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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 determinemg2 and sif26,5 to within 10% at the 99% C.L. with 10 kton-years of
data. While no one experiment will determine?i6y; with much precision, if its value lies in the combined
sensitivity region of the three experiments, it will be possible to plataver boundof (©(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.
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I. INTRODUCTION tor neutrino experiments will address the atmospheric neu-
trino deficit with much higher statistics: the Main Injector
The hypothesis that neutrino oscillations are responsibl&leutrino Oscillation SearcfiMINOS) experiment[22—24
for the atmospheri€1-5] and solaf6—12] neutrino anoma- from Fermilab to the Soudan Mine, the Imaging Cosmic And
lies is becoming increasingly favored as more data are acclRare Underground SignaldCARUS) experiment[25,26]
mulated and new experiments start running. In particular, th@nd the Oscillation Project with Emulsion-tRacking Appara-
disappearance of atmospherig is currently being tested by tus (OPERA [27,2§ from CERN to Gran Sasso. All are
K2K, the first long baseline experiment, with confirming in- €xpected to start taking data around 2005, which will be long
dications[13]. The best-fit oscillation parameters relevant tobefqre the advent of superbeaifi29] or neutrino factories
the atmospheric and solar scales from the analysis of the da%ﬁo]' for more references see R¢81]. These future long
from the above experiments areAif2,,sit26,)=(2.9 | aseline experiments and KamLAND will therefore provide
x10%eV2,098) [14] and (AmZ, sir26,)—(4.9 independent and accurate information about neutrino oscilla-
A X 2L 1 : tion parameters at the solar and atmospheric scales with the
X 107> eV*,0.79)[15], respectively. Similar results were ob- jmnortant advantage that their results will not rely on as-

tained in other global analyses of solar data; see Rl symptions about the solar model or the atmospheric neutrino
The remaining mixing angled;3 is constrained by the fxes.

CHOOZ experiment to be small, $#9,3<0.1, for values of In this work we explore the precision with whickm3,,
Am%2 relevant to atmospheric neutrino oscillations at thesin22923 and sir‘°r2013 can be measured by MINOS, ICARUS
95% C.L.[17]. and OPERA in the framework of three neutrino oscillations.

If oscillations in the three neutrino framework are as-We include all oscillation channels accessible to these ex-
sumed to be the correct solution to the solar and atmosphereriments and take into account the available experimental
neutrino problemdalthough the participation of a sterile information on backgrounds and efficiencies. All three ex-
neutrino in the oscillation dynamics, motivated by the Liquid periments will operate with a high,, flux and measure,
Scintillation Neutrino DetectofLSND) [18] data, is con- disappearance. Because of the energy dependence of the os-
vincingly consistent with all existing dafd9]], the mission cillation probability, the most sensitive measure of the oscil-
of future experiments will be to precisely measure the relHation parameters is the energy spectra of the neutrinos
evant mixing parameters. The question of how well this taskeaching the detector. Observations of an energy dependent
can be accomplished by the upcoming long baseline neutrindistortion of the spectrum can uniquely determine the oscil-
facilities is a rather important one since it will guide studieslation parameters. Charged current events alone can provide
and set the goals for future neutrino experiments. information about the originak,, energy spectrum.

The KamLAND reactor experimef20] will take impor- Although these experiments can also obserygand to a
tant steps to solve the solar neutrino problem by determiningesser extent, appearance, the expected statistics in these
if the large mixing angle Mikheyev-Smirnov-Wolfenstein channels are unlikely to be high enough to allow the energy
(MSW) solution is correct, and by pinning dowim3, and  spectra of these channels to be studied extensively. One can
sinf26,, to accuracies o€(10)% if it is [21]. nevertheless extract important information from the total ex-

Low statistics in the K2K experiment will limit its power pected rates in these channels.
to measure the oscillation parameters relevant to the atmo- The paper is organized as follows. In Sec. Il we very
spheric neutrino problem. Three other long baseline accelerdriefly review the three generation oscillation formalism. In
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Secs. lll and IV we describe the MINOS, ICARUS, and Il. 3 v OSCILLATIONS

OPERA experiments defining the observables relevant to our

analyses and how they are calculated. In Sec. V we outline In the three generation framework there are three mixing
the procedure used to analyze the data simulated for MINOSingles and on€ P phase that determine the amplitude for
ICARUS and OPERA. We also perform a global analysis oftransition from flavor state to another. For the experiments
the data from the three experiments. In Sec. VI we discusander study, theCP phase has a negligible effect on the
our results on the sensitivity to and precision with which oscillation amplitudes and we set it to zero in what follows.
Am3,, sirf26,; and sif26,; are expected to be determined The transformation between the neutrino mass eigenstates
by each experiment, and from the combined data of all three;, v, and v and neutrino interaction eigenstates, v,

experiments. We present our conclusions in Sec. VII. and v is given by
|
Ve vy C12C13 S12C13 S13 141
v, | =U| v2 | =| —S12023—C12823S13  C12C23~S12523813  S23Cuz|| V2 |, (2.1
vV, V3 $125237C12C23513  — C128237S12C23513  C23Ca3l \ V3

using the standard parametrization for the mixing matfix where
[32]. Herec;; ands;; denote the cosine and the sine of the
mixing angled;; .

