
PHYSICAL REVIEW D, VOLUME 65, 053016
Neutrino oscillation parameters from MINOS, ICARUS, and OPERA combined
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We perform a detailed analysis of the capabilities of the MINOS, ICARUS and OPERA experiments to
measure neutrino oscillation parameters at the atmospheric scale with their data taken separately and in
combination. MINOS will determineDm32

2 and sin22u23 to within 10% at the 99% C.L. with 10 kton-years of
data. While no one experiment will determine sin22u13 with much precision, if its value lies in the combined
sensitivity region of the three experiments, it will be possible to place alower boundof O(0.01) at the 95%
C.L. on this parameter by combining the data from the three experiments. The same bound can be placed with
a combination of MINOS and ICARUS data alone.

DOI: 10.1103/PhysRevD.65.053016 PACS number~s!: 14.60.Pq, 14.60.Lm
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I. INTRODUCTION

The hypothesis that neutrino oscillations are respons
for the atmospheric@1–5# and solar@6–12# neutrino anoma-
lies is becoming increasingly favored as more data are a
mulated and new experiments start running. In particular,
disappearance of atmosphericnm is currently being tested by
K2K, the first long baseline experiment, with confirming i
dications@13#. The best-fit oscillation parameters relevant
the atmospheric and solar scales from the analysis of the
from the above experiments are (Dm32

2 ,sin22u23)5(2.9
31023 eV2,0.98) @14# and (Dm21

2 ,sin22u12)5(4.9
31025 eV2,0.79) @15#, respectively. Similar results were ob
tained in other global analyses of solar data; see Ref.@16#.
The remaining mixing angleu13 is constrained by the
CHOOZ experiment to be small, sin22u13&0.1, for values of
Dm32

2 relevant to atmospheric neutrino oscillations at t
95% C.L. @17#.

If oscillations in the three neutrino framework are a
sumed to be the correct solution to the solar and atmosph
neutrino problems@although the participation of a steril
neutrino in the oscillation dynamics, motivated by the Liqu
Scintillation Neutrino Detector~LSND! @18# data, is con-
vincingly consistent with all existing data@19##, the mission
of future experiments will be to precisely measure the r
evant mixing parameters. The question of how well this ta
can be accomplished by the upcoming long baseline neut
facilities is a rather important one since it will guide studi
and set the goals for future neutrino experiments.

The KamLAND reactor experiment@20# will take impor-
tant steps to solve the solar neutrino problem by determin
if the large mixing angle Mikheyev-Smirnov-Wolfenste
~MSW! solution is correct, and by pinning downDm21

2 and
sin22u12 to accuracies ofO(10)% if it is @21#.

Low statistics in the K2K experiment will limit its powe
to measure the oscillation parameters relevant to the at
spheric neutrino problem. Three other long baseline accel
0556-2821/2002/65~5!/053016~11!/$20.00 65 0530
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tor neutrino experiments will address the atmospheric n
trino deficit with much higher statistics: the Main Injecto
Neutrino Oscillation Search~MINOS! experiment@22–24#
from Fermilab to the Soudan Mine, the Imaging Cosmic A
Rare Underground Signals~ICARUS! experiment@25,26#
and the Oscillation Project with Emulsion-tRacking Appar
tus ~OPERA! @27,28# from CERN to Gran Sasso. All are
expected to start taking data around 2005, which will be lo
before the advent of superbeams@29# or neutrino factories
@30#; for more references see Ref.@31#. These future long
baseline experiments and KamLAND will therefore provi
independent and accurate information about neutrino osc
tion parameters at the solar and atmospheric scales with
important advantage that their results will not rely on a
sumptions about the solar model or the atmospheric neut
fluxes.

In this work we explore the precision with whichDm32
2 ,

sin22u23 and sin22u13 can be measured by MINOS, ICARU
and OPERA in the framework of three neutrino oscillation
We include all oscillation channels accessible to these
periments and take into account the available experime
information on backgrounds and efficiencies. All three e
periments will operate with a highnm flux and measurenm
disappearance. Because of the energy dependence of th
cillation probability, the most sensitive measure of the os
lation parameters is the energy spectra of the neutri
reaching the detector. Observations of an energy depen
distortion of the spectrum can uniquely determine the os
lation parameters. Charged current events alone can pro
information about the originalnm energy spectrum.

Although these experiments can also observene , and to a
lesser extentnt appearance, the expected statistics in th
channels are unlikely to be high enough to allow the ene
spectra of these channels to be studied extensively. One
nevertheless extract important information from the total
pected rates in these channels.

