained
by reversing the sign af in the above formula&nly theJS
term changes sign in each cas&he probabilities forv,
—v, are the same as those fof,—vgz, assumingCPT
invariance. Tests o PT non-invariance are importaf62—
64] but beyond the scope of the present analysis. Xhare
not independent, and can be expressed in terma gf,
=As, andAg ,=A5. ThenAz=A, iyt Agyn @and

SIMPA 3= SINPA 3ym+ SIPA ¢ unCOS 2A 4¢m

1
+ Esin 2A i SIN2A 5im» (15
S=2(SiN2A ¢, SINPA 41m
+55iN 2A 3 mSiPAgyp) - (16)

Since EQs.(12—(16) in their exact form are somewhat

(14)

P(ve— v,) =SIMPA ym(C58iMP2 0,5+ 43 sin 2A 4.
(19

It is interesting to compare the relative sizes of the leading
CP-violating (CPV) and CP-conserving CPC) terms in
the v,— v, oscillation probability:

|

For the standard three-neutrino solution to the solar and at-
mospheric data with large-angle mixing in the solar sector,
the first fraction on the right-hand side of EQO) is of order
unity, and the relative size of thePV term is

CPV 4Jsin2A,,
CPC  &2sirf26y,

sin Zalzsin2023> (

AgyrsSin 5)
255, '

013
(20)

CPV

AgySiné
CPC '

015 (21

As an example, withém2,~=1x10"* eV? and L/E,

impenetrable, we make a few simplifying assumptions to il-_ 5 km/GeV,A,=0.04; then withs= /2 and siR26,
lustrate their typical consequences. First, it is advantageous 0.1 (its maximum allowed valie the CPV term is about

in long-baseline experiments to operate atldi, value

such that the leading oscillation is nearly maximal, i.e.

A gym= /2. Since SmZ,<om2,., Agn<1 and to a good
approximation we can ignore terms involving €ig,,. Also,
since 6,3 is already constrained by experiment to be small
for the terms involving\ ¢, we retain only the leading terms
in #13. Second, at the valuk,,,= /2 for which the leading
oscillation is best measured, sikg,~=0. Even ifA 4, is not

close to/2 for all neutrino energies in the beam, an aver-

aging over the energy spectrum will suppress AipRif the
neutrinos at the middle of the spectrum havg = /2.
With the above approximations the vacuum oscillation prob
abilities simplify to

P(v,— ve) =SIMPA 4 S5SIMP2 015+ 4JSiN2A g, ),
(17

P(v,— v,)=SINPA yum(SINP2 03— 4JSiN2A ),
(18)

25% of theCPC term. Smaller values odm3, or siné de-
crease the ratio in Eq21); smaller values o5 increase it.

While smaller values of);; give a larger relativeCPV
term, they will also reduce the overail,— v, event rate

since theCPC term is proportional to sf26,5. The CPV
effect may be hard to measure if the event rate is(due to
insufficient flux or a small detectprBecause the number of
CPCevents is proportional to siBé,5, the statistical uncer-
tainty in theCPC event rate is proportional t6,5 for small
013 and Gaussian statistics. Since the numbet BfV events
is also proportional t@,3, the size of theCPV signal rela-

tive to the statistical uncertainties does not decreasé;as
becomes smaller. Therefora,priori it does not follow that
small 6,5 automatically make€ PV undetectabl¢65].

On the other hand, even if the event rate is high enough to
overcome the statistical uncertainties on the signal, back-
grounds will limit the ability to measur€ PV. Background
considerations place an effective lower bound on the values
of sirf26,5 for which aCPV search can be made. This can
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2
eventsN¢cpy to the uncertainty due to the background is +SiMf26,3. (26)
Ncpy/VfeNg (assuming Gaussian statisjicwhereN is the
number of events without oscillations arig is the back- m ) ) )
ground fractionNcpy can be expressed as tBV part of ?I'heA21 term |n|.3(vu—>.vT) must be retained here because it
the oscillation probability timesly. Using the expression for iS not necessarily negligible comparedAd;, due to matter

the probability in Eq(17), it follows that a 3r CPV effect ~ effects. The expressions for antineutrinos may be generated

be quantified by noting that the ratio of the numbeiC®?V
S= \/ ( —CO0S 2045

OMZm

in the v,— v, channel requires by changing the sign oA.
In Eq. (23 there is a resonant enhancementigf— v,
9 fo oscillations whenA= émZ,,cos %3 (A=— 6mZ,,C0S¥;5
5in22913>ﬁN—- (22)  for antineutrinos This occurs for neutrinos wheAmz,,
Asunsind No >0 and for antineutrinos whedm2,,,<0. On resonance,

For 6=m/2 and Ag,,=0.03, a typical experiment witlg there is a suppression for antineutringseutrinog when

=0.01 andNy=10* can detecCPV for sinf26,;=0.01. The SMay>0 (3Mgyy<0). This enhancement of one channel

detailed calculations in Sec. V confirm this approximate re-2nd suppression of the other then gives a fakeviolation

sult. due to matter effects.

The preceding discussion applies only when the correc; In the event tr;.at.tt)?e csntnbuuon offfthe St:jb-leadmgl oscil-
tions due to matter are not large, generally wheis small ation is not negligible, the tru€ PV effects due tod also

compared to the Earth’s radius. Refereriéd] gives ap- enter, b_ut they may be maskeql by matter effects. Numerical

proximate expressions for the probabilities when the mattef@/culationg42] show that for distances larger than 2000 km

corrections are small but not negligible. However, the mosfnatter effects dominate the truepPV for sirf26;5>0.001

striking matter effects occur when the matter corrections ar@nd vice versa for sfi26,3<0.001. ,

large and the expansions of R¢&4] are no longer valid As long as sif26;3 is not too small, one approach is to

(see, e.g., the plots of oscillation probabilities in matter giver@veL large enough so thgt the dominanPV effect is from

in Ref. [66]). matter and the sign ofmy,,, is clearly determinable; then
Some of the qualitative properties of neutrino oscillationsthe trueCPV effect can be extracted by considering devia-

in matter can be determined by considering only the leadingions from theC P-conserving predictionist2]. With largeL,

oscillation and assuming a constant density. There is an efhe neutrino energies must be high enough thgt,~ /2

fective mixing angle in matter defined by (e.g.,L~3000 km require€,~10 Ge\). An alternative ap-
proach is to have shott where the matter effects are rela-

SiNt26y3 tively small[54]; this usually requires a smallé&, to have

Sinf2607,= 5 , (23) A,y of order 7/2 (e.g.,L~300 km andE,~1 GeV). We

+5iP26,4 will study both of these possibilities in this paper.

For sirf26,,<0.001, the matter effect is similar in size or
smaller than the tru€ PV effect, and it may not be possible
to distinguish between large intrinsi€PV with very small
€,5 from no intrinsicC PV with a moderate-sized, . Even
in experiments at short distanceghere the matter effect is
smal) the number of appearance events may be too small
relative to the background to have a statistically significant
) 2 oem difference between the neutrino and antineutrino oscillation
P(v,—v,)=Sin*26,4 (sin 673 *sif A7} probabilities. The existence of intrins@P violation may be

+(COS€T3)ZSin2A?l very difficult to determine in this case.