The propagation of neutrinos through matf88] is de- B
scribed by the evolution equation S= \/

2

2
®_ —cos 2013) +5iP263 (2.4)

Amsg,
Ve Ami, 0 O
A=t ful o o o |ur and
dr| *| 2E, )
v, 0 0 Amg,
sinf26
Ar) 0 Ve SirP267,= = (2.5
+ o o v l, (22 - —C0S 23| +sif26,;
0 o0 v Ams,

T

where Am? =mi2—mj2 andE, is the neutrino energy. Here, For L~730 km, matter effects make a negligible contribu-
Ae(r)=2\/J2_GFne(r)EV=1.52>< 10" %eV? Yp (glcnP)E,  tion to the probability for conversion into a tau neutrino and
(GeV) is the amplitude fow.-e forward scattering in matter the vacuum expression serves as a good approximation,
with Y, denoting the electron fraction apdthe matter den-
sity. For the experiments considered in this work, the neu-
trino path only traverses the Earth’s crust which has an al-
most constant density gfi~3 g/cn? with Y,~0.5, giving
A.~0.23x10 3eV? E (GeV). Although analytical expres-
sions for the oscillation probabilities in matter of constant i .
density exis{34], we will solve Eq.(2.2) numerically taking F"0M EQ.(2.3 one can see that the conversion probability
into account the dependence of density on depth using thi" V»— Ve IS @pproximately proportional to $ipd;3 and is
density profile from the Preliminary Reference Earth Modeltherefore small ;Jnless there is a resonant enhancement at
[35]. COS X13=A./Ams,. The v, — v, COnversion prpbab|llty is,
Since the baseline of the experiments under consideratiopn the other hand, proportional to &5, and is therefore
is 730 km, andAm3,|<|Am2,], the contribution to the neu- arge. The survival probability, P, ., =1-P,
trino dynamics from the solar scale is small and the oscilla—P, ., depends almost entirely on é##,; and Amgz.

tion probabilities can be described in terms of just three PaThusﬂthe parameters $2%,; andA mgz can be studied via,,
rameters:Am3,, sir26,3, and sif26y;. For a constant disappearance ar, appearance, while, appearance is nec-
matter density_one can approximate the prob_ability that &ssary to probe st@6,;. The parameters sit6,; andAmsZ,
muon neutrino is converted to an electron neutrinf33s34  spould be readily accessible in all three experiments given
) the high event rates in the,— v, channel withy . detection
Ams,L S) 2.3 also possible in both ICARUS and OPERA. Because of the
4E ' ' expected smallness of 29,5 and thev, background in the

2
Am3,L ) 26

Py~ Sinf26,,co¢ 013sin2< E

—
Vr

P, ) = Sir’2 0T3sin2623sin2(
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beam,v, appearance will be difficult to study, and the acces- dN‘l

sibility to sin’26,; depends strongly on the detector. dEM (Am3,,Sirf26,3,Sirf26;3)
A (E+AER2 e e
IIl. MINOS EXPERIMENT =—_f ¢, (E)lo,(E)P, ., (E)e~~(E)
AEjJg-agn2  » n A

The MINOS experimenfi22] is designed to detect neutri-
nos from the Fermilab NuMI beam. The source of the neu-
trino beam is the decay of pions and kaons produced by
collisions of 120 GeV protongriginating from the Fermilab Here, ¢, is the neutrino flux at the MINOS far detector. We
Main Injectop with a nuclear target. A total of 3:¥10°°  use the energy spectrum foy, CC events in the MINOS far
protons on target are expected per year. The beam will bdetector in Ref.[37]. The number of active targets &

almost exclusivelyv, with a (ve+v,) contamination of =M1C°Nanpn,, where M is the detector mass in kton,
about 1%. A low, medium, or high energy neutrino beam carl0’N, is the number of nucleons per ktoN{= Avogadro’s
be realized at MINOS by adjusting a focusing horn at thenumbey, ny is the number of years of data taking amglis
source. The resulting beam energies are peaked at approtie number of protons on target per year. Tihe charged
mately 3, 7 and 15 GeV, respectively. For MINOS to oper-current cross sectiom;-~, and the neutral current cross sec-

ate as av, appearance experiment either the high or mediungjon, UDIC’ are provideg in Ref[38] and Ref.[39], respec-

energy beam would be required, since theproduction tively. Here,CC is the probability that a given charged cur-

threshold is 3.1 GeV. The experiment will most likely start rentv,, event will be correctly labeled80% at the spectral

with the low energy configuration, since this configurationpeay "and »\C is the probability of misidentifying a given

will maximize its sensitivity to lower values ckm3,, that  neutral current event as aulevent (~10% at the spectral

are favored by the latest Super-Kamiokande and K2K resultgeal. These factors were estimated by the MINOS Collabo-