The paper is organized as follows. In Sec. II we ve
briefly review the three generation oscillation formalism.
©2002 The American Physical Society16-1
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Secs. III and IV we describe the MINOS, ICARUS, an
OPERA experiments defining the observables relevant to
analyses and how they are calculated. In Sec. V we out
the procedure used to analyze the data simulated for MIN
ICARUS and OPERA. We also perform a global analysis
the data from the three experiments. In Sec. VI we disc
our results on the sensitivity to and precision with whi
Dm32

2 , sin22u23 and sin22u13 are expected to be determine
by each experiment, and from the combined data of all th
experiments. We present our conclusions in Sec. VII.
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II. 3 n OSCILLATIONS

In the three generation framework there are three mix
angles and oneCP phase that determine the amplitude f
transition from flavor state to another. For the experime
under study, theCP phase has a negligible effect on th
oscillation amplitudes and we set it to zero in what follow
The transformation between the neutrino mass eigenst
n1 , n2 and n3 and neutrino interaction eigenstatesne , nm
andnt is given by
S ne

nm

nt

D 5US n1

n2

n3

D 5F c12c13 s12c13 s13

2s12c232c12s23s13 c12c232s12s23s13 s23c13

s12s232c12c23s13 2c12s232s12c23s13 c23c13

G S n1

n2

n3

D , ~2.1!
u-
nd

ity

nt at

-

ven

the
using the standard parametrization for the mixing matrixU
@32#. Hereci j and si j denote the cosine and the sine of t
mixing angleu i j .

The propagation of neutrinos through matter@33# is de-
scribed by the evolution equation

i
d

dr S ne

nm

nt

D 5
1

2En
F US Dm12

2 0 0

0 0 0

0 0 Dm32
2
D U†

1S Ae~r ! 0 0

0 0 0

0 0 0
D G S ne

nm

nt

D , ~2.2!

whereDmi j
2 5mi

22mj
2 and En is the neutrino energy. Here

Ae(r )52A2GFne(r )En51.5231024 eV2 Yer (g/cm3)En

~GeV! is the amplitude forne-e forward scattering in matte
with Ye denoting the electron fraction andr the matter den-
sity. For the experiments considered in this work, the n
trino path only traverses the Earth’s crust which has an
most constant density ofr;3 g/cm3 with Ye;0.5, giving
Ae;0.2331023 eV2 En(GeV). Although analytical expres
sions for the oscillation probabilities in matter of consta
density exist@34#, we will solve Eq.~2.2! numerically taking
into account the dependence of density on depth using
density profile from the Preliminary Reference Earth Mod
@35#.

Since the baseline of the experiments under considera
is 730 km, anduDm21

2 u!uDm32
2 u, the contribution to the neu

trino dynamics from the solar scale is small and the osci
tion probabilities can be described in terms of just three
rameters:Dm32

2 , sin22u23, and sin22u13. For a constant
matter density one can approximate the probability tha
muon neutrino is converted to an electron neutrino as@33,34#

Pnm→ne
'sin22u13

msin2u23sin2S Dm32
2 L

4E
SD , ~2.3!
-
l-

t

he
l

on

-
-

a

where

S5AS Ae

Dm32
2

2cos 2u13D 2

1sin22u13, ~2.4!

and

sin22u13
m 5

sin22u13

S Ae

Dm32
2

2cos 2u13D 2

1sin22u13

. ~2.5!

For L;730 km, matter effects make a negligible contrib
tion to the probability for conversion into a tau neutrino a
the vacuum expression serves as a good approximation,

Pnm→nt
'sin22u23cos4u13sin2S Dm32

2 L

4E D . ~2.6!

From Eq.~2.3! one can see that the conversion probabil
for nm→ne is approximately proportional to sin22u13 and is
therefore small unless there is a resonant enhanceme
cos 2u135Ae /Dm32

2 . The nm→nt conversion probability is,
on the other hand, proportional to sin22u23, and is therefore
large. The survival probability, Pnm→nm

512Pnm→nt

2Pnm→ne
depends almost entirely on sin22u23 and Dm32

2 .

Thus the parameters sin22u23 andDm32
2 can be studied vianm

disappearance ornt appearance, whilene appearance is nec
essary to probe sin22u13. The parameters sin22u23 andDm32

2

should be readily accessible in all three experiments gi
the high event rates in thenm→nm channel withnt detection
also possible in both ICARUS and OPERA. Because of
expected smallness of sin22u13 and thene background in the
6-2
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beam,ne appearance will be difficult to study, and the acce
sibility to sin22u13 depends strongly on the detector.