A
(5—mz—cos 2013
whereA is given in Eq.(3). The oscillation probabilities in

the leading oscillation approximation for constant density ar
(41,67

P(v,— ve) = S5SIMP207SInPAY,,

— (sin 675 cos67y) %sirPA L], Ill. CONVENTIONAL NEUTRINO BEAMS

Conventional neutrino beams are produced using a pion
decay channel. If the pions are charge-sign selected so that
only positive(negative particles are within the channel, the
pion decayst” —u ™" v, (m~—u" v,) will produce a beam
of muon neutrinogantineutrinos The beams will also con-

, tain small components of, and v, from kaon and muon
decays. For a positive beam, the dominant decays that con-
tribute to the v, component areK™— 7% " v, and u*

—et vev, . If the pion beam has not been charge-sign se-

lected there will also be a contribution froKY — 7" v,

decays. Theze~l—7e “‘contamination” can be minimized us-
and ing beam optics that disfavor decays occurring close to the

P(ve— v,)=C5Sint2 0].sSiP AL, (24)

where the oscillation arguments are

A
1+ ——+S

2
OMGm

1
Ar3n2: Aathv Agllz Aatmi

1

A
Arznlz Aatmz

1+ ——-S

2
OMGm

: (29
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target[note: 7(K*)~0.5r7(7")], and choosing a short decay ~ For a given choice of beamline design, baseline, and de-

channel to reduce the contribution from muon decays. Thesgctor parameters, the experimentgl- v, and;M—Je sen-
strategies enhance the flavor purity of the beam, but reducgtivities can be calculated. It is useful to define some repre-
the beam flux. Depending on the beamline design, the resultentative scenarios, characterized (ay the parameters of
ing v+ v, contamination is typically at the few parts in 100 the primary proton beam incident on the pion production
to a few parts in 1000 level. The intrinsic. component in  target,(b) the data sample siZ@ (ktyr), defined as the prod-
the beam produces a background that must be subtracted iruat of the detector fiducial mass, the efficiency of the signal
v,— v Oscillation search. Ultimately, the systematic uncer-selection requirements, and the number of years of data tak-
tainty associated with the background subtraction will deding, (c) the background fractiorfg defined as the back-
grade the sensitivity of the oscillation measurement. ground rate divided by the CC rate for events that survive the
To maximize the neutrino flux in the forward direction it signal selection requirements, afd} the fractional system-
is desirable that the pion beam divergence is small within theitic uncertaintyo;_/fg on the predicteds.
decay channel. The required radial focusing can be provided \ye will consider neutrino superbeams that can be pro-

by a quadrupole channel and/or magnetic horns. The bean&l’uced with MW-scale proton beams at low enerdg,€ 1

line op.tics(dipoles, horns, and quadrupo)gﬂaetermine the GeV) at the proposed Japan Hadron FaciligHP) and at
peak pion energy and energy spread within the decay cha@ﬂgh energy E,=3 Ge\) at laboratories with high-energy

nel, andl hence determine the neutrino spectrum. If the optics,oton drivers that might be upgraded to produce these su-
are designed to accept a large pion momentum spread t

; ; ; ; rbeamgBNL, CERN, DESY, and FermilabFor the sake
resulting wide band bearfWBB) will contain a large neu- o gefiniteness, in the following we will restrict our consid-

trlnq flux with a broad energy spectrum. If the optics aregrations to two explicit MW-scale primary proton beams.
designed to accept a smaller pion momentum spread, thest e will consider the 0.77 MW beam at the 50 GeV
resulting narrow band beafNBB) will have a narrower proton synchrotron of the proposed JHFdam 4 MW up-
energy spread, but a smaller flux. grade which we refer to as SJHBuperbeam JHF Second,
we consider a 1.6 MW proton driver upgrade that is under
study at Fermilab. With this new proton driver, and modest
upgrades to the 120 GeV Fermilab Main Injectbtl), it is

We are primarily interested in searching for, and measurpossible to increase the beam current within the Ml by a
ing, v,— ve and?MHZ oscillations. The experimental sig- factor of 4, and hence increase the intensity of the NuMI
nature for these oscillation modes is the appearance of df¢am by a factor of 4, which we refer to as SNufBuper-
energetic electron or positron in a charged-curréd€)  Peam NuM). Higher beam intensities are precluded by
event. The electron must be separated from the hadronf@ace-charge limitations in the NI71]. For both the SJHF
remnants produced by the fragmenting nucleon. Backa.nd SNuMI cases we will assume a run plan in which there is
grounds can arise frorfi) energetic neutral pions that are 3 years of data taking with a neutrino beam followed by 6
produced in neutral-currentNC) interactions, and subse- Years of data taking with an antineutrino beam. In principle
quently fake a prompt-electron signatuti) energetic neu- the high-energy superbeams could be produced at any of the
tral pions that are produced in CC interactions in which thePresent laboratories with high-energy proton drivers.
muon is undetected, and the fakes an electrorjii) charm We define three aggressive detector scenarios, which are
production and semileptonic decay, afi) v, — v, oscilla- ~ Summarized in Table I:

tions followed by decay of the tau-lepton to an electron. Scenario Awhich might be realized with a liquid argon

energy neutrino beam. considered previously for a neutrino factory detector. We

Background(i) is potentially the most dangerous since @ssume tight selection requirements are used to suppress the
leading #° production in NC events is not uncommon. In- 77_0 background, and take the signal efficiency to be 0.5. This
deed, in a recent Studﬁ8,6q using a low energy)’u beam will reS.UIt II’ID=45 ktyl’ for neutrino running and 90 kt yr
it has been shown that in a water Cherenkov dete@ay. for antineutrino running. We assume that backgrounds from
SuperK it is difficult to reduce this background to a level 7 events contribute 0.001 ths [72], and thev, contami-
below O(3%) of the CCrate. A liquid argon detector is nation in the beam contributes 0.003 ftg in neutrino run-
believed to provide much better’-electron discrimination, ning, and 0.005 tdg in antineutrino running. We neglect all
and will perhaps enable the® background to be reduced to Other backgrounds. Hencég=0.004 (0.006 for neutrino
0(0.1%) of the CC rat¢70]. Based on these considerations (antineutring running. Finally, we will assume that we know
there are two different detector strategies. We can choose the background rate with a precision of 10%:(/fg=0.1).
water Cherenkov detector, enabling us to maximize the de- Scenario Fwhich might be realized with a fine-grain iron
tector mass, and hence the event statistics, but obliging us &ampling calorimeter. We choose a 10 kt fiducial mass,
tolerate a significant background fronf production in NC  which is a factor of 10 larger than the THESEUS detector
events. Alternatively, we can choose a detector technologf73]. Since this fiducial mass is smaller than for the alterna-
that highly suppresses the® background, but this will tive scenarios we are considering, we will assume that the
oblige us to use a smaller fiducial mass, and hence loweselection cuts are not tight, and that the selection efficiency is
event statistics. 0.9. This will result inD =27 ktyr for neutrino running and

Detectors and backgrounds
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TABLE |. Parameters for scenari@ds F, andW discussed in the text. The scenarios assume 3 years of
neutrino running and 6 years of antineutrino running. The data set Bizesl background fractionf; are
defined for the event samples after the signal selection requirements have been applied.

ScenarioA ScenarioF ScenarioW
v v v v v v
Fiducial masgkt) 30 30 10 10 220 220
D (ktyr) 45 90 27 54 450 900
Backg. frac.fg 0.004 0.006 0.013 0.015 0.02 0.02
Backg. uncertaintyrfB/fB 0.1 0.1 0.1 0.1 0.1 0.1