[14]. We do not include the effects of a hadronic hose ofration using a detailed Monte Carlo simulation of the detec-

beamplug as these options are unlikely to be realized.  tor with the low energy beam configurati¢a0]. The stan-
There will be two iron-scintillator detectors associateddard model expectation at the far detector is about 400

with the MINOS beam. The 1 kton near detector, which will Sing|e_muon events per kton_year'

detect neutrinos before oscillations occur, will be located on  The MINOS experiment will reduce the systematic errors

site at Fermilab. The 5.4 kton far detector will be located 732associated with the Charged current energy Spectrum by com-

km away from the source in the Soudan mine in Minnesotaparing the spectrum measured at the far detector with that

It is expected that the experiment will run for two to three measured at the near detector from the same beam. The un-

years starting in 2005. certainties in the far-near ratio, mainly due to the theoretical
MINOS will independently measure the rates and the enyncertainties in the secondary productionsoindK in the

ergy spectra for muonless (0 and single-muon (&)  NuMI target, range from 1—4 % in the peak of the low en-

events, which are related to the neutral curréd€) and ergy beam up to 5-10% in the high energy {&F]. We

charged currentCC) reactions, respectivel{36]. The Ou  have neglected these errors in our study.

and 1u event rates can be used to measure the ratio of neu- The y, rate is defined as

tral current events to charged current events which is an im-

portant consistency check on neutrino oscillations and could 2 . _ (u7) 4 p(uw) o p(beam)

be useful for determining if a sterile neutrino is involved in Re(Ammiy, SiI* 2623, SiP2013) = Se+ B+ BL )+ B

the disappearance channel. However, it does not enhance the + B,(ENC), (3.2

precision with which the oscillation parameters can be ex-

tracted. Since our goal is to determine the precision wit : ;

which the oscillation parameters can be found in a three net}/_\/here the signals,., is

trino framework, it is a sound assumption thgt disappear-

+aN(E) »NY(E)]dE. (3.2

ance is a consequence of transitionsyto We do not con- Se(Amgz,sierazg,sierlg)=Af b, (E)P (E)
sider Qu events in what follows. Y VT Ve
We assume the low energy beam configuration to study % 0%(E) e.dE 3.3
Ve e ' .

the MINOS sensitivity toAm3,, sirf26,3 and sirf26;5. We

focus onv,— v, disappearance to calculate the.-event

energy spectrum of charged current events andv,—v,  Here, e,=0.28 is the signal efficiency and " is the v,

appearance to calculate the total integrated rate of chargagharged current cross sectif®8]. The electron background

currenty, interactions. event contribution from the decay of tau leptons in the de-
The lu-event energy spectrum is divided into 23 bins of tector is

variable widthAE;, according to the method described in

Ref. [37]. The lu-event sample at MINOS will consist B (AmE,,Sirf26,3,SiP26,)

mainly of CC events, with a small contribution coming from

the misidentification of NC events as CC events. Thus, the _ cc ()

content of the'" bin, dN; ,/dE, is given by _Af ¢, (B)P, ., (B)o, (B)ex’"dE, (3.4
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wheree!” =0.066 is the reduction efficiency am$C is the
v, charged current cross sectif®8]. The background from
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dN!
d—é‘(Amgz,siﬁzezs,siﬁzelg)

e/ n misidentification is given by
A

E;+1.25 GeV e
B (Am3,,Sirf26,3,Sirf260;5) = ELi_l_zs Gev(ﬁvﬂ(E)PV#HV#(E)UV#(E)E(E)dE,

A 6, (B1P, . (BB I, 35 @D

where¢>Vﬂ is the flux of v, arriving at the Gran Sasso labo-
ratory and oS¢ is the charged current cross section for

v,-nucleon sgattering, both of which are available in Ref.
[42]. Again, A is the number of active targets in the detector,
and we assume a constant efficieney0.98 (0.94) for
ICARUS (OPERA) according to Refg[25,43 and[28], re-
spectively. If no oscillations occur, 2182070 v, charged
current events per kton-year are expected at the ICARUS
(OPERA detectors.

