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s potential of long baseline neutrino os
illation experimentsplanned for the 
oming ten years, where the main fo
us is the sensitivity limit to thesmall mixing angle �13. The dis
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onventional beam ex-periments MINOS, ICARUS, and OPERA, whi
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1 Introdu
tionWithin the last ten years a huge progress has been a
hieved in neutrino os
illation physi
s.In parti
ular, the results of the atmospheri
 neutrino experiments [1, 2, 3℄ and the K2Ka

elerator neutrino experiment [4℄ have demonstrated that atmospheri
 muon neutrinosos
illate predominately into tau neutrinos with a mixing angle 
lose to maximal mixing.Furthermore, solar neutrino experiments [5, 6℄ and the KamLAND rea
tor neutrino exper-iment [7℄ have established that the redu
ed 
ux of solar ele
tron neutrinos is 
onsistentlyunderstood by the so-
alled LMA-MSW solution [8℄. Looking ba
k at these ex
iting devel-opments, it is tempting to extrapolate where we 
ould stand in ten years from now withthe experiments being under 
onstru
tion or planned. Certainly, neutrino physi
s will turnfrom the dis
overy era to the pre
ision age, whi
h however, will make this �eld by no meansless ex
iting. The next major 
hallenge will be the determination of the third, unknownmixing angle �13, whi
h at present is only known to be small [9,10℄. Further important issueswill be the determination of the neutrino mass hierar
hy and, if �13 turns out to be largeenough, the Dira
 CP phase. Three di�erent 
lasses of experiments are under dis
ussionfor the next generation of long-baseline os
illation experiments, whi
h are able to addressat least some of these topi
s: Conventional beam experiments, �rst-generation superbeams,and new rea
tor experiments with near and far dete
tors. In this study, we 
onsider spe
i�
proposals for su
h experiments, whi
h are under 
onstru
tion or in a
tive preparation, and
ould deliver physi
s results within the next ten years.An already existing 
onventional beam experiment is the K2K experiment [4℄, whi
h issending a neutrino beam from the KEK a

elerator to the Super-Kamiokande dete
tor.This experiment has already 
on�rmed the disappearan
e of �� as predi
ted by atmospheri
neutrino data, and with more statisti
s it will slightly redu
e the allowed range of theatmospheri
 mass splitting �m231. In this study, we 
onsider in detail the next generation ofsu
h 
onventional beam experiments, whi
h are the MINOS experiment [11℄ in US, and theCERN to Gran Sasso (CNGS) experiments ICARUS [12℄ and OPERA [13℄. These experimentsare 
urrently under 
onstru
tion and should easily obtain physi
s results within the nextten years, in
luding �ve years of data taking.Moreover, we 
onsider the subsequent generation of beam experiments, the so-
alled su-perbeam experiments. They use the same te
hnology as 
onventional beams, but sev-eral improvements. The most advan
ed superbeam proposals are the J-PARC to Super-Kamiokande experiment (JPARC-SK) [14℄ in Japan, and the NuMI o�-axis experiment [15℄,using a neutrino beam produ
ed at Fermilab in US. For these two experiments spe
i�
 Let-ters of Intent exist and we use the setups dis
ussed in there. JPARC-SK and NuMI 
oulddeliver important new results towards the end of the times
ale 
onsidered in this work.Re
ently, there has been a lot of a
tivity to investigate the potential of new rea
tor neutrinoexperiments [16℄. It has been realized that the performan
e of previous experiments, su
h asCHOOZ [9,10℄ or Palo Verde [17℄, 
an be signi�
antly improved if a near dete
tor is used to
ontrol systemati
s and if the statisti
s is in
reased [18,19,20℄. A number of possible sites aredis
ussed, in
luding rea
tors in Brasil, China, Fran
e, Japan, Russia, Taiwan, and the US(see Ref. [16℄ for an extensive review). Among the dis
ussed options are the KASKA proje
tin Japan [19℄ at the Kashiwazaki-Kariwa power plant, several power plants in USA [21,1