54 ktyr for antineutrino running. We assume that back-statistical uncertainties in the numbers of signal and back-
grounds from#° events contribute 0.01 tég, and thev,  ground events, and the systematic uncertainty on the back-
contamination in the beam contributes 0.003ftoin neu- ground subtraction. Our prescription for determining the
trino running, and 0.005 tdg in antineutrino running. We sirf26;5 reach is given in the Appendix. In the following,
neglect all other backgrounds. Henég=0.013(0.015 for  unless otherwise stated, the %6, ; reaches are calculated
neutrino(antineutring running. Finally, we will assume that setting the sub-leading oscillation parameter$2sip=0.8
we know the background rate with a precision of 10%and éma,=10 ° eV?. The smallém3, effectively switches
(crfB/fB: 0.1). off contributions from the sub-leading scale. Larger values of
Scenario W which might be realized for a low-energy dmj, can yield contributions to the,— v, signal, but these
beam with a water Cherenkov detector. We choose a 220 kontributions are not important unless 6,5 is signifi-
fiducial mass, a factor of 10 larger than the SuperK detectorcantly less than 10°.
Guided by the study described in RE68] we will assume
the selection requirements used to suppress #heback-
ground result in a signal efficiency of 0.68. This will result in
D =450 ktyr for neutrino running and 900 ktyr for an-  The Japan Hadron Facility working group has recently
tineutrino running. We assume that backgrounds frefh  investigated68] the v, — v, OsCillation sensitivity attainable
events dominate, and se§=0.02. Note that a detailed de- at the proposed 0.77 MW 50 GeV proton synchrotron in
tector simulation has obtaingig=0.03 for a water Cheren- Japan, using a 295 km baseline together with the SuperK
kov detector at a low energy NBB at the JHIE8]. With  detector. In their study they considered a variety of low en-
further optimization the choicég=0.02 might therefore be ergy (E,)~1 GeV) WBB and NBB beamline designs. The
realizable at low energy, but for higher energy 1 GeV) resulting experimental scenario is similar to the one later
neutrino beams the rejection against t® background is  considered in Ref:33]. The conclusions from the study were
expected to be much worse. Hence, a new detector techndhe following: (i) With a water Cherenkov detector the sen-
ogy might be required for this scenario to make sense at highitivity is limited by the 7° background produced in NC
energies. Finally, we will assume that we know the back-events. To minimize the background a NBB must be used,
ground rate with a precision of 10°/'V(B/fB:0-1)- since in a WBB the high energy tail will be the dominant

ScenariosA, F, andW are very aggressive’ and may or source of background even‘(:'si.) With an eﬁectivevﬂ—> Ve
may not be realizable in practice. In the following we will oscillation amplitude of sﬁﬁeﬂezo.OS at an oscillation scale
explore the oscillation sensitivity as a function bf fg, of 5m§2=0.003 e\f, the best set of selection requirements
afB/fB, baseline, and neutrino beam energy. Scenéris  identified in the study yieldedg=0.03, and a signal:back-

clearly inferior to scenarié, which has largeb and smaller ground ratio of 1:1 with 12.3 signal events per year in the
fg. Therefore, in the following we will not discuss the sce- SUPErK detector. A 10% systematic uncertainty on the back-

nario F physics potential in detail, but we will indicate the 9round rate was assumed. If no signal is observed after 5
scenarioF physics potential on several relevant figures. WeY®&rs of running, the expected limit WOS',d be g6
will use scenario# andW extensively to illustrate the phys- <0:01 at90% C.L., which corresponds to a8ify; reach of
ics potential of upgraded conventional neutrino beams, anf-05- (ili) With a detector of mass 2& SuperK, after 5

facilitate a discussion of the challenges involved in probing/®ars running the resulting limit in the absence of a signal
small values of sit26,5. would be sif26,,<0.003 at 90% C.L., which corresponds to

a sirf26,5 reach of 0.01(iv) The energy distribution of the

background events is similar to the corresponding distribu-

tion for the signal. Hence, the,— v, search is essentially a
For a given neutrino beam, baseline, and detector, weounting experiment. Using these JHF study results, we find

wish to calculate the resulting €B¥, 5 reach, which we de- that the appropriate values to use in evaluating thé2sig

fine as the value of s, that would result in a,—veor reach for the JHF to SuperK experiment aig=0.03,

v,— v, signal that is 3 standard deviations above the backe,/fs=0.1, andD =75 kt-years(SuperK with 5 years ex-
ground. In our analysis we will take into account the Poissorposure and a signal efficiency of 68%With these values,

A. Sensitivity at the Japan Hadron Facility

IV. sin?26,3 REACH
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1000

100

FIG. 1. Contours of constant
sirf26,5 reach that correspond to a
ve— v, Signal that is 3 standard
deviations above the background.
The contours are shown in the
G (D,fg) plane, wherd® is the data-
(@) JHF () SIHF == sample size andfg the back-

L =295 km L =295 km B ground rate divided by the total

1 L . . . CC rate. The contours are shown
1000 - T for the 0.77 MW(left-hand plot$

S Pl and 4.0 MW (right-hand plots
JHF scenarios with. =295 km.
The top panels show curves for
afB/fB=0.1, while the bottom
panels show curves for /fg
=0.1, 0.05, and 0.02. The posi-
tions corresponding to the three
standard detector scenarios de-
fined in Table | are indicated.

aF

D (kt-yr)

Tsin229,5 = .03

T T gin229,4 = .03

.02
100

D (kt-yr)

.03= Sin22913

(b) JHF (d) SJHF
L =295 km L =295 km

1 1 L 1 1
0.0001 0.001 0.01 0.1 0.0001 0.001 0.01 0.1
fB B

our statistical treatment recovers the 90% C.L. results presin’26,5,~0.015 to 0.03. However, the water Cherenkov sen-
sented in the JHF repof68]. In our calculations for SJHF sitivity is limited by the systematic uncertainty in the sub-
we used the neutrino intraction rates presented in Fo&i. stantial 7° background. Hence, the é29,; reach for sce-
We can now investigate the dependence of thé28i3  nario W does not improve substantially when the accelerator
reach on the detector parameters, and hence try to understabnelam is upgraded from 0.77 MW to 4 M(JHHF. On the
whether a massive water Cherenkov detector is likely to b@ther hand, this upgrade would result in a substantial im-
the best option. In Fig. 1 contours of constantai; reach ~ provement in the reach obtained with scenakiowhich is
are shown as a function of the dataset dirvand the back- not background limited, and therefore has a reach improving
ground ratefB for 3 years of running at the 0.77 MW JHF al.mOSt |Ineal’|y withD. We conclude T.hat, ?Ve.n with SJHF, it
beam(left-hand plots and at an upgraded 4 MW SJHF beam Will be difficult to observe a,— v, signal if sirf26,5is less

(right-hand plots The lower panels show how the 2,5 than about 0.01. This con_cIL_Jsion is_ con_sistent with the JHF
reach varies withr;_/fg. The contours have a characteristic study group analysis, bu.t. IS |n.conf.I|ct. with .the expectations
B of Ref.[33]. On the positive side, if sfi26,5 is larger than

shape. At sufficiently larg® the sirf26,5 sensitivity is lim- 0.01 a 1 GeV neutrino beam at JHF or SJHF would permit
ited by the systematic uncertainties associated with the backpe opservation of a — v, signal. Detector scenarig

ground subtraction, and the reach does not significantly imgges slightly better for a 0.77 MW JHF, while scenafio
prove with increasing dataset size. The contours are therefoggyes slightly better for a 4.0 MW SJHF.

vertical in this region of Fig. 1. At sufficiently smal the Finally, we consider whether the éR9,; reach at a 1
sensitivity of thev,— v, appearance search is limited by GeV JHF or SJHF neutrino beam can be improved with a
signal statistics, and further reductionsfinido not improve  different choice of baseline. Contours of constant reach in
the sirf26,; reach. The contours are therefore horizontal inthe (L,D) plane are shown for scenaridsandW in Fig. 2.
this region of Fig. 1. The positions in thég,D) plane cor- A baseline of 295 km does indeed yield the optimal reach for
responding to our three detector scenaridsk, andW) are  the water Cherenkov scenario. For scenakioa slightly
indicated on the figure. For the 0.77 MW machine the twoshorter baseling200 km would yield a slightly improved
scenarios A and W) both yield reaches in the range reach.
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1000

100

FIG. 2. Contours of constant
sirnf26,5 reach that correspond to a
» ve— v, signal that is 3 standard
Sin290,. = . deviations above the background.

" 4s0Ktyr ¢ The contours are shown in the
(D,L) plane, where is the data-
(c) JHF sample size and. the baseline.
1 . . . s . . . . The panels show predictions for
1000 the JHF scenario described in the
text, for detector scenarids (left-
hand ploty and W (right-hand
plots), and for 0.77 MW (top
Piloh [ plots and 4.0 MW (bottom plot$
08 proton drivers. The positions cor-
P A responding to scenariod and W
(see Table)latL=295 km are in-
dicated.