The v, production rate at ICARUSR,, is

where (#*#)=0.001 is the misidentification probability. The
background coming from the, beam contamination is

B(PeaM Am3,,Sirf2 6,3,5irf20,5)
=A J ¢, (E)P, _, (E)o (E)eQ*™E, (3.6

where €?®™=0.079 is the reduction efficiency. The final
background includedB(N®, from the decay of neutral pions

created by neutral current interactions, is . .
y R,(Am3,,Sirf26,3,sirf260;3) = S, + B(#® + g{Peam)

BN A, , sirP26,3,SiP2012) 4.2

where the signalS,, is defined as

=A f ¢V#(E)at‘°(E)egNC>d E, (3.7)

S,(Am3,,sirf26,4,5ir*26 =Af , (E)P, _,(E
wheree{'®)=0.016 is the reduction efficiency. The efficien- (Ams 2 13 s “( ) ~ B

cies used in calculating both the signal and the backgrounds

4.
for MINOS v, events can be found in Re#1]. “.3

X aSY(E)e, dE,
and we use an overall efficieney=0.06[25,43. Here we
IV. CERN-GRAN SASSO EXPERIMENTS have assumed that the identification at ICARUS will be

A new facility under construction at CERN will direct a Made via ther— e leptonic decay only26,43,44. The over-
v, beam 732 km to the Gran Sasso Laboratory in Italy wheréll efficiency therefore_ includes thg branching ratio which is
it will be intercepted by two massive detectors, ICARUS and™ 18% and the selection cuts efficiency. _
OPERA. The number of protons on target at the CERN Su- Since tau events will be d_etected via an electron fln:?\I state
per Proton SynchrotrofSPS source is expected to be 4.5 at |CARUS,V'e backgrounds in the beam must .be conS|d.ered
X 10 per year, and the, beam will have an average en- fqr this experiment. One sourceig — v, oscillations, and is
ergy of 17 GeV. The fractions/v,, v, /v, andv, /v, in  9IV€N by
the beam are expected to be as low as 0.8%, 2%, and, 10
respectively.

The ICARUS[25] detector will use liquid argon for its
detection medium, and is expected to have an initial effective
volume of 3 ktons with a 10 year running time. We conser-

vatively assume an exposure of 20 kton-years because moggother important background contribution comes from the
data than this does not significantly improve either the reackhtrinsic v, beam contamination, and is given by
of the experiment or the precision with which the oscillation

parameters are determinable. OPERA], another detector

at the Gran Sasso consists of lead plates interspaced with
emulsion sheets, and is expected to have an effective volume
of 2 kton and a running time of 5 years.

We investigate the capabilities of ICARUS and OPERA
asv, disappearance;, appearance, and, appearance ex- The reduction efficiencies aree(R“e)=0.15 and e(Rbeam)
periments. We calculate the full energy spectrum for the=0.009[43,44].
charged current,, events, and rates for the charged current  For the OPERA experiment, we have assumefittection
ve and v, events. Low statistics in the, and v, appearance via its one-prong decay into leptoi$ and hadrongh) [28].
channels makes a study of their full energy spectra unfeaBackgrounds can be safely neglected, and the integrated rate
able. Thev, scattering energy spectra in ICARUS and of charged current . interactions at OPERA is given by Eq.
OPERA consists of 16 bins of widtAE=2.5 GeV. The (4.3) with €,=0.087. This efficiency value includes
number of events in thé" bin, dN'M/d E, is calculated as 32— nBr(7—1i) as well as the selection cuts efficien@8s].

B (Am3,,sir26,3,Sirf26,5)

=A f ¢, (E)P, _, (E)oy(E)ef9dE. (4.9

B(PeaM Am2,,Sirf2 6,3,5irf26;5)

=A f ¢ (E)P, . (E)oS(E)eR™™E. (4.5
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The expression for the, production rate at ICARUS and we define the error agngng+(5'§yﬁlst>< B(ebeam52, where

O_';’hE!;’]A, Re, is i(_lletntif(;,al to the one prt_esented din F(quz) _ only the v, beam contamination has been considered as a
nifi ; sdica _

wilh he appiopite Tunes i, e, and eickiieSourcs of sgnicat, Urcaraity WINL008 Fo

—0.19 andel'9=0.01 50 as to emulate the effect of the s BINON? wpare pOER) g (I\SC)SySt'I y oy

. R : XBg )7, whereByg and B; " are the OPERA back-

selection cuts of Ref26]. The corresponding parameters for grounds produced by the, beam contamination and the
=07, )= hich reproduces the el isidentifi ot i i i