III. MINOS EXPERIMENT

The MINOS experiment@22# is designed to detect neutr
nos from the Fermilab NuMI beam. The source of the n
trino beam is the decay of pions and kaons produced
collisions of 120 GeV protons~originating from the Fermilab
Main Injector! with a nuclear target. A total of 3.731020

protons on target are expected per year. The beam wil
almost exclusivelynm with a (ne1 n̄e) contamination of
about 1%. A low, medium, or high energy neutrino beam c
be realized at MINOS by adjusting a focusing horn at
source. The resulting beam energies are peaked at app
mately 3, 7 and 15 GeV, respectively. For MINOS to op
ate as ant appearance experiment either the high or medi
energy beam would be required, since thet production
threshold is 3.1 GeV. The experiment will most likely sta
with the low energy configuration, since this configurati
will maximize its sensitivity to lower values ofDm32

2 , that
are favored by the latest Super-Kamiokande and K2K res
@14#. We do not include the effects of a hadronic hose
beamplug as these options are unlikely to be realized.

There will be two iron-scintillator detectors associat
with the MINOS beam. The 1 kton near detector, which w
detect neutrinos before oscillations occur, will be located
site at Fermilab. The 5.4 kton far detector will be located 7
km away from the source in the Soudan mine in Minneso
It is expected that the experiment will run for two to thr
years starting in 2005.

MINOS will independently measure the rates and the
ergy spectra for muonless (0m) and single-muon (1m)
events, which are related to the neutral current~NC! and
charged current~CC! reactions, respectively@36#. The 0m
and 1m event rates can be used to measure the ratio of n
tral current events to charged current events which is an
portant consistency check on neutrino oscillations and co
be useful for determining if a sterile neutrino is involved
the disappearance channel. However, it does not enhanc
precision with which the oscillation parameters can be
tracted. Since our goal is to determine the precision w
which the oscillation parameters can be found in a three n
trino framework, it is a sound assumption thatnm disappear-
ance is a consequence of transitions tont . We do not con-
sider 0m events in what follows.

We assume the low energy beam configuration to st
the MINOS sensitivity toDm32

2 , sin22u23 and sin22u13. We
focus onnm→nm disappearance to calculate the 1m-event
energy spectrum of charged currentnm events andnm→ne
appearance to calculate the total integrated rate of cha
currentne interactions.

The 1m-event energy spectrum is divided into 23 bins
variable widthDEi , according to the method described
Ref. @37#. The 1m-event sample at MINOS will consis
mainly of CC events, with a small contribution coming fro
the misidentification of NC events as CC events. Thus,
content of thei th bin, dN1m

i /dE, is given by
05301
-

-
y

e

n
e
xi-
-

ts
r

l
n
2
.

-

u-
-

ld

the
-
h
u-

y

ed

f

e

dN1m
i

dE
~Dm32

2 ,sin22u23,sin22u13!

5
A

DEi
E

Ei2DEi /2

Ei1DEi /2

fnm
~E!@snm

CC~E!Pnm→nm
~E!eCC~E!

1sn
NC~E!hNC~E!#dE. ~3.1!

Here,fnm
is the neutrino flux at the MINOS far detector. W

use the energy spectrum fornm CC events in the MINOS far
detector in Ref.@37#. The number of active targets isA
5M109NAnpny , where M is the detector mass in kton
109NA is the number of nucleons per kton (NA[ Avogadro’s
number!, ny is the number of years of data taking andnp is
the number of protons on target per year. Thenm charged
current cross section,snm

CC, and the neutral current cross se

tion, sn
NC, are provided in Ref.@38# and Ref.@39#, respec-

tively. Here,eCC is the probability that a given charged cu
rentnm event will be correctly labeled (;80% at the spectra
peak!, andhNC is the probability of misidentifying a given
neutral current event as a 1m event (;10% at the spectra
peak!. These factors were estimated by the MINOS Collab
ration using a detailed Monte Carlo simulation of the det
tor with the low energy beam configuration@40#. The stan-
dard model expectation at the far detector is about 4
single-muon events per kton-year.

The MINOS experiment will reduce the systematic erro
associated with the charged current energy spectrum by c
paring the spectrum measured at the far detector with
measured at the near detector from the same beam. The
certainties in the far-near ratio, mainly due to the theoreti
uncertainties in the secondary production ofp andK in the
NuMI target, range from 1 –4 % in the peak of the low e
ergy beam up to 5 –10 % in the high energy tail@37#. We
have neglected these errors in our study.

The ne rate is defined as

Re~Dm32
2 ,sin22u23,sin22u13!5Se1Be

(mt)1Be
(mm)1Be

(beam)

1Be
(NC) , ~3.2!

where the signal,Se , is

Se~Dm32
2 ,sin22u23,sin22u13!5AE fnm

~E!Pnm→ne
~E!

3sne

CC~E!eedE. ~3.3!

Here, ee50.28 is the signal efficiency andsne

CC is the ne

charged current cross section@38#. The electron background
event contribution from the decay of tau leptons in the d
tector is

Be
(mt)~Dm32

2 ,sin22u23,sin22u13!