D (kt-yr)

100 |

D (kt-yr)

45 Kt-yr & LS 450 kt-yr +

(b) SJHF (d) SJHF

0 200 4(|)0 6(I)0 B(I)O 1000 O 2CI)0 4(|)0 G(IJO B(IJO 1000

L (km) L (km)
B. Sensitivities for long baseline experiments varies between about 200 m and 400 m, depending on loca-
tion [72]. The impact of these restrictions on the maximum
. o ] _decay channel length is shown as a function of the baseline

Consider next the sensitivity that can be achieved withength in Fig. 3 for the Fermilab and CERN sites. The result-
longer baselines and higher energies. We begin by considefsq fraction of pions that decay within the decay channel is
ing how restrictions on the decay channel length reduce the mmarized in Table 11 for several neutrino beam energies.
neutrino flu?< for very Iprjg ba;elmes. Ina coqventlonal N€UThe channel length calculations were performed assuming
tnrg;ci)sbgimlgnneoﬂeﬁ'%gr'tn']s(')gte;'f{ahb;e Egﬁtst?:gé%gdeﬁﬁzvgczﬂhat (i) the proton accelerator is at a depth of 10 (ih), the
f 9 gn | . P Y eam is then bent down to point in the appropriate baseline-
or very long-baseline experiments the decay channel musg dent direction usin maanetic channel with an aver-
point downwards at a steep angle, and the geology under e Pencent direction Using a magnetic channel with an ave
accelerator site may impose significant constraints on thgge_ﬂeld of 2 Tesla, anii) once pointing in the rlgh_t di-
maximum length of the decay channel. In practice, an upl€ction the proton beam enters a 50 m long targeting and
graded long-baseline conventional neutrino beam would b&CusSing section, after which the decay channel begins. The
sited at an existing particle physics laboratory having a highMaximum decay channel length then depends upon whether
energy proton accelerator: Brookhaven or Fermilab in théhe channel extends all the way to the bottom of the usable
U.S., CERN or DESY in Europe, or the planned JHF labo-fock layer or whether this rock layer must also accommodate
ratory in Japan. The rock characteristics under the JHF sitd near detector. Results for both of these cases are presented
are expected to be determined next year by drilingl. The  in Fig. 3 and Table Il. In the near-detector case the maximum
site with the deepest viable rock layer in the U.S. is Fermi-decay channel length has been reduced by 100 m to allow for
lab, which sits above approximately 200 m of good rock.the shielding and detector hall. The pion decay fraction esti-
The Brookhaven and DESW74] laboratories sit just above mates have been made assuming that all of the decaying
the water table—an impediment that would have to be overpions have the average pion energy in the channel.
come before a high-energy long-baseline beam could be pro- The decay fractions in Table Il show that the site-
posed. The depth of the good ro@Wolasse under CERN  dependent depth restrictions will result in a significant reduc-

1. Decay channel length restrictions
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200m Max. Depth  400m Max. Depth TABLE Ill. sin?26,5 reach(corresponding to a signal that is 3

L o = ‘ standard deviations above the background after 3 years of running

with a neutrino superbeanshown as a function of baseliefor

scenarioA described in the text. The oscillation probabil®y(v,,

el E —v,) corresponding to sfi26,,=0.01 and the expected numbers of
\ ] signal eventsS and background evenBare also listed. The calcu-

lations assumeAm3,=3.5x 10" eV?, ém3,=5x10"° eV?, and

6=0.

(o]
...FNAL — SLAC/LBNL
FNAL — Gran Sasso
FNAL — Kamioka
CERN — Arlit
CERN — Soudan
CERN — Kamioka

N

| SNuMI  E,(peak L P S B  sirf20;,
1:gme”i€nqth"x\ ] Beam  (GeV)  (km) reach

LE 3 730 00024 210 340  0.006
- 2900 00045 26 24  0.008
oo | 7300 0012 41 13 002

% | 5 L 9300 0016 32 08 002

1
T
Q

Maximum Decay—Channel Length (km)

’ 4000 8000 ME 7 730 0.0016 370 910 0.01
Baseline  (km) 2000 00075 120 62  0.003
7300 0025 15 24  0.006
9306 0035 14 16  0.006

Lt HL A
0 4000 8000 O

FIG. 3. Maximum length of the pion decay channel that fits
within a rock layer that is 200 m dedfeft-hand plo} and 400 m

deep(right-hand plot shown as a function of baseline. The calcu- HE 15 730 0.0006 290 2000 0.02
lation is described in the text. The solidashed curves shows the 2000 0.0054 180 130 0.003
results without(with) a near detector. For comparison, the horizon- 7300 0.024 25 4.2 0.004
tal solid line indicates the NuMI decay channel length. 930 0.032 25 3.1 0.004

tion in the neutrino beam intensities for high-energy long-"No near detector.
baseline beams. For example, at the Fermilab site there is no
room for a near detector if the baseline is 9300 (farmilab 7300 km (Fermilab to Gran Sasgmnly 17% of the pions
to SuperK. With the medium energy beam and a baseline ofdecay within the channel. Hence, the channel length restric-
tions would exclude, or at least heavily penalize, the ex-
TABLE II. The fraction of pions decaying in a channel with the tremely long baseline ideas proposed by Detkal. [75].

maximum length permitted by the depth of viable roék,(,,) un-  Clearly, decay channel length restrictions must be taken into
der the accelerator site, tabulated as a function of basklifos account when comparing choices of baseline and beam en-

configurations with and without a near detector. ergy.
SNuMI  E,(peaB  Dpa L f decay 2. sirf20,; reach for scenarios A and W
Beam (GeV) (m) (km) _ With near  no near We are now ready to consider the %8, 5 reach that can
LE 3 200 2900 0.93 0.95 be obtained in a long-baseline experiment. In our main dis-
7300 0.36 0.56 cussion we consider.— v, appearance with?m§2>0; the
9300 — 0.37 om3,<0 case is discussed at the end of this section. Our

calculations use the WBB spectra and interaction rates pre-

ME ! 200 2900 0.67 0.72 sented in the MINOS design repqtt4] for the low-energy
7300 0.17 0.29 (LE) horn configuration E,~3 GeV), the medium-energy
9300 - 0.17 (ME) horn configuration E,~7 GeV), and the high-energy
HE 15 200 2900 0.41 0.44 (HE) horn configuration E,~ 15 Ge\). After accounting for
7300 0.09 0.16 the decay channel length restrictions arising from a maxi-
9300 _ 0.09 mum depth requirement of 200 m, the neutrino fluxes are
assumed to scale with the inverse square of the baseline
LE 3 400 2900 0.98 0.99 length.
7300 0.82 0.88 The calculated reaches are listed in Tables Il and IV for
9300 0.67 0.77 detector scenariod and W, and several baselinek:=730
km (Fermilab—Soudan or CERN-Gran Sassp L=2900
ME ! W0 ey 2o1 km (Fermilab-LBNL/SLAC), L=7300 km (Fermilab
9300 0.38 0.47 —Gran Sassp anszQSQO km(Fermilab—SuperK. .Nc')te
' ' that the shortest baselin€’30 km) has a very limited
HE 15 400 2900 0.69 0.72 sinf26,5 reach for all the beams, and the lowest energy beam
7300 0.29 0.34 (LE) has a very limited sit26,5 reach for all baselines. The
9300 0.20 0.26 best reach for detector scenadds sirf26;;=0.003, which

is obtained with a baseline that is not too lotegg. 2900
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TABLE IV. sin26;5 reach(corresponding to a signal that is 3 W at L =7300 km using the same beaiffiégs. 4e and 4f It
standard deviations above the background after 3 years of running interesting to consider what improvements to scenakios
with a neutrino superbegnshown as a function of baseliefor and W would be required to obtain a reach of 0.001, for
ScenarioW described in the text. The oscillation probabilR(v, example. This goal can be attained by decreasing the back-
— ) corresponding to sfi26;,=0.01, and the expected numbers ground fractionfz for scenariow to fz~0.004 (or alterna-
of signal eventsS and background even® are also listed. The tively increasing the dataset siBefor scenarioA by a factor
calculations assumAm3,=3.5x10 % eV?, sm3,=5x10"° eV?,  of 10) and using the HE beam at a very long baseline. The

and 5=0. goal could also be attained by decreasfigfor scenarioA
- by an order of magnitude and using the high energy beam
SNuMI E,(peak L P S B sif26i3  and a baseline of 2900 km, for example. None of these re-
Beam  (GeV)  (km) reach vised detector scenarios seems practical. An alternative strat-
LE 3 730  0.0024 2100 17000 003 €9y is to try to find a detector scenario with a smaller sys-