OPERA aree.=0.7, ex"” =0.13(which repro (UC?St e elec- mjsidentified neutral current interactions, respectively. Their

tron detection efficiency of Ref[27]), ##*'=0.002,  associated systematics errors are givendBjf,=0.1 and

beam)__ NC) _
€R**™=0.19 andeg'“=0.016. osi=0.2, as suggested in R¢27]. We do not include a
systematic error for the misidentified neutral current interac-
V. DATA SIMULATION AND ANALYSIS tions at ICARUS because it has not been estimated. We ne-

g_lect the errors arising from other components of the back-

In this section we describe the procedures used to dete round b thev have not been determined on nt of
mine the sensitivity and contour plots for the three experi—g ou ecause they have not been dete edonaccounto

ments and their combination. their expected insignificance.

o 3. v, —v,
A. x° definitions

The number of detected events in this channel is likely to

Lyv—w, be small for both ICARUS and OPERA and so we usg’a
For this oscillation channel we use the information fromfunction consistent with a Poisson distribution,

the v, charged current energy spectrum of each experiment.
All three experiments will observe large numbers of events 5 b, )
of this type, so that the number of events in each bin obeys ~ X(AM3,,SiMP26,3,Si26,) =2
Gaussian statistics. The? function is then defined as

( RObS_ Rth)

obs
. . b -
Xi(Am§2,5|n22023,Sll’122 013) :. 21 (NiObS_ Nlth) + R?‘ Sin( Rth ) ‘| .
iji=1lng T
X oy 2(NEP— NI, .3

(5.1 Here, the theoreticab, rate R™ is calculated via Eq(4.3),

th . - using the appropriate experimental parameters for ICARUS
whereN; _den_o';es the theore‘ucal predl_ctlo_n for the numberand OPERA. When the number of event rates is greater
of events in bin (for a given set of oscillation parametgrs

calculated according to Eq3.1) for MINOS and Eq.(4.1) than 5, we use a standard Gaussiérfunction given by

for ICARUS and OPERA.N%* denotes the “observed”

number of events in bin The simulation of the data giving X2(Am3,,Sirf20,3,siMP26,5) =
NS will be described in Sec. V C. The number of bins is

ng=23, 16 and 16 fol3=MINOS, ICARUS and OPERA, , o .
respectively. For MINOS, the error matrix is defined<a?§ The errors considered in this case are purely statistical.

= 85;;NP*>+ (0.02PNP°N®, where the off-diagonal ele-

obs_ pth

2
U—) . (5.4

T

ments reflect a 2% overall flux uncertainfy5]. For B. Regions of sensitivity
ICARUS and OPERA we only consider statistical errors, oy they,— v, channel, we calculate the sensitivity re-
yielding a7 = 6 Ni™. gions for MINOS, ICARUS and OPERA in the

(sin22613,Am§2) plane. The procedure used is to stﬁbs
=Re(Am3,,sirf26,5,0) with sirf26,;=0.85" or 1, and mini-

Gaussian statistics will also be realized in this Chann6|mize theX2 function given in Eq(52) with respect to the
Even in the case of no oscillations the background contribparameters sf26,; and Am2,. Curves are then drawn at
utes ?fsufntqent number of eventsiy to warrant a Gauss- AXZ%_)(_Z_—Xﬁqm: 4.61 corresponding to the 90% C.L. The
lan x= function, sensitivities are calculated for each experiment separately as

obs  mth 2 well as for their combined potential by using the same pro-
. . - ; _ .2 2 2
Xg(A m§2,3|n22 023,SII’]22 013) = (%) . (5.2 cedure Wlth)(z_ Xe(minos)+ Xe(icarus)+ Xe(opera)*

e

2. v—> v,

nge, the theoretllcal electr<_)n raR{, is given by Eq.(3.2? IThis value is approximately the smallest value of?3i, al-
with the appropriate experimental parametdfexes, effi-  |oyeqd at the 99% C.L. by a combined analysis of SuperKamio-
ciencies, etg.for the experiment under consideration. FOr uande and K2K datd14]. We conservatively assume thabs
MINOS, we define the error aﬁnggbs"'(ég}lth RI)2as-  <m/4. If the converse were true, the sensitivity to 28ify5 is
suming a global systematic errd,s=0.1. For ICARUS,  greater than for sfi26,;=1.
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FIG. 1. MINOS sensitivities for the,,— v,
andv,— v, channels at the 90% C.L. The other
oscillation parameters are fixed atm3,=5
X107 %eV? and sif26,,=0.8, the best-fit solu-
tion to the solar neutrino problem. To determine
the sensitivity to sif26,; when sirf26,3=0.85,
we have taker,;< 7/4. The dashed curve would
be to the left of the solid curve in the left panel if
055> /4.