5AE fnm
~E!Pnm→nt

~E!snt

CC~E!eR
(mt)dE, ~3.4!
6-3
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V. BARGER et al. PHYSICAL REVIEW D 65 053016
whereeR
(mt)50.066 is the reduction efficiency andsnt

CC is the

nt charged current cross section@38#. The background from
e/m misidentification is given by

Be
(mm)~Dm32

2 ,sin22u23,sin22u13!

5AE fnm
~E! Pnm→nm

~E!snm

CC~E!h (mm)dE, ~3.5!

whereh (mm)50.001 is the misidentification probability. Th
background coming from thene beam contamination is

Be
(beam)~Dm32

2 ,sin22u23,sin22u13!

5AE fne
~E!Pne→ne

~E!sne

CC~E!eR
(beam)dE, ~3.6!

where eR
(beam)50.079 is the reduction efficiency. The fin

background included,Be
(NC) , from the decay of neutral pion

created by neutral current interactions, is

Be
(NC)~Dm32

2 ,sin22u23,sin22u13!

5AE fnm
~E!sn

NC~E!eR
(NC)dE, ~3.7!

whereeR
(NC)50.016 is the reduction efficiency. The efficie

cies used in calculating both the signal and the backgrou
for MINOS ne events can be found in Ref.@41#.

IV. CERN-GRAN SASSO EXPERIMENTS

A new facility under construction at CERN will direct
nm beam 732 km to the Gran Sasso Laboratory in Italy wh
it will be intercepted by two massive detectors, ICARUS a
OPERA. The number of protons on target at the CERN
per Proton Synchrotron~SPS! source is expected to be 4.
31019 per year, and thenm beam will have an average en
ergy of 17 GeV. The fractionsne /nm , nm̄ /nm andnt /nm in
the beam are expected to be as low as 0.8%, 2%, and 127,
respectively.

The ICARUS @25# detector will use liquid argon for its
detection medium, and is expected to have an initial effec
volume of 3 ktons with a 10 year running time. We cons
vatively assume an exposure of 20 kton-years because m
data than this does not significantly improve either the re
of the experiment or the precision with which the oscillati
parameters are determinable. OPERA@27#, another detector
at the Gran Sasso consists of lead plates interspaced
emulsion sheets, and is expected to have an effective vol
of 2 kton and a running time of 5 years.

We investigate the capabilities of ICARUS and OPER
asnm disappearance,ne appearance, andnt appearance ex
periments. We calculate the full energy spectrum for
charged currentnm events, and rates for the charged curre
ne andnt events. Low statistics in thene andnt appearance
channels makes a study of their full energy spectra unfe
able. The nm scattering energy spectra in ICARUS an
OPERA consists of 16 bins of widthDE52.5 GeV. The
number of events in thei th bin, dNm

i /dE, is calculated as
05301
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dNm
i

dE
~Dm32

2 ,sin22u23,sin22u13!

5
A

DEEEi21.25 GeV

Ei11.25 GeV

fnm
~E!Pnm→nm

~E!snm

CC~E!e~E!dE,

~4.1!

wherefnm
is the flux ofnm arriving at the Gran Sasso labo

ratory and snm

CC is the charged current cross section f

nm-nucleon scattering, both of which are available in R
@42#. Again,A is the number of active targets in the detect
and we assume a constant efficiencye50.98 (0.94) for
ICARUS ~OPERA! according to Refs.@25,43# and @28#, re-
spectively. If no oscillations occur, 2180~2070! nm charged
current events per kton-year are expected at the ICAR
~OPERA! detectors.

The nt production rate at ICARUS,Rt , is

Rt~Dm32
2 ,sin22u23,sin22u13!5St1Bt

(me)1Bt
(beam),

~4.2!

where the signal,St , is defined as

St~Dm32
2 ,sin22u23,sin22u13!5AE fnm

~E!Pnm→nt
~E!

3snt

CC~E!et dE, ~4.3!

and we use an overall efficiencyet50.06 @25,43#. Here we
have assumed that thet identification at ICARUS will be
made via thet→e leptonic decay only@26,43,44#. The over-
all efficiency therefore includes the branching ratio which
;18% and the selection cuts efficiency.

Since tau events will be detected via an electron final s
at ICARUS,ne backgrounds in the beam must be conside
for this experiment. One source isnm→ne oscillations, and is
given by

Bt
(me)~Dm32

2 ,sin22u23,sin22u13!

5AE fnm
~E!Pnm→ne

~E!sne

CC~E!eR
(me)dE. ~4.4!

Another important background contribution comes from t
intrinsic ne beam contamination, and is given by

Bt
(beam)~Dm32

2 ,sin22u23,sin22u13!

5AE fne
~E!Pne→ne

~E!sne

CC~E!eR
(beam)dE. ~4.5!