2900 00045 260 1200 0.02 tematic uncertainty offig. Figure 6 shows, f(_)r the ME and
7300 0.012 41 67 0.009 HE beams, contours of constant¥l#, ; reach in the {g,D)
9300 0016 32 40 0.008 plane for several differer&fB/fB, and for baselines of 2900
km, 4000 km, and 7300 km. The scenal® sensitivity
ME 7 730 0.0016 3700 46000  0.05  would benefit if the systematic uncertainty in the background
2900 0.0075 1200 3100  0.008  could be reduced, but even a factor of 5 improvement in
7300 0.024 150 120 0.003 4 /f5 would not permit a reach of 0.001 to be attained.
9300° 0035 140 80 0.003 Since detector scenaridsand W are ambitious, we can
HE 15 730 0.0006 2900 98000 0.1 ask what happens B, fg, or ofB/fB must be relaxed. The
2900 0.0054 1800 6700 0.01  best reaches obtained with scenanowere for the ME and
7300 0.024 250 210 0.003 HE beams at very long baselin@sg.L=7300 kn). In these
9300 0.032 250 160 0.003  cases the reach is not very sensitive Dp but degrades
roughly linearly with increasingg (Fig. 4) or o_/fg (Fig.
6). Hence, if the achievable background rate is redly
=0.1, then the sif26,; reach is well above 0.01 for the
observation of av,— v, signal at 3 standard deviations
above the background. The best reaches obtained with sce-
nario A were for the ME and HE beams at long baselines
e.g.L=2900 km. In these cases the reach is sensitive to
5th decreases iD and increases ifig. The reach can be
egraded by a factor of 2 by either reducibgby about a
%hctor of 4 or by increasinfig by about a factor of 3Fig. 5).

8o near detector.

km). The best reach for detector scenafibis also sif26;3

=0.003, and is obtained with long baselifesy. 7300 km or
9300 km which benefit from the enhancement of the oscil-
lation amplitude due to matter effects. The reaches for th
two longest baselines are about the same since the incre

of the matter enhancement lsncreases is compensated by d
the decrease in the pion decay fraction due to the dec

channel length restriction. So far we have considered only a few discrete baseline

IenT?h ];lérst[]r?gti(;l:]isgﬁtﬁ];r;%ez ;mfsgéhﬂ‘fort:]oen d_eb(;iﬁliﬁzaenxrlellengths. To explore the reach that can be obtained with other
9 13 9 .baseline choices, Fig. 7 shows, for each of the three NuMI

periments, in Fig. 4 contours of constant reach are shown Beam eneraies. contours of constant reach in the
the (fg,D) plane forL=7300 km with the channel length gies, . s .

. B ! . (L, D) plane for scenariof andW. For scenaridA, where
restrictions(right-hand plots and without the channel length backgrounds are less important, the optimal distance varies
restrictions(left-hand plot$. The scenaridV point lies in the . ) ' o

with beam energy; crudely speaking, the optirbak given

systematics-dominatedvertical contour region, and is . e
therefore not significantly affected by a reductiorDidue to by making the vacuum o_scnlanon argument MZL/(E’)
Bf order 7r/2. For scenaridN the backgrounds are more im-

the decay channel length restrictions. However, the scenar g di . betto? h
A point lies between the systematics-limited and statisticsPOrt@nt and larger distances give a betterzdy reach for
all three upgraded NuMI beams.

limited regions of the plot, and is significantly affected by inall h | died ino b ith hiah
the reduction in neutrino flux due to the channel length re- ~nally, we have also studied neutrino beams with higher

strictions. Indeed, in scenaridthe sirf26,5 reach at the HE energy than NuMI. For example, the CNGS befrs] at

beam is degraded from about 0.0015 to about 0.004 by th ERN has an average neutrino energy of about 20 GeV. We
channel length restriction. ind that for the expected:810'° protons on target per year,

three years of running will at best give a 4#,; reach of
about 0.01 for either scenar®or W. Upgrading the proton
intensity by a factor of four improves the 4a#,; reach to

We can now explore the dependence of théipy reach  about 0.005. Therefore we conclude that the higher-energy
on the baseline, beam energy, and detector parameters. GNGS superbeams have similar capability to the SNuMI
Fig. 5 contours of constant $¥,; reach are shown in the beams.
(fg,D) plane for L=730 km and 2900 km. As already , ) )
noted, for our detector scenaridsand W the best reach is 4. Summary of sif26;; reaches foromz;>0 and om;,<0
~0.003, obtained with scenariéd at L=2900 km using ei- In summary, Figs. 4, 5, and 7 show that the bestip,
ther the ME or HE beam&=igs. 5e and 5for with scenario  reach that can be obtained with detector scenaiasdW is

3. Dependence on detector parameters
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L =7300 km, without decay length constraint L = 7300 km, with decay length constrain
1000 - — =

il T T L

100

D (ktyn)
o

sin220,3 = .01

FIG. 4. Contours of constant
sirf26, 5 reach that correspond to a
ve— v, signal that is 3 standard
deviations above the background,
at L=7300 km. The contours are
shown in the D, fg) plane, where
D is the data-sample size arigd
_________________ A . ] the background rate divided by
- ' the total CC rate. The contours are
- shown for the LE(top plot9, ME
(center ploty and HE (lower
plots upgraded SNuMI beams,
both with (right plots and without
(left plots) the decay length con-
straint. The systematic uncertainty
(rfB/fB:O.l. The positions corre-
sponding to the three standard
1000 1 o . scenarios defined in Table | are in-

LA dicated.

1000 (— ——— ,
o |
00027 S wi

<0003 .+ /

100

D (kt-yr)

sin%264; = .01

100 p-"

D (kt-yr)

sin220,5 = .01 e
=55 (€). SNUMi HE (f) SNuMI HE

1 N N L N
0.0001 0.001 0.01 0.1 0.0001 0.001 0.01 0.1
fB fB

about 0.003. This optimum reach can be obtained in scenarioot be realized the reach will be degraded. In particular, a
A with L~2000-4000 km for the NuMI ME beam or with significant increase dfg (or o /fg) in either scenarid\ or
L~3000-6000 km for the HE beam, or in scenafiowith W would result in a significant decrease inié,; reach. A
L~7000-9000 km for either the ME or HE beams. Sce-significant decrease in the data-sample size in sceAawiil
narios A and W require ambitious detector parameters. Toalso degrade the sidd,; reach.

improve the reach to 0.001, for example, requires substantial Up to now we have considered the sensitivity of long
improvements infg, o /B, and/orD, and does not there- baseline experiments #m3,>0. We now turn our attention

fore seem practical. If the scena#oandW parameters can- to the alternative caseims,<0. In this case long baseline

113011-12



EXPLORING NEUTRINO OSCILLATIONS WITH SUPERBEAMS PHYSICAL REVIEW B3 113011

1000

100 F 7

D (kt-yr)

SN Ml LE (d) SNuMI LE
- L L FIG. 5. Contours of constant

1000 T T ™ sirf26, 5 reach that correspond to a
i ve— v, signal that is 3 standard
fw' deviations above the background,

A at L=730 km (left plots and
o 2900 km (right plots. The con-

D et
prg

tours are shown in theY,fg)
plane, whereD is the data-sample
00 2 size andfg the background rate
i divided by the total CC rate. The
______ e contours are shown for the LE
/005 ;o (top plot3, ME (center plots, and
| N S HE (lower plot upgraded
1 L S N s sm22(-)13=.0102 SNuMI beams. The systematic
| i0s s uncertainty in the background
; ) () subtraction isoy_/fg=0.1. The
SNuMI ME “"SNuMI ME positions of the three standard
' scenarios defined in Table | are in-

dicated.