~~
P
()
‘g --- 5in*20, = 0.85 --- §in*20,=0
)
£ - . i
< 10 — 5in"20,, =1 — sin®20,5 = 0.1
-2
10 |
-3
10 MINOS 10 kt—yr
Vv, => Vv, v, = v,
10" : : : :
107 1072 107" 1073 1072 107" 1
sin*20,; sin20,;

We determine the sensitivity to $B¥,, andAm%2 in the
v,—v, channel for MINOS and in the ,— v, channel for
ICARUS and OPERA. For MINOS, we calculaty
=dN} ,/dE(Am3,,0,sirf26;2) with sinP2¢; 5 set either to 0 or
0.1, its minimum or maximum allowed value. Equati@l)
is then minimized with respect to €B¥,; andA m%z, and the
contour of constant\y? at the 90% C.L. is found. For
ICARUS and OPERA, we s@%=R_(Am?2,,0,sirf26,5) in
Eq. (5.3/(5.4), again with siﬁ2613:O or 0.1, minimize with
respect to sif26,3 andAm§2 and trace contours of constant
Ax?. For the combined sensitivity of all three experiments,
the same procedure is repeated with a glopfatefined as

2.2 2 2
X = Xy,(minos)+ XT(icarus)+ Xr(opera)'

C. Predicting the allowed regions
To predict how accurately MINOS, ICARUS and OPERA

will determine the neutrino oscillation parameters at the at-
mospheric scale, we simulate data sets for the three exper|

ments assuming oscillations occur with

Am3,=3x10%eV?, Am3=5x10 %eV?

SiP260,,=1, sirf260,,=0.8, sirf26,5=0.05.

(5.9

All parameters other tha#, ; are close to the best-fit values
from the current data. The value 6f;is chosen to lie within
(or close tQ the sensitivity regions of all three experiments
under consideration while obeying the CHOOZ lirhit7].
We have assumed a normal hierarctyng3,>0). Note that

since matter effects are small at 730 km, the results for ar

inverted hierarchy will not be substantially different from
that for a normal hierarchy.
Each simulated data point is generated by randoml

done for thev, charged current rates of all three experi-
ments, yielding theR%* in Eq. (5.2, and thev, charged
current rates at ICARUS and OPERA, giving tR&S of Eq.
(5.3 or (5.4). In the case of the, and v rates where back-
grounds are taken into consideration, the backgrounds and
signals are calculated and simulated separately before being
combined to give the rates used in the analyses.

The allowed regions are calculated for the individual ex-
periments by combining the information available from each

=2

X
~ 0.35 —r—rr e
oF ;
E .
< I 1l |
0.3 M B 4
0’25 MR | M R ST ...‘:....I .......
21— 0.9 1
§ P/ »
N $in*20,;
£ 3
o
MINOS 10 kt—yr
09 I ] — 90%CL
— 99%C.L.
®  theoretical input
0.8 L
107° 10"
sin?20,s

FIG. 2. Expected allowed regions for MINOS at the 90% and

%9% C.L. using AmZ,=3x103eV?, AmZ=5x10%eV?

choosing a point from a Gaussian or Poisson distributionyjpog, — 1 sirf2¢,,=0.8 and sif26,5=0.05 as the theoretical in-
associated with the number of events expected theoreticallyyt for which data was simulated. The dashed line is the Super-

This procedure is followed for the 23 bins of the MINGOG
energy spectrum as well as the 16 bins of the ICARUS an
OPERAv,, spectra, giving thé\?" of Eq. (5.1). This is also

Kamiokande allowed region at the 99% C.L. Here and in other
(ﬁgures, the best fit point is very close to the theoretical input and is
consequently not shown.
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FIG. 3. The same as Fig. 1 but for ICARUS in
the v,— v¢(v,) oscillation modes.
-3
10 ¢ ICARUS 20 kt—yr
v, => v,
10" - - - -
107° 102 107" 10° 102 107" 1
sin*20,; sin*20,;

channel and defining totaf?> functions as follows:
Xainod AM3,,SINP20,3,SiMP2013) = x5+ X3
Xﬁ:aru&AmgzvSin2202315in22013):Xi+X<29+X?r’

XgperéAmgz,Sir122023,Sir]22013)=Xi+)(§+)(72,. ( )
5.6

The x? functions are then minimized by varyingmgz,
sif26,; and sif26;; with Am3,=5x10 °eV? and
sirf26,,=0.8. Contours ofA y>=6.25 and 11.36 are made

eters has been analyzed in Ref0]. That sensitivity is com-
parable to the sensitivity of the, disappearance channel in
Fig. 1. Direct evidence for transitions tg. is a very impor-
tant aspect of the MINOS experiment, which can be accom-
plished by comparing the® and 1 event rates.

For the oscillation parameters of E(.5), the signal
(backgroundis comprised of 27700) v,, CC events and 15
(41) v, events. Note that we have included the contribution
from misidentified NC events in the, event sample. In Fig.