22℄ (e.g., Diablo Canyon in California or Braidwood in Illinois), and the Double-Choozproje
t [23℄ (D-Chooz), whi
h is planned at the original CHOOZ site [10℄ in Fran
e.The parti
ular sele
tion of experiments 
onsidered in this study is determined by the re-quirement that results should be available within about ten years from now. This eitherrequires that the experiments are already under 
onstru
tion (su
h as MINOS, ICARUS, andOPERA), or that spe
i�
 proposals (Letters of Intent) in
luding feasibility studies exist.From the 
urrent perspe
tive, the only superbeam experiments ful�lling this requirementare the JPARC-SK and NuMI proje
ts. Con
erning rea
tors, we 
onsider in this study theDouble-Chooz proje
t [23℄, sin
e this proposal has the advantage that a lot of infrastru
turefrom the �rst CHOOZ experiment 
an be re-used. In parti
ular, the existen
e of the de-te
tor hall drasti
ally redu
es the required amount of 
ivil engineering, whi
h is 
onsideredto be time-
riti
al for a future rea
tor experiment. Therefore, it seems rather likely thata medium size experiment 
an be built at the CHOOZ site within a few years and deliverphysi
s results during the times
ale 
onsidered here. We would like to stress that otherrea
tor experiments of similar size, su
h as the KASKA proje
t in Japan [19℄, would leadto results similar to Double-Chooz. To fully explore the potential of neutrino os
illationexperiments at nu
lear rea
tors, we furthermore 
onsider an even larger rea
tor neutrinoexperiment (Rea
tor-II). This 
ould be espe
ially interesting if a large value of �13 was found.Rea
tor-II is the only ex
eption for whi
h we use an abstra
t setup, whi
h 
ould, in prin
iple,be built at one of the sites mentioned above. For example, some proje
ts dis
ussed in theUS, su
h as Diablo Canyon or Braidwood [22,24℄, are similar to our Rea
tor-II setup. Su
han experiment 
ould be feasible within a times
ale similar to the superbeam experiments,and 
ould provide results at the end of the period 
onsidered in this work. Note that in thisstudy, we do not 
onsider os
illation experiments using a natural neutrino sour
e, su
h assolar, atmospheri
, or supernova neutrinos.The outline of the paper is as follows: After a brief des
ription of the 
onsidered experimentsin Se
tion 2, we dis
uss the analysis methods and some analyti
al qualitative features ofour results in Se
tion 3. The main results of this study are given in Se
tions 4, 5, 6, and 7.First, in Se
tion 4, we investigate the improvement of the atmospheri
 parameters �23 and�m231 from long-baseline experiments within ten years. Then we move to the dis
ussion ofthe sin2 2�13 sensitivity limit if no �nite value of sin2 2�13 
an be established. We 
onsider inSe
tion 5 the 
onventional beam experiments MINOS, ICARUS, and OPERA. In Se
tion 6,we dis
uss the potential of rea
tor neutrino experiments to 
onstrain sin2 2�13, and we
ompare the �nal sin2 2�13 bounds from the 
onventional beams, Double-Chooz, JPARC-SK,and NuMI. In Se
tion 7, we investigate the assumption that sin2 2�13 is large, and dis
usswhat we 
ould learn from the next generation of experiments on the Dira
 CP phase andthe type of the neutrino mass hierar
hy. In this se
tion, the Rea
tor-II setup will be
omeimportant. A summary of our results is given in Se
tion 8. In Appendix A, we des
ribein detail our simulation of MINOS, ICARUS, and OPERA. Furthermore, in Appendix B,te
hni
al details of the rea
tor experiment analysis are given. Eventually, we present athorough dis
ussion of our de�nition of the sin2 2�13 limit in Appendix C.2