Te—lD

100 F /

>

el O
N = i LT T —
o W
[ = P
(9]

o
Q
@
ma

sin

D (kt-yr)

N
N
>
iy
@

n
o
=

.02

-y

1000

We

=

I
i

100}/ 002

'o
=
G

D (kt-yr)

sm22(-)13
.01

----------- T sin?20452 01
g 02

.03

:.05
! ;.1
i () P | )
/ SNuMi HE = SNuMI HE

0.1

1: Loge =
0.01 0.1 0.0001 0.001 f 0.01

1 L
0.0001 0.001
B

B
experiments using a neutrino beam will suffer from a sup-values on theD axes in the various figures. Other modifica-
pression of signal due to matter effects. Therefore, in outlons to the contour plots for antineutrino running with
scenariosA and W, if no signal is observed after 3 years of §m3,<0 are minor since the matter enhancement in this case
neutrino running the beam is switched to antineutrinos for d@s similar to the enhancement for neutrinos whém3,>0
further 6 years of data taking. For antineutrino running with(they are the same in the limit that the sub-leading oscillation
5m32<0 the results shown in Figs. 4, 5, and 7 must be modican be ignored However, the positions of the scenako
fied since the antineutrino cross section is about half of theand W points on the various figures must be moved to ac-
neutrino cross section. Hence we must double the requiredount for the larger values dd and fg (and potentially
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L = 2900 km FIG. 6. Contours of constant
1 : sinP26,5 reach that correspond to a
1000 . : :
| ve— v, Signal that is 3 standard
. deviations above the background,
: at the upgraded SNuMI MHeft)
and HE (right) beams. The con-
tours are shown in the[Y,fg)
100 plane, where is the data-sample
----------- size andfg the background rate
g divided by the total CC rate. The
£ contours are shown fok =2900
o P8 (top), 4000(centey, and 7300 km
10 (bottom). Curves are shown for
systematic uncertainties on the
{b) SNuMI ME e background subtractiono_/fg
L = 4000 kn'\_“,..-" =0.1, 0.05, and 0.02. The posi-
- 03=sin?2013 .- tions of the three standard sce-
. . -1, narios defined in Table | are
100; indicated. The decay length con-
straints have been imposed for
=4000 and 7300 km.
100
B
£
a
10} ] L ,,.w-'—“""_
.........:.......-é-------------------"""""' --.._‘,.-"
03=6in"200 o 08T
1 (c) SNuMI ME F L=7300km .-~
L =7300 km Trmmmmm————
00001 0.001 0.01 0.10.0001 0.001 0.01 0.1
fg fg

o, /fg). Note that the larger background rate associatequH;e signal if sirf26,5 is smaller than about 0.01. How-

with antineutrino running in scenarié will degrade the ul-  eyer, if sirf26,5 is ©0(0.01) av,— v, signal would be ob-
i ; 2 _0- ; . g . . ,
timate sirf265 reach for sm3,<0; the best reach becomes servable provided a sufficiently massive detector with suffi-

~0.004. ciently small background is practical. We would like to
know if, in this case, the sign afm3, can be determined in
V. NEUTRINO MASS HIERARCHY AND  CP VIOLATION the long-baseline multi-GeV beam experiment and whether

In the 1 GeV and multi-GeV superbeam scenarios that wé& P violation might be observed in either the long-baseline
have considered it will be difficult to observeig— v, or ~ multi-GeV beam experiment or the 1 GeV intermediate
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ve— v, signal that is 3 standard
deviations above the background.
The contours are shown in the
(D,L) plane, wheré is the data-
sample size and. the baseline.
The panels show predictions for
the upgraded SNuMI LE(top),
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beams, and for detector scenarios
A (left plots) and W (right plots.
The decay length constraint is in-
cluded. The systematic uncer-
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baseline experiment. We begin by considering @ sen-  ing the number of’,— v, signal event§N(e—)], and then
sitivity at the SJHF, and then consider the sensitivity forrunning for 6 years with an antineutrino beam and measuring
determining CP violation and/or the pattern of neutrino the number Of;MH;e signal event§N(e+)]. In our calcu-
masses at long baselines. lations we assume that the antineutrino cross section is about
one-half of the neutrino cross section, and that the an-
A. CP violation with a JHF superbeam tineutrin_o flu_x is the same as the neutrino qux_. In the absence
' of CP violation (6=0 or 180°), after correcting for cross-
In our SJHF scenario, &P violation search would con- section and flux differences, we would therefore expect
sist of running for 3 years with a neutrino beam and measurN(e+)=N(e—). In the presence of maxim&P violation
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20 1 a00 i FIG. 8. 30 error ellipses in the
%0 .90 [N(e*),N(e™)] plane, shown for
" 04 200 04 the 0.77 MW JHKtop plot9 and
M3, >0 4 MW SJHRbottom plot$ sce-
& narios with atL=295 km. The
10F - o, 4 100 -
: - 0.05 contours are shown for detector
o ~~—002=58in?26,5 o - 002281072605 scenariosA (left) and W (right),
0 10 20 30 40 5 60 70 0 100 200 300 400 500 600 700 with sirP26,,=0.02, 0.05, and
350 . . r y 3500 r y : T T T 0.1. The solid(dashed [dotted
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4 3000} 25104 . [—90°] with ém3, varying
104 from 2x107° eV? to 2x10°*
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at ém3=5x10"° 10* and
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with §=90°—90°] we would expectN(e+)>N(e—)
[N(e+)<N(e—)]. The magnitude of the deviation from
N(e+)=N(e—) induced byCP violation is quite sensitive
to the sub-leading scalém2,. Setting5=290°, in Fig. 8 the
predicted positions in theN(e—),N(e+)] plane are shown
for scenariosA (left-hand plotg and W (right-hand plots
The predictions are shown as a function of bot2#k; and
om3, . The error ellipses around each point indicate the me

1 1 1 1 0 1 1 1 1 1 1
150 200 250 300 350 0 500 1000 150'(\)“ 2)000 2500 3000 3500
- e-

30 away from theC P-conserving prediction. Hence there is
a small region of the allowed parameter space @i
>0.02 anddm3,>5x 10" ° eV?) within which maximalC P
violation might be observable at an upgraded JHBnit;, is

in the center of the presently favored SuperK region and
sirf26,5~1. It is also possible to detect maxim@aP viola-

tion for sirf26,5>0.05 andéma;>10"* eV? with the 0.77

AW JHF in theW scenario. Generally detector scenavib

surement precision at 3 standard deviations, taking into aGypes petter foICP violation, except scenarid is slightly
count both statistical and systematic uncertainties, and usingetier for SiR26,5=0.02 at the 4 MW SJHF. Because the

the statistical prescription described in the Appendix. An

overall normalization uncertaintgwhich could account for
uncertainties in the flux and/or cross sectionf2% is in-
cluded, although its effects are generally sm@lP violation
can be established at ther3evel if the error ellipses do not
overlap theCP-conserving curvessolid lines, 5=0). The
curves for the othe€ P-conserving cased= 180°) lie very
close to thes=0 curves and are not shown.

Note that for scenaridV with the upgraded 4 MW SJHF
beam, if sif26,5,=0.1 (larger values are already excluded
om3,=5x10"° eV?, ands=90°, then the predicted point in
the [N(e—),N(e+)] plane is just 3 away from theCP
conserving[N(e+)=N(e—)] prediction. Alternatively, if
sirf26,,=0.02, sm2,=1x10"* eV? (larger values are im-

matter effect is small aL =295 km, predictions forsm3,
>0 andém3,<0 are nearly the same, and hence the sign of
sm3, cannot be determined.