2 we show the allowed regions obtained by simulating data
for the MINOS detector. Tha y? contours are shown at the
90 and 99% C.L. Because of high statistics and an optimal

corresponding to the 90% and 99% C.L., respectively. TheS/E combination. MINOS should be able to pin domkmn%z

confidence level regions are projected on to two-dimensional Sif26,; quite precisely

subspaces of the three parameter space.
To investigate whether combining data from the three ex

periments improves the determination of the oscillation pa-

rameters, we define a globgf function as
2 2 H H
Xminos—%—icarusi—oper:gAm32's‘m22 023,SII']22013)

(5.7

.2 2 2
- Xminos+ Xicarus+ Xopera

This x? function is minimized and contours are made as

described above.

VI. RESULTS
A. MINOS

In Fig. 1 we present the sensitivitat the 90% C.L). of
MINOS in thev, appearance and, disappearance channels
for an exposure of 10 kton-years. In thgappearance chan-
nel (left panel of Fig. 1, we see a small decrease in the
sensitivity of MINOS as sifR6,5 is decreased within its al-
lowed range. MINOS is sensitive to &&9,,=0.05 for
Am3,~3x10 3eV? and maximaly,-v, mixing. For thev,,

disappearance channel, one can see that the region of sen: E

tivity is not affected by the variation of sifg;5 within its
allowed range. MINOS is sensitive thm3,=5X 10" *eV?
at maximal si26,5. The sensitivity of the neutral current to

charged current event ratio to the leading oscillation param-

as is shown most clearly by the
plot in the (sif26,3,Am3,) plane. For 10 kton-years of ex-

-2

~1 T IRARARAREA
> |
L
N#
£ PR
g ;
: e I L
x‘ H
10-3 et b L Lo
. ———— 06 08 1
8 $in“20,s
e f 1
Y e
0.8 :\_ ICARUS 20 kt—yr
; ] — 90%mCL
o6 E E — 99%cCL
®  theoretical input
1077 1072 10"
sin?20,;

FIG. 4. The same as Fig. 2 but for ICARUS.
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FIG. 5. The same as Fig. 3 but for OPERA.
-3
107 E OPERA 10 kt—yr
Vv, => V, vV, => v,
10
107 1072 167! 107 1072 107! 1
sin*20,; sin*20,;

posure, we find that MINOS should be able to measure thesgetection efficiency than ICARUS, the latter has a greater
parameters to within 10% at the 99% C.L. However, MINOSsensitivity in this channel because of its larger volume and
will not make a determination of sif6;;. Low statistics in  consequently higher event rate.

the v, channel are expected because of the smallnegg;of The number ofv,, ve, v, signal (backgroungl events
and relatively large backgrounds of are expected to be expected for the oscillation parameters used are 198),0
present in the beam. 14 (230 and 16(0), respectively. In Fig. 6 we present con-

tours of A y? at the 90 and 99% C.L. for OPERA.
B. ICARUS

The sensitivity of the ICARUS experiment to the,
—ve andv,— v, oscillation channels are shown in the left  In Fig. 7 we present the 90% C.L. sensitivity regions after
and right-hand panels of Fig. 3, respectively. 20 kton-yearsombining the data simulated for the MINOS, ICARUS and
of exposure is assumed, and the contours are drawn at the @PERA experiments. In the (22¥,3,Am3,) plane, the
and 99% C.L. For the/, appearance channel, we find that combined sensitivity does not show much improvement over
ICARUS can access values of €,;=0.03 for Am3,~3 ICARUS alone, resulting in a sensitivity to $#9,5=0.02
X 10 *eV? and maximaly,— v, mixing. From thev, ap-  for Am3,~3x10 *eV? and maximalv,-v, mixing. The
pearance channel, we find that ICARUS is sensitive to
Am3,=(1-2)x 10 3eV? at maximal mixing.

The theoretical inpu{Eq. (5.5] yields 41960(0), 34
(380 and 27(11) v,, ve, v, signal (background events,
respectively. Figure 4 shows 90 and 99% C.L. contours ob-
tained by simulating data for all three channels that can be
studied by the ICARUS experiment by observing variations i ®
in x?= x5+ x>+ x2. From the three panels displayed in the i 1l
figure, it can be seen that ICARUS can determire3, and y
Sinf26,5 to within 30% at the 99% C.L. but will not provide
a meaningful determination of @¥;5. 10 b Lo Lo

D. Global analysis

-2
10 [ L R | [T ]

*y (eV?)