The reduction efficiencies areeR
(me)50.15 and eR

(beam)

50.009@43,44#.
For the OPERA experiment, we have assumedt detection

via its one-prong decay into leptons~l! and hadrons~h! @28#.
Backgrounds can be safely neglected, and the integrated
of charged currentnt interactions at OPERA is given by Eq
~4.3! with et50.087. This efficiency value include
( i 5 l ,hBr(t→ i ) as well as the selection cuts efficiency@28#.
6-4
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The expression for thene production rate at ICARUS and
OPERA, Re , is identical to the one presented in Eq.~3.2!
with the appropriate fluxes, cross sections, and efficienc
For ICARUS, ee50.75, eR

(mt)50.14, h (mm)50.002, eR
(beam)

50.19 andeR
(NC)50.01 so as to emulate the effect of th

selection cuts of Ref.@26#. The corresponding parameters f
OPERA areee50.7, eR

(mt)50.13~which reproduces the elec
tron detection efficiency of Ref.@27#!, h (mm)50.002,
eR

(beam)50.19 andeR
(NC)50.016.

V. DATA SIMULATION AND ANALYSIS

In this section we describe the procedures used to de
mine the sensitivity and contour plots for the three expe
ments and their combination.

A. x2 definitions

1. nµ\nµ

For this oscillation channel we use the information fro
the nm charged current energy spectrum of each experim
All three experiments will observe large numbers of eve
of this type, so that the number of events in each bin ob
Gaussian statistics. Thex2 function is then defined as

xm
2 ~Dm32

2 ,sin22u23,sin22u13!5 (
i , j 51,nb

~Ni
obs2Ni

th!

3s i j
22~Nj

obs2Nj
th!,

~5.1!

whereNi
th denotes the theoretical prediction for the numb

of events in bini ~for a given set of oscillation parameters!,
calculated according to Eq.~3.1! for MINOS and Eq.~4.1!
for ICARUS and OPERA.Ni

obs denotes the ‘‘observed’
number of events in bini. The simulation of the data giving
Ni

obs will be described in Sec. V C. The number of bins
nb523, 16 and 16 forb5MINOS, ICARUS and OPERA,
respectively. For MINOS, the error matrix is defined ass i j

2

5d i j Ni
obs1(0.02)2Ni

obsNj
obs, where the off-diagonal ele

ments reflect a 2% overall flux uncertainty@45#. For
ICARUS and OPERA we only consider statistical erro
yielding s i j

2 5d i j Ni
obs.

2. nµ\ne

Gaussian statistics will also be realized in this chann
Even in the case of no oscillations the background cont
utes a sufficient number of events toRe to warrant a Gauss
ian x2 function,

xe
2~Dm32

2 ,sin22u23,sin22u13!5S Re
obs2Re

th

se
D 2

. ~5.2!

Here, the theoretical electron rateRe
th is given by Eq.~3.2!

with the appropriate experimental parameters~fluxes, effi-
ciencies, etc.! for the experiment under consideration. F
MINOS, we define the error asse

25Re
obs1(dsyst

min3Re
obs)2 as-

suming a global systematic errordsyst
min50.1. For ICARUS,
05301
s.

r-
i-

t.
s
s

r

,

l.
-

we define the error asse
25Re

obs1(dsyst
ica 3Be

(beam))2, where
only the ne beam contamination has been considered a
source of significant uncertainty withdsyst

ica 50.05. For
OPERA, we use se

25Re
obs1(dsyst-I

ope 3Be
(beam))21(dsyst-II

ope

3Be
(NC))2, whereBe

(beam) and Be
(NC) are the OPERA back-

grounds produced by thene beam contamination and th
misidentified neutral current interactions, respectively. Th
associated systematics errors are given bydsyst-I

ope 50.1 and
dsyst-II

ope 50.2, as suggested in Ref.@27#. We do not include a
systematic error for the misidentified neutral current inter
tions at ICARUS because it has not been estimated. We
glect the errors arising from other components of the ba
ground because they have not been determined on accou
their expected insignificance.

3. nµ\nt

The number of detected events in this channel is likely
be small for both ICARUS and OPERA and so we use ax2

function consistent with a Poisson distribution,

xt
2~Dm32

2 ,sin22u23,sin22u13!52F ~Rt
obs2Rt

th!

1Rt
obslnS Rt

obs

Rt
th D G .

~5.3!

Here, the theoreticalnt rate Rt
th is calculated via Eq.~4.3!,

using the appropriate experimental parameters for ICAR
and OPERA. When the number ofnt event rates is greate
than 5, we use a standard Gaussianx2 function given by

xt
2~Dm32

2 ,sin22u23,sin22u13!5S Rt
obs2Rt

th

st
D 2

. ~5.4!

The errors considered in this case are purely statistical.