2 Des
ription of the 
onsidered experimentsIn this se
tion, we dis
uss in detail the individual experiments 
onsidered in this work. Themain 
hara
teristi
s of the used setups are summarized in Table 1.2.1 Conventional beam experimentsConventional beam experiments use an a

elerator for neutrino produ
tion: A proton beamhits a target and produ
es a pion beam (with a 
ontribution of kaons). The resulting pionsmainly de
ay into muon neutrinos with some ele
tron neutrino 
ontamination. The fardete
tor is usually lo
ated in the 
enter of the beam. The primary goal of these beams isthe improvement of the pre
isions of the atmospheri
 os
illation parameters. In addition,an improvement of the CHOOZ limit for sin2 2�13 is expe
ted. For more details, see Ref. [11℄for the MINOS experiment and Refs. [12, 13℄ for the CNGS experiments. In addition, wedes
ribe our simulation in more detail in Appendix A.The neutrino beam for the MINOS experiment is produ
ed at Fermilab. Protons with anenergy of about 120GeV hit a graphite target with an intended exposure of 3:7�1020 protonson target (pot) per year. A two-horn fo
using system allows to dire
t the pions towards theSoudan mine where the magnetized iron far dete
tor is lo
ated, whi
h results in a baseline of735 km. The 
avor 
ontent of the beam is, be
ause of the de
ay 
hara
teristi
s of the pions,almost only �� with a 
ontamination of approximately 1% �e. The mean neutrino energyis at hE�i � 3GeV, whi
h is small 
ompared to the � -produ
tion threshold. The mainpurpose is to observe �� ! �� disappearan
e with high statisti
s, and thus to determinethe \atmospheri
" os
illation parameters. In addition, the �� ! �e appearan
e 
hannel willprovide some information on sin2 2�13.The CNGS beam is produ
ed at CERN and dire
ted towards the Gran Sasso Laboratory,where the ICARUS and OPERA dete
tors are lo
ated at a baseline of 732 km. The primaryprotons are a

elerated in the SPS to 400GeV, and the luminosity is planned to be 4:5 �1019 pot y�1. Again the beam mainly 
ontains �� with a small 
ontamination of �e atthe level of 1%. The main di�eren
e to the NuMI beam is the higher neutrino energy.The mean energy is 17GeV, well above the � -produ
tion threshold. Therefore, the CNGSexperiments will be able to study the �� -appearan
e in the �� ! �� 
hannel. Two fardete
tors with very di�erent te
hnologies designed for �� dete
tion will be used for theCNGS experiment. The OPERA dete
tor is an emulsion 
loud 
hamber, whereas ICARUSis based on a liquid Argon TPC. In addition to the �� dete
tion, it is possible to identifyele
trons and muons in the OPERA and ICARUS dete
tors. This in addition allows tostudy the �� ! �e appearan
e 
hannel providing the main information on sin2 2�13, andthe �� disappearan
e 
hannel, whi
h 
ontributes signi�
antly to the determination of theatmospheri
 os
illation parameters.2.2 The �rst-generation superbeams JPARC-SK and NuMISuperbeams are based upon the te
hnology of 
onventional beam experiments with somete
hni
al improvements. All superbeams use a near dete
tor for a better 
ontrol of the sys-3