Am

20,
@
3
~
(]
()
B

C. OPERA

sin

Figure 5 shows the sensitivity of the OPERA experiment ]
to oscillation parameters at the atmospheric scale via the 08 3 E OPERA 10 kt—yr
v,—ve and v,— v, channels, respectively. This plot is . ] — someL
made for 10 kton-years of exposure, and represents the 90¢ : ] — 99% c:|_:
C.L. Using v, appearance, we find that OPERA will be sen- 0.6 e
sitive to values of sif26,5=0.2 forAm3,~3x 10 eV and ]
maximal v,-v, mixing, but this region is ruled out by .
CHOOZ. Exploitingv, appearance, OPERA is shown to be 1073 1072 107"
sensitive toAm3,=1Xx10 2eV? at maximal mixing inde- sin?20
pendent of the value of sidg;;. Although OPERA has no *
considerable background far events as well as a higher FIG. 6. The same as Fig. 2 but for OPERA.

®  theoretical input
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fol [}
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FIG. 7. The global sensitivity of the,— v,
102} mode at 90% C.L. is shown on the left. The sen-
sitivity to sir?26,5 and Amg2 by combining the
MINOS sensitivity in the disappearance channel
and the ICARUS and OPERA sensitivities in the
10°} v,— v, channels at the 90% C.L. is on the right.
MINOS+ICARUS+OPERA
-4
10 -3 I—2 I—1 —3 I—2 I—1
10 10 10 10 10 10
sin*20,; sin*20,;

sensitivity of the experiments in the (&,3,Am%,) plane  nate over any changes in the overgfl function. These pa-
depends only slightly on the value of &, ; between 0 and rameters can therefore be determined to within 10% once
0.1. The combined sensitivity of the three experiments igagain. However, the ability of these experiments to constrain
Am§22(4—5)>< 10 *eV? at maximal mixing which is the sinf26,5 becomes feasible by combining them into a single
same as that of MINOS. analysis. For the data we simulated, we obtain’Zip

In Fig. 8 we show the allowed regions obtained from the=0.01 at the 95% C.L. Similar results for 4®,; are ob-
combined analysis at the 90%, 95% and 99% C.L. The pretained by setting’®= x2 o5t X2ams Since only MINOS and
cision with which the combination of the experiments can|CARUS are sensitive to values of #%,,<0.1 for Am§2
determineAms3, and sif26,; does not improve from the —3x 10 3e\2.
analysis with MINOS alone, since changes)ifyis domi-

VII. CONCLUSIONS

We have studied the potential of the future long baseline
] experiments ICARUS, MINOS, and OPERA, to ascertain the
: | neutrino oscillation parameters at the atmospheric scale as
separate experiments, and in combination. By simulating
data atAm3,=3X 10 3eV?, Am3,=5x10 °eV?, sirf26,,

0.3

o b ML

SiN*20,;

sin®20,;

MINOS+ICARUS+OPERA

90% C.L.
95% C.L.
— 99%C.L

®

0.9

theoretical input

08 L
107

107"
sin*20,;

=1, sirf26,,=0.8 and sif26,,=0.05 for all three experi-
ments, and calculating the allowed regions given by this
data, we have estimated the precision with which these ex-
periments can determine the paramerevr@z, Sirf26,5, and
Sinf26,5. We took into consideratiom,, disappearance and
v, appearance for all three experiments andappearance
for ICARUS and OPERA. The precision with which the
leading oscillation parameters can be determined by the
combined data of the three experiments is illustrated in Fig.
8.

The range of values o$m§2 and siff26,; allowed by the
Super-Kamiokande atmospheric neutrino data will be signifi-
cantly narrowed by the MINOS experiment. With an optimal
(L/E) ratio for studying these parameters, MINOS should
pin them down to within 10% at the 99% C.L. with 10 kton-
years of data. See Fig. 2. ICARUS and OPERA, though not
as sensitive to these parameters as MINOS, will provide an

FIG. 8. Expected allowed regions from the cumulative simu-important check on the neutrino oscillation hypothesis by

lated data of the three experiments at the 90%, 95% and 99% C.1ObsServing tau events via the,— v channel. The value of
using Am3,=3x10 %eV?, Am3=5X10 %eV? sirf26,,=1, sinf26,5 will be difficult for these experiments to determine

sirf26,,=0.8 and siA26,;=0.05 as the theoretical input. The because of low event rates and_large backgroqnds irvghe
dashed line is the Super-Kamiokande allowed region at the 99%hannel. We have shown that this parameter will remain un-
C.L. bounded when the experiments are analyzed separately.
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Combining the data from the MINOS and ICARUS experi-

ments may allow a lower bound on &, of ¥(0.01) to be

placed at the 95% C.L. if sf@6,5 lies within the combined

sensitivity of the experiments. Establishing a lower bound o
sirf26,5 would eliminate models that predict smaller valuesy
of sinf26,5. If sin?26,5>0.01 and theCP phase is suffi-
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