B. CP violation and the sign of ém3,
at long-baseline experiments

Consider next long-baseline experiments using multi-GeV
neutrino beams. The approximate equahife+)=N(e—)
will be modified by intrinsicCP violation and by matter
effects. Predictions in thEN(e—),N(e+)] plane are shown
in Fig. 9 for scenarid\ using the 1.6 MW LE superbeam for

probablg, and 5=90°, then the predicted point is also just two values of sm3, (5X10°° eV? and 1x10 *

113011-16



EXPLORING NEUTRINO OSCILLATIONS WITH SUPERBEAMS PHYSICAL REVIEW B3 113011

8m3, = 5x107° eV? 8m2, = 1x107* eV?2

(a) SNuMI LE (c) SNuMI LE
L = 730 km L = 730 km

1000 P /R

N(e+)

FIG. 9. 3o error ellipses in the

1 [N(e*),N(e")] plane, shown for
detector scenaricA at the up-
graded LE SNuMI beam with
=730 (top plotg and 1800 km
(bottom plots. The contours are
shown for m3,=5x10"° (left)

. and 10 eV? (right). The solid
10 100 1000 and long-dashed curves corre-
spond to theCP conserving cases
6=0° and 180°, and the short-
dashed and dotted curves corre-
spond to two other cases that give
the largest deviation from the P
conserving curves; along these
curves siR26;5 varies from 0.001
to 0.1, as indicated.
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eV?) and for two baselinesL(= 730 km and 1800 kin The  >0.02. TheCP and matter effects are better separatet at
predictions for each of these cases are shown as a function ef1800 km, for which an unambiguous determination of the
sirf26y3, 8, and the sign oBm3,, with |m3,/=3.5<10"  sign of 6m2, seems possible provided &,;>0.02, al-

eV? and sirf26,;=1. Note that at =730 km the magnitude thoughCP violation cannot be established fom2,< 10

of the modifications of the appearance rates due tQy2 At smaller values of sf26,5 modifications to the ap-
matter effects are comparable to the magnitudes of thgearance rates cannot distinguish between matterGiRd
modifications due to maximal intrinsicCP violation.  ggects Note that, because of the matter effect, at distances

Furthermore, the_ expected precisions of 'the measuremenﬁg,nger than 1000 km the values @fthat give the largest
shown on the figure by the &3 error ellipses, are also disparity of N(e*) and N(e~) are no longer+90°. Also

comparable to the sizes of the predicte@ and matter ef- note that the sign oﬁm%2 is most easily determined when

fects. . . .
Matter effects will cause the twe P-conserving cases theCPVa}nd matter effeicts |nterfer€ constructively to give a
greater disparity ofN(e™) and N(e™), and more difficult

=0 and5=180° to give different predictions fa¥(e*) and L X
N(e™), and therefore to establisBP violation the signal When the CPV and matter effects interfere destructively

must be distinguishable from boté=0 and 6=180°. [i-€., N(e") and N(e™) are more equdl Going to even
Hence, in the scenario we are considering, Fig. 9 shows thd@nger baselines, predictions in thél(e—),N(e+)] plane
superbeam measurements with the LE beam at 730 km cafe shown in Fig. 10 for scenarié (left-hand plotg and
help to constrain the parameter space, but generally cannsgenariow (right-hand plot with L =2900 km. The predic-
provide unambiguous evidence for intrins@@P violation  tions are shown for the LE bearfiop ploty, ME beam
and cannot unambiguously determine the sigdwi,. The  (middle plot3, and HE beantbottom plot$. In general, the
only exception to this is if5m§2>0 and 6=-90° (or  sign of 5m§2 can be determined provided &, ;>0.02, but
6m3,<0 and§=90°), in which caseCP violation could be  in none of the explored long-baseline scenarios €&vio-
established and the sign @fm3, determined for sif2¢;;  lation be unambiguously established fm3,<10 % eV2.
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C. CP violation and the sign 0f5m§2 at a neutrino factory

We can ask, how do the PV and m3, sign capabilities
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FIG. 10. 3 error ellipses in
the[N(e*),N(e™)] plane, shown
for detector scenario& (left) and
W (right) at L=2900 km with the
upgraded LE(top), ME (centej,
and HE (bottom) SNuMI beams.
The contours are shown faim3;
=10"% eV2. The solid and long-
dashed curves correspond to the
CP conserving case$=0° and
180°, and the short-dashed and
dotted curves correspond to two
other cases that give the largest
deviation from theCP conserving
curves; along these curves
SinP26,5 varies from 0.001 to 0.1,
as indicated.

tematics are under better control at a neutrino factory, and
the expected error ellipses in thdl(x+), N(x—)] plane

; . are therefore much smaller.
of superbeams compare with those of a neutrino factory? The : . .
In our analysis we assume a 20 GeV neutrino factory with

relevant experimental signature at neutrino factory is the api aw 102! useful u* decays(which might be achieved in

pearance of a wrong-sign muon, indicating— v, (or ve  three years running at at high-performance neutrino fagtory
—wv,,) transitions. This is a much cleaner signature than elecand 3.6< 107t useful .~ decays, a 50 kt iron-scintillator de-
tron appearance with a superbeam. Hence, background syector[49] at distance$ = 1800 km, 2900 km, and 4000 km
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FIG. 11. 3r error ellipses in
the [N(x"),N(x7)] plane,
shown for a neutrino factory de-
livering 3.6<10?* useful decays
of 20 GeV muons and 1:810%
useful decays of 20 GeV anti-
muons, with a 50 kt detector &t
=1800 (top), 2900 (centej, and
4000 km (bottom), with Sm3;
=5%x10"° (left) and 10* eV?
(right). The solid and long-dashed
curves correspond to theP con-
serving casesé=0° and 180°,
and the short-dashed and dotted
curves correspond to two other
cases that give the largest devia-
tion from the CP conserving
curves; along these curves
sirf2¢,; varies from 0.0001 to
0.01, as indicated.

from the source. For comparison, the total neutrino flux for2%. This background level can be achievedhwdt4 GeV cut
three years running at a distance of 1 km from the source isn the detected muon, which gives a detection efficiency of
2x10'%m? for the neutrino factory scenario, while it is about 73%, implying an effective data sample @t 110

7% 10*%m? for SJHF and & 10*¥m? for the SNuMI HE
beam. We choose an iron-scintillator detector for the neu-

ktyr for three years running.
The corresponding neutrino factory predictions in the

trino factory analysis since it is particularly well suited for [N(x—), N(«+)] plane are shown in Fig. 11. The 1800 km
the detection of muons and can be made larger than, e.g.,lmseline is too short, since matter a0 effects are indis-

liquid argon detector, at a similar or lower cost. We also takdinguishable in most cases. At 2900 km the predictions allow
fg=10"%, ot,/fg=0.1, and a normalization uncertainty of an unambiguous determination of the signafi3, for much
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o1 should be observable at a superbeam. The reach is slightly
worse if 6m3,<0. The best reach is obtained with a long-

.005

1000 |

20 GeV NuFact ] baseline multi-GeV superbeam; for example, with the
oz [BOT M SNuMI ME or HE beams and a baselire2000 km. This

would permit the tightening of constraints on the oscillation
parameter space. It is important to account for decay channel
length restrictions when assessing the capabilities of very-
long-baseline experiments.