Label L hE�i PSour
e Dete
tor te
hnology mDet trunConventional beam experiments:MINOS 735 km 3GeV 3:7 � 1020 pot=y Magn. iron 
alorim. 5:4 kt 5 yrICARUS 732 km 17GeV 4:5 � 1019 pot=y Liquid Argon TPC 2:35 kt 5 yrOPERA 732 km 17GeV 4:5 � 1019 pot=y Emul. 
loud 
hamb. 1:65 kt 5 yrSuperbeams:JPARC-SK 295 km 0:76GeV 1:0 � 1021 pot=y Water Cherenkov 22:5 kt 5 yrNuMI 812 km 2:22GeV 4:0 � 1020 pot=y Low-Z-
alorimeter 50 kt 5 yrRea
tor experiments:D-Chooz 1:05 km � 4MeV 2� 4:25GW Liquid S
intillator 11:3 t 3 yrRea
tor-II 1:70 km � 4MeV 8GW Liquid S
intillator 200 t 5 yrTable 1: The di�erent 
lasses of experiments and the 
onsidered setups. The table shows the label ofthe experiment, the baseline L, the mean neutrino energy hE�i, the sour
e power PSour
e (for beams: inprotons on target per year, for rea
tors: in gigawatts of thermal rea
tor power), the dete
tor te
hnology, the�du
ial dete
tor massmDet, and the running time trun. Note that most results are, to a �rst approximation,a fun
tion of the produ
t of running time, dete
tor mass, and sour
e power.temati
s and are aiming for higher target powers than the 
onventional beam experiments.In addition, the dete
tors are better optimized for the 
onsidered purpose. Sin
e the pri-mary goal of superbeams is the sin2 2�13 sensitivity, the �� ! �e appearan
e 
hannel isexpe
ted to provide the most interesting results. In order to redu
e the irredu
ible fra
tionof �e from the meson de
ays (whi
h is also 
alled \ba
kground") and the unwanted high-energy tail in the neutrino energy spe
trum, one uses the o�-axis-te
hnology [25℄ to produ
ea narrow-band beam, i.e., a neutrino beam with a sharply peaking energy spe
trum. Forthis te
hnology, the far dete
tor is situated slightly o� the beam axis. The simulation ofthe superbeams is performed as des
ribed in Ref. [26℄; here we give only a short summary.The J-PARC to Super-Kamiokande superbeam, whi
h we further on 
all JPARC-SK,1 issupposed to have a target power of 0:77MW with 1021 pot per year [14℄. It uses the Super-Kamiokande dete
tor, a water Cherenkov dete
tor with a �du
ial mass of 22:5 kt at abaseline of L = 295 km and an o�-axis angle of 2Æ. The Super-Kamiokande dete
tor hasex
ellent ele
tron-muon separation and neutral 
urrent reje
tion 
apabilities. Sin
e the meanneutrino energy is 0:76GeV, quasi-elasti
 s
attering is the dominant dete
tion pro
ess.For the NuMI o�-axis experiment [15℄, whi
h we further on 
all NuMI, a low-Z-
alorimeterwith a �du
ial mass of 50 kt is planned [28℄. Be
ause of the higher average neutrino energyof about 2:2GeV, deep inelasti
 s
attering is the dominant dete
tion pro
ess. Thus, thehadroni
 fra
tion of the energy deposition is larger at these energies, whi
h makes the low-Z-
alorimeter the more eÆ
ient dete
tor te
hnology. For the baseline and o�-axis angle, many
on�gurations are under dis
ussion. As it has been demonstrated in Refs. [29,26,30℄, a NuMIbaseline signi�
antly longer than 712 km in
reases the overall physi
s potential be
ause ofthe larger 
ontribution of matter e�e
ts. In this study, we use a baseline of 812 km and1The JPARC-SK setup 
onsidered in this work is the same as the setup labeled JHF-SK in previouspubli
ations [27,26,20℄. 4