B. Regions of sensitivity

For thenm→ne channel, we calculate the sensitivity re
gions for MINOS, ICARUS and OPERA in the
(sin22u13,Dm32

2 ) plane. The procedure used is to setRe
obs

5Re(Dm32
2 ,sin22u23,0) with sin22u2350.851 or 1, and mini-

mize thex2 function given in Eq.~5.2! with respect to the
parameters sin22u13 and Dm32

2 . Curves are then drawn a
Dx25x22xmin

2 54.61 corresponding to the 90% C.L. Th
sensitivities are calculated for each experiment separatel
well as for their combined potential by using the same p
cedure withx25xe(minos)

2 1xe(icarus)
2 1xe(opera)

2 .

1This value is approximately the smallest value of sin22u23 al-
lowed at the 99% C.L. by a combined analysis of SuperKam
kande and K2K data@14#. We conservatively assume thatu23

,p/4. If the converse were true, the sensitivity to sin22u13 is
greater than for sin22u2351.
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FIG. 1. MINOS sensitivities for thenm→ne

andnm→nm channels at the 90% C.L. The othe
oscillation parameters are fixed atDm21

2 55
31025 eV2 and sin22u1250.8, the best-fit solu-
tion to the solar neutrino problem. To determin
the sensitivity to sin22u13 when sin22u2350.85,
we have takenu23,p/4. The dashed curve would
be to the left of the solid curve in the left panel
u23.p/4.
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We determine the sensitivity to sin22u23 andDm32
2 in the

nm→nm channel for MINOS and in thenm→nt channel for
ICARUS and OPERA. For MINOS, we calculateNi

obs

5dN1m
i /dE(Dm32

2 ,0,sin22u13) with sin22u13 set either to 0 or
0.1, its minimum or maximum allowed value. Equation~5.1!
is then minimized with respect to sin22u23 andDm32

2 , and the
contour of constantDx2 at the 90% C.L. is found. Fo
ICARUS and OPERA, we setRt

obs5Rt(Dm32
2 ,0,sin22u13) in

Eq. ~5.3!/~5.4!, again with sin22u1350 or 0.1, minimize with
respect to sin22u23 andDm32

2 and trace contours of consta
Dx2. For the combined sensitivity of all three experimen
the same procedure is repeated with a globalx2 defined as
x25xm(minos)

2 1xt(icarus)
2 1xt(opera)

2 .

C. Predicting the allowed regions

To predict how accurately MINOS, ICARUS and OPER
will determine the neutrino oscillation parameters at the
mospheric scale, we simulate data sets for the three ex
ments assuming oscillations occur with

Dm32
2 5331023 eV2, Dm21

2 5531025 eV2,

sin22u2351, sin22u1250.8, sin22u1350.05.
~5.5!

All parameters other thanu13 are close to the best-fit value
from the current data. The value ofu13 is chosen to lie within
~or close to! the sensitivity regions of all three experimen
under consideration while obeying the CHOOZ limit@17#.
We have assumed a normal hierarchy (Dm32

2 .0). Note that
since matter effects are small at 730 km, the results for
inverted hierarchy will not be substantially different fro
that for a normal hierarchy.

Each simulated data point is generated by rando
choosing a point from a Gaussian or Poisson distribut
associated with the number of events expected theoretic
This procedure is followed for the 23 bins of the MINOSnm
energy spectrum as well as the 16 bins of the ICARUS
OPERAnm spectra, giving theNi

obs of Eq. ~5.1!. This is also
05301
,

t-
ri-

n

ly
n
ly.

d

done for thene charged current rates of all three expe
ments, yielding theRe

obs in Eq. ~5.2!, and thent charged
current rates at ICARUS and OPERA, giving theRt

obs of Eq.
~5.3! or ~5.4!. In the case of thene andnt rates where back-
grounds are taken into consideration, the backgrounds
signals are calculated and simulated separately before b
combined to give the rates used in thex2 analyses.

The allowed regions are calculated for the individual e
periments by combining the information available from ea

FIG. 2. Expected allowed regions for MINOS at the 90% a
99% C.L. using Dm32

2 5331023 eV2, Dm21
2 5531025 eV2,

sin22u2351, sin22u1250.8 and sin22u1350.05 as the theoretical in
put for which data was simulated. The dashed line is the Su
Kamiokande allowed region at the 99% C.L. Here and in ot
figures, the best fit point is very close to the theoretical input an
consequently not shown.
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FIG. 3. The same as Fig. 1 but for ICARUS i
the nm→ne(nt) oscillation modes.
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channel and defining totalx2 functions as follows:

xminos
2 ~Dm32

2 ,sin22u23,sin22u13!5xm
2 1xe

2 ,

x icarus
2 ~Dm32

2 ,sin22u23,sin22u13!5xm
2 1xe

21xt
2 ,

xopera
2 ~Dm32

2 ,sin22u23,sin22u13!5xm
2 1xe

21xt
2 .