(i) If CP is maximally violated in the lepton sector, there
is a small region of allowed parameter space in which an
) experiment at a JHF or SJHF beafd, -1 GeV) might be
dmsp >0 able to establislCP violation at 3 standard deviations. Ex-
cept for certain small regions in parameter space where mat-
ter andCPV effects constructively interfere, a long-baseline
0 1000 experiment with conventional superbeams would be unable

to unambiguously establigBP violation because matter ef-

FIG. 12. 3 error ellipses in théN(x*),N(x )] plane, shown  fects can confuse the interpretation of the measurements.
for a neutrino factory delivering 3:610?* useful decays of 20 GeV (i) With a sufficiently ambitious detector, if Sip6;5
muons and 1.8 10% useful decays of 20 GeV antimuons, with a 50 >(0.01), there is a significant region of parameter space
kt detector al. = 7300 km,sm3,=10 % eV?, and6=0. Curves are over which a long-baseline experiment with a multi-GeV
shown for both signs om3,; sirf26,; varies along the curves neutrino superbeam could unambiguously establish the sign
from 0.0001 to 0.01, as indicated. of 6m3,.

(iv) Lower-energy superbeams do best at shorter dis-

of the parameter space, and the possibility of establishing thi&nces, with a fair reach for,— v, appearance and some
existence ofCPV. At 4000 km the statistical uncertainties CPV capability, but little or no sensitivity to the sign of
are larger, and impair the sensitivity to obse@PV. How-  6m3,; higher-energy superbeams do best at longer distances,
ever, matter effects are also larger, and an unambiguous deith good reach fow,— v, appearance and sg?r(ﬁz) de-
termination of the sign obm3, is possible down to sf2¢;;  termination, but little or no sensitivity t&PV.

of a few X 10™ . For very long baseline.g.L=7300 km, (v) A neutrino factory can deliver between one and two
Fig. 12 there is negligible sensitivity t€ PV or to dm2,,  orders of magnitude better reach in@y; for ve— v, ap-
matter effects are large, and thegi6y ; reach for determin-  pearance, the sign afms,, and CP violation; for L~3000

.001

100 sin®20,5 =.01 |

N ()

10!
NG

1 10

ing the sign Of(‘)‘mgz approaches 10" km there is e_xcell_ent sensitivity to all thrge observables_.
Note that in this study we have restricted our consider-
VI. SUMMARY ations to 1 GeV and multi-GeV neutrino beams. The poten-

tial of sub-GeV beams is currently under consideration
We have explored the oscillation-physics capabilities of 1[77,7§.
GeV and multi-GeV neutrino beams produced at MW-scale
proton accelerator facilitiegneutrino superbeamsSpecifi- ACKNOWLEDGMENTS
cally, the limiting value of sif26,, that would permit the . _
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tion of the detector specifications, characterized by the data
set sizeD (ktyr) and the uncertainty on the background sub- APPENDIX

traction(given by fg andoy, /fg). Table V summarizes the 14 ;) 5iement the Poisson statistical uncertainties in our

physics capabilities of some beam-detector combinationsanalysis of the s#26;; reach we use an approximate expres-

and high-performance neutrino factory with, =20 GeV. the observation oN events,
Determining the optimum detector technology and char-
acteristics is beyond the scope of this paper, and may require Nu=N+SYN+ 1+ (S*+2)/3, (A1)

a detector research and development program. However, for

some ambitious but plausible detector scenarios we find thghereSis the number of standard deviations corresponding
following: to the limit. This expression gives the corregt with an

(i) with a sufficiently ambitious detector, if S®61>  accuracy that is better than 10% 9K 4 and better than 1%
few X 102 and 6m3,>0, thenv,— v, andv,— v, signals  for larger N [79]. If the number of predicted background
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TABLE V. Summary of the sif26,5 reach(in units of 10 2) for various combinations of neutrino beam,
distance, and detector féi) a 30 v,— v, appearance witldm3,= 10 ° eV?, (ii) a 3o determination of the
sign of sm3, with sm3,=5x10"° eV? , and(iii) a 30 discovery ofCP violation for three values ofm3;

(in eV?). Dashes in the sign ofm§2 column indicate that the sign is not always determinable. Dashes in the
CPV columns indicateC PV cannot be established for 29,,<0.1, the current experimental upper limit,
for any values of the other parameters. TBRV entries are calculated assuming the valué tfat gives the
maximal disparity ofN(e*) andN(e™); for other values o5, CP violation may not be measurable.

sinP26,5 reach(in units of 1073)

v, — Ve Unambiguous Possible’SCPV
appearance 3¢ sign(ém3,) oma, (in eV?)
Beam L (km) Detector ém3;=10"° 6m5,=5x10"° 5x10° 1x10* 2x10*
JHF 295 A 25 - - - 25
w 17 - - 40 8
SJIHF 295 A 8 - - 5 3
w 15 - 100 20 5
SNuMI LE 730 A 7 - 100 20 4
w 30 - - - 40
SNuMI ME 2900 A 3 6 - - 100
w 8 15 - - -
7300 A 6 6 - - -
w 3 3 - - -
SNuMI HE 2900 A 3 7 - 100 20
w 10 15 - - -
7300 A 4 4 - - _
w 3 3 - - -
20 GeV NuF 2900 50 kt 0.5 25 - 2 1.5
1.8x10° u* 7300 0.5 0.3 - - -
20 GeV NuF 2900 50 kt 0.1 1.2 0.6 0.4 0.6
1.8x10% u*t 7300 0.07 0.1 - - -

events isB, the expected number of signal events corre- | et N and N be the number of events that satisfy the
sponding to an observation 3 statistical standard deviationgignal selection criteria and are recorded respectively during
above the background is given by neutrino and antineutrino running. N'" and N are theo-

) retical predictions folN and N, the region of theNt"-Nt"

=3yB+1+ . - .
Ns=3yB+1+11/3 (A2 space allowed by the measurements is described by

Let the systematic uncertainty ddbe given byU. To ac-
count for this systematic uncertainty, we add it in quadrature ( Nth— N) 2 (ﬁth_ﬁ> 2
+ <1,

with the statistical uncertainty. Defining the quantity (A4)

an aN
NZ=NZ+9U?, (A3)
where @y and ay are the experimental uncertainties hin
the sirf26,3 reach can then be estimated by finding the valueand N, respectively. In the absence of systematic uncertain-
of sirnf26,5 that yieldsN, signal events. ties and in the approximation of Gaussian statistics, the 3
To determine the sign afm, and/or search foEP vio-  values arewy=3yN and aij=3+/N. However, since\ and

lation with conventional, and v, beams, we will need to N might be small Gaussian statistics may be inappropriate.
compare thev,— v, and v,— v, appearance ratefor a  Instead, we definey and ey to correspond to the appropri-
neutrino factory with a detector that measures muons, wate 99.87% confidence level deviations from the central val-
compare theve— v, and v— v, appearance ratgsAs in ues of N and N, respectively, using Poisson statistics. The
the case of the sf6,5 reach, we will be considering thev3  expressions fory and ay will depend on whether we are
allowed regions. considering an upper or lower limit.
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Consider first the case of an upper limit. We can computélhe corresponding values fary can be found by substitut-

ay using Eq.(A1), with S=3, yielding ing N for N in Egs.(A5) and (A7).
awaper::%\/mJr 11/3. (A5) In p@cticeN andN will contain background components

B and B. The predicted backgrounds will have associated
To compute the value faky for a lower bound, we need an systematic uncertaintied and U. In this case we can still
expression for the Poisson lower limit given the observatioruse Eq.(A4) to determine the allowed regions, but to take
of N events. We use the expression from R&B], namely, account of the background and systematic uncertainties the

1 s 3 a? and azﬁ are replaced with the substitutions
~ _ b4

i N(l oN ayn PN (A6) o a?+ 9U? (A8)
where with S=3 we have=0.222 andy=—1.88. This af— af+9U2, (A9)
approximate expression for the Poisson lower limitNbiis -
accurate to a few percent or better for kll Hence Other systematic uncertainties on the predidteandN (for

3 example, the uncertainty on the neutrino and antineutrino
alower_n_ N[ 1- i B 3 40 29188 cross sectionscan be handled in a similar way, by replacing
N 9N 3N ' ay (ay) with the quadrature sum afy («p) and the addi-

(A7)  tional 99.87% C.L. uncertainty i (W).
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