an o�-axis angle of 0:72Æ, whi
h 
orresponds to a lo
ation 
lose to the proposed Ash Riversite, and to the longest possible baseline within the United States. The beam is supposedto have a target power of about 0:43MW with 4:0 � 1020 pot per year.2.3 The rea
tor experiments Double-Chooz and Rea
tor-IIThe key idea of the new proposed rea
tor experiments is the use of a near dete
tor at adistan
e of few hundred meters away from the rea
tor 
ore. If near and far dete
tors arebuilt as identi
al as possible, systemati
 un
ertainties related to the neutrino 
ux will 
an
el.In addition, dete
tors 
onsiderably larger than the CHOOZ dete
tor are anti
ipated, whi
hhas, for example, been demonstrated to be feasible by KamLAND [7℄. Ex
ept from theseimprovements, su
h a rea
tor experiment would be very similar to previous experiments,su
h as CHOOZ [10℄ or Palo Verde [17℄. The basi
 prin
iple is the dete
tion of antineutrinosby the inverse �-de
ay pro
ess, whi
h are produ
ed by �-de
ay in a nu
lear �ssion rea
tor.For details of our simulation of rea
tor neutrino experiments, see Ref. [20℄ and Appendix B.For the Double-Chooz experiment, we assume a total number of 60 000 un-os
illated eventsin the far dete
tor [23℄, whi
h 
orresponds (for 100% dete
tion eÆ
ien
y) to the inte-grated luminosity of 288 t �GW � yr, 
ompared to the original CHOOZ experiment with12:25 t �GW � yr leading to about 2 500 un-os
illated events [9℄. The integrated luminosityis given as the produ
t of thermal rea
tor power, running time, and dete
tor mass. Notethat, at least for a ba
kground-free measurement, one 
an s
ale the individual fa
tors su
hthat their produ
t remains 
onstant. The possibility to re-use the 
avity of the originalCHOOZ experiment is a striking feature of the Double-Chooz proposal, although it 
on�nesthe far dete
tor to a baseline of 1:05 km, whi
h is slightly too short for the 
urrent best-�tvalue �m231 ' 2 � 10�3 eV2.If a positive signal for sin2 2�13 is found soon, i.e., sin2 2�13 turns out to be large, it will be theprimary obje
tive to push the knowledge on sin2 2�13 and ÆCP with the next generations ofexperiments. From the initial measurements of superbeams, sin2 2�13 and ÆCP will be highly
orrelated (see Se
tion 7). In order to disentangle these parameters, some 
omplementaryinformation is needed. For this purpose, one 
an either use extensive antineutrino runningat a beam experiment, or use an additional large rea
tor experiment to measure sin2 2�13pre
isely [20,31℄. Be
ause the antineutrino 
ross se
tions are mu
h smaller than the neutrino
ross se
tions, a superbeam experiment would have to run about three times longer in theantineutrino mode than in the neutrino mode in order to obtain 
omparable statisti
alinformation. Thus, a superbeam 
ould not supply the ne
essary information within theanti
ipated times
ale. We therefore suggest the large rea
tor experiment Rea
tor-II fromRef. [20℄ at the optimal baseline of L = 1:7 km in order to demonstrate the 
ombinedpotential of all experiments. It has 636 200 un-os
illated events, whi
h 
orresponds to anintegrated luminosity of 8 000 t �GW � yr. Su
h a rea
tor experiment 
ould, for example, bebuilt at the Diablo Canyon or Braidwood power plants [22,24℄.5



3 Qualitative dis
ussion and analysis methodsIn general, our 
al
ulations are done in the three 
avor framework, where we use the standardparameterization U of the leptoni
 mixing matrix des
ribed by three mixing angles and oneCP phase [32℄. Our results are based on a full numeri
al simulation of the exa
t transitionprobabilities, and we also in
lude Earth matter e�e
ts [8℄ be
ause of the long baselines usedfor the NuMI beam. We take into a

ount matter density un
ertainties by imposing anerror of 5% on the average matter density [33℄. The probabilities are 
onvoluted with theneutrino 
uxes, dete
tion 
ross se
tions, energy resolutions, and experimental eÆ
ien
ies to
al
ulate the event rates, whi
h are the basis of the full statisti
al �2-analysis. We use allthe information available, i.e., the appearan
e and disappearan
e 
hannels, as well as theenergy information. The simulation methods are des
ribed in the Appendi
es of Ref. [27℄;for details of the 
onventional beam experiments, see also Appendix A, for the superbeamexperiments Ref. [26℄, and for the the rea
tor experiments Ref. [20℄ and Appendix B. Allof the 
al
ulations are performed with the GLoBES software [34℄.In order to obtain a qualitative analyti
al understanding of the e�e
ts, it is suÆ
ient to usesimpli�ed expressions for the transition probabilities, whi
h are obtained by expanding theprobabilities in va
uum simultaneously in the mass hierar
hy parameter � � �m221=�m231and the small mixing angle sin 2�13. The expression for the �� ! �e appearan
e probabilityup to se
ond order in � and sin 2�13 is given by [35,36℄P (�� ! �e) ' sin2 2�13 sin2 �23 sin2�� � sin 2�13 sin ÆCP 
os �13 sin 2�12 sin 2�23 sin3�+ � sin 2�13 
os ÆCP 
os �13 sin 2�12 sin 2�23 
os� sin2�+ �2 
os2 �23 sin2 2�12 sin2� (1)with � � �m231L=(4E� ). The sign of the se
ond term is negative for neutrinos and positivefor antineutrinos. The relative weight of ea
h of the individual terms in Eq. (1) is determinedby the values of � and sin 2�13, whi
h means that the superbeam performan
e is highlya�e
ted by the true values �m221 and �m231 given by nature. Rea
tor experiments 
an bedes
ribed by the 
orresponding expansion of the disappearan
e probability up to se
ondorder in sin 2�13 and � [19,20,36℄1 � P�e�e ' sin2 2�13 sin2�31 + �2�231 
os4 �13 sin2 2�12; (2)where the se
ond term on the right-hand side of this equation is very small for sin2 2�13 &10�3, and 
an be negle
ted 
lose to the �rst atmospheri
 os
illation maximum.From Eq. (2), it is obvious that a rea
tor experiment 
annot a