~5.6!

The x2 functions are then minimized by varyingDm32
2 ,

sin22u23 and sin22u13 with Dm21
2 5531025 eV2 and

sin22u1250.8. Contours ofDx256.25 and 11.36 are mad
corresponding to the 90% and 99% C.L., respectively. Th
confidence level regions are projected on to two-dimensio
subspaces of the three parameter space.

To investigate whether combining data from the three
periments improves the determination of the oscillation
rameters, we define a globalx2 function as

xminos1icarus1opera
2 ~Dm32

2 ,sin22u23,sin22u13!

5xminos
2 1x icarus

2 1xopera
2 . ~5.7!

This x2 function is minimized and contours are made
described above.

VI. RESULTS

A. MINOS

In Fig. 1 we present the sensitivity~at the 90% C.L.! of
MINOS in thene appearance andnm disappearance channe
for an exposure of 10 kton-years. In thene appearance chan
nel ~left panel of Fig. 1!, we see a small decrease in th
sensitivity of MINOS as sin22u23 is decreased within its al
lowed range. MINOS is sensitive to sin22u13*0.05 for
Dm32

2 ;331023 eV2 and maximalnm-nt mixing. For thenm

disappearance channel, one can see that the region of s
tivity is not affected by the variation of sin22u13 within its
allowed range. MINOS is sensitive toDm32

2 *531024 eV2

at maximal sin22u23. The sensitivity of the neutral current t
charged current event ratio to the leading oscillation para
05301
e
al

-
-

s

nsi-

-

eters has been analyzed in Ref.@40#. That sensitivity is com-
parable to the sensitivity of thenm disappearance channel i
Fig. 1. Direct evidence for transitions tont is a very impor-
tant aspect of the MINOS experiment, which can be acco
plished by comparing the 0m and 1m event rates.

For the oscillation parameters of Eq.~5.5!, the signal
~background! is comprised of 2770~0! nm CC events and 15
~41! ne events. Note that we have included the contributi
from misidentified NC events in thenm event sample. In Fig.
2 we show the allowed regions obtained by simulating d
for the MINOS detector. TheDx2 contours are shown at th
90 and 99% C.L. Because of high statistics and an opti
L/E combination, MINOS should be able to pin downDm32

2

and sin22u23 quite precisely, as is shown most clearly by t
plot in the (sin22u23,Dm32

2 ) plane. For 10 kton-years of ex

FIG. 4. The same as Fig. 2 but for ICARUS.
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FIG. 5. The same as Fig. 3 but for OPERA
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posure, we find that MINOS should be able to measure th
parameters to within 10% at the 99% C.L. However, MINO
will not make a determination of sin22u13. Low statistics in
thene channel are expected because of the smallness ofu13,
and relatively large backgrounds ofne are expected to be
present in the beam.

B. ICARUS

The sensitivity of the ICARUS experiment to thenm
→ne andnm→nt oscillation channels are shown in the le
and right-hand panels of Fig. 3, respectively. 20 kton-ye
of exposure is assumed, and the contours are drawn at th
and 99% C.L. For thene appearance channel, we find th
ICARUS can access values of sin22u13*0.03 for Dm32

2 ;3
31023 eV2 and maximalnm2nt mixing. From thent ap-
pearance channel, we find that ICARUS is sensitive
Dm32

2 *(122)31023 eV2 at maximal mixing.
The theoretical input@Eq. ~5.5!# yields 41960~0!, 34

~380! and 27~11! nm , ne , nt signal ~background! events,
respectively. Figure 4 shows 90 and 99% C.L. contours
tained by simulating data for all three channels that can
studied by the ICARUS experiment by observing variatio
in x25xe

21xm
2 1xt

2 . From the three panels displayed in th
figure, it can be seen that ICARUS can determineDm32

2 and
sin22u23 to within 30% at the 99% C.L. but will not provide
a meaningful determination of sin22u13.

C. OPERA

Figure 5 shows the sensitivity of the OPERA experime
to oscillation parameters at the atmospheric scale via
nm→ne and nm→nt channels, respectively. This plot
made for 10 kton-years of exposure, and represents the
C.L. Usingne appearance, we find that OPERA will be se
sitive to values of sin22u13*0.2 forDm32

2 ;331023 eV2 and
maximal nm-nt mixing, but this region is ruled out by
CHOOZ. Exploitingnt appearance, OPERA is shown to b
sensitive toDm32

2 *131023 eV2 at maximal mixing inde-
pendent of the value of sin22u13. Although OPERA has no
considerable background fort events as well as a highe
05301
se

rs
90

o

-
e

s

t
e

%
-

detection efficiency than ICARUS, the latter has a grea
sensitivity in this channel because of its larger volume a
consequently higher event rate.

The number ofnm , ne , nt signal ~background! events
expected for the oscillation parameters used are 19870~0!,
14 ~230! and 16~0!, respectively. In Fig. 6 we present con
tours ofDx2 at the 90 and 99% C.L. for OPERA.

D. Global analysis

In Fig. 7 we present the 90% C.L. sensitivity regions af
combining the data simulated for the MINOS, ICARUS a
OPERA experiments. In the (sin22u13,Dm32

2 ) plane, the
combined sensitivity does not show much improvement o
ICARUS alone, resulting in a sensitivity to sin22u13*0.02
for Dm32

2 ;331023 eV2 and maximalnm-nt mixing. The

FIG. 6. The same as Fig. 2 but for OPERA.
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FIG. 7. The global sensitivity of thenm→ne

mode at 90% C.L. is shown on the left. The se
sitivity to sin22u23 and Dm32

2 by combining the
MINOS sensitivity in the disappearance chann
and the ICARUS and OPERA sensitivities in th
nm→nt channels at the 90% C.L. is on the righ
i
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sensitivity of the experiments in the (sin22u23,Dm32
2 ) plane

depends only slightly on the value of sin22u13 between 0 and
0.1. The combined sensitivity of the three experiments
Dm32

2 *(4 –5)31024 eV2 at maximal mixing which is the
same as that of MINOS.

In Fig. 8 we show the allowed regions obtained from t
combined analysis at the 90%, 95% and 99% C.L. The p
cision with which the combination of the experiments c
determineDm32

2 and sin22u23 does not improve from the
analysis with MINOS alone, since changes inxminos

2 domi-

FIG. 8. Expected allowed regions from the cumulative sim
lated data of the three experiments at the 90%, 95% and 99%
using Dm32

2 5331023 eV2, Dm21
2 5531025 eV2, sin22u2351,

sin22u1250.8 and sin22u1350.05 as the theoretical input. Th
dashed line is the Super-Kamiokande allowed region at the 9
C.L.
05301
s

e-

nate over any changes in the overallx2 function. These pa-
rameters can therefore be determined to within 10% o
again. However, the ability of these experiments to constr
sin22u13 becomes feasible by combining them into a sing
analysis. For the data we simulated, we obtain sin22u13

*0.01 at the 95% C.L. Similar results for sin22u13 are ob-
tained by settingx25xminos

2 1x icarus
2 , since only MINOS and

ICARUS are sensitive to values of sin22u13,0.1 for Dm32
2

5331023 eV2.

VII. CONCLUSIONS

We have studied the potential of the future long basel
experiments ICARUS, MINOS, and OPERA, to ascertain
neutrino oscillation parameters at the atmospheric scale
separate experiments, and in combination. By simulat
data atDm32

2 5331023 eV2, Dm21
2 5531025 eV2, sin22u23

51, sin22u1250.8 and sin22u1350.05 for all three experi-
ments, and calculating the allowed regions given by t
data, we have estimated the precision with which these
periments can determine the parametersDm32

2 , sin22u23, and
sin22u13. We took into considerationnm disappearance an
ne appearance for all three experiments andnt appearance
for ICARUS and OPERA. The precision with which th
leading oscillation parameters can be determined by
combined data of the three experiments is illustrated in F
8.

The range of values ofDm32
2 and sin22u23 allowed by the

Super-Kamiokande atmospheric neutrino data will be sign
cantly narrowed by the MINOS experiment. With an optim
^L/E& ratio for studying these parameters, MINOS shou
pin them down to within 10% at the 99% C.L. with 10 kton
years of data. See Fig. 2. ICARUS and OPERA, though
as sensitive to these parameters as MINOS, will provide
important check on the neutrino oscillation hypothesis
observing tau events via thenm→nt channel. The value of
sin22u13 will be difficult for these experiments to determin
because of low event rates and large backgrounds in thne
channel. We have shown that this parameter will remain
bounded when the experiments are analyzed separa

-
.L.

%
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Combining the data from the MINOS and ICARUS expe
ments may allow a lower bound on sin22u13 of O~0.01! to be
placed at the 95% C.L. if sin22u13 lies within the combined
sensitivity of the experiments. Establishing a lower bound
sin22u13 would eliminate models that predict smaller valu
of sin22u13. If sin22u13.0.01 and theCP phase is suffi-
ciently large,CP violation in the lepton sector could be stu
ied at superbeam facilities@46#.

In the next decade, with data from the three experime
considered~and a little luck!, we could have good knowl
edge of the parameters that mediate atmospheric neu
oscillations. Along with KamLAND’s possible determinatio
of Dm12

2 and sin22u12 using reactor neutrinos@21#, all the
elements of the mixing matrix other than theCP phase could
be known.
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