ess �23, the mass hierar
hy,or ÆCP. In addition, the measurements of �m231 would only be possible for large valuesof sin2 2�13 [20℄. These parameters 
an be only measured by the �� ! ��, �� ! �e, and�� ! �� 
hannels in beam experiments. However, 
omparing Eqs. (1) and (2), one 
aneasily see that rea
tor experiments should allow a \
lean" and degenerate-free measurementof sin2 2�13 [19℄. In 
ontrast, the determination of sin2 2�13 using the appearan
e 
hannel6



in Eq. (1) is strongly a�e
ted by the more 
ompli
ated parameter dependen
e of the os
il-lation probability, whi
h leads to multi-parameter 
orrelations [27℄ and to the (Æ; �13) [37℄,sgn(�m231) [38℄, and (�23; �=2� �23) [39℄ degenera
ies, i.e., an overall \eight-fold" degener-a
y [40℄. In the analysis, we take into a

ount all of these degenera
ies. Note however, thatthe (�23; �=2��23) degenera
y is not present, sin
e we always adopt for the true value of �23the 
urrent atmospheri
 best-�t value �23 = �=4. The proper treatment of 
orrelations anddegenera
ies is of parti
ular importan
e for the 
al
ulation of a sensitivity limit on sin2 2�13.This issue is dis
uss in detail in Appendix C, where we give also a pre
ise de�nition of thesin2 2�13 sensitivity limit. In some 
ases we 
ompare the a
tual sin2 2�13 sensitivity limit tothe so-
alled (sin2 2�13)e� sensitivity limit, whi
h in
ludes only statisti
al and systemati
alerrors (but no 
orrelations and degenera
ies). This limit 
orresponds roughly to the poten-tial of a given experiment to observe a positive signal, whi
h is \parameterized" by some(unphysi
al) mixing parameter (sin2 2�13)e� (see also Appendix C for a pre
ise de�nition).If not otherwise stated, we use in the following for the \solar" and \atmospheri
" parametersthe 
urrent best-�t values with their 3�-allowed ranges:j�m231j = 2:0+1:2�0:9 � 10�3 eV2; sin2 2�23 = 1+0�0:15;�m221 = 7:0+2:5�1:6 � 10�5 eV2; sin2 2�12 = 0:8+0:15�0:1 : (3)The numbers are taken from Refs. [41,42℄, whi
h in
lude the latest SNO salt solar neutrinodata [6℄ and the results of the re-analysis of the Super-Kamiokande atmospheri
 neutrinodata [2℄. The interesting dependen
ies on the true parameter values are usually shownwithin the 3�-allowed ranges. For the upper bound on sin2 2�13 at 90% CL (3�) we usesin2 2�13 � 0:14 (0:25) ; (4)obtained from the CHOOZ data [9℄ 
ombined with global solar neutrino and KamLANDdata at the best �t value �m231 = 2 � 10�3 eV2 [42℄. In order to take into a

ount relevantinformation from experiments not 
onsidered expli
itly, we impose external input given bythe 1� error on the respe
tive parameters. This is mainly relevant for the \solar parameters",where we assume that the ongoing KamLAND experiment will improve the errors down toa level of about 10% on ea
h �m221 and sin 2�12 [43℄. For the \atmospheri
 parameters" weassume as external input roughly the 
urrent error of 20% for j�m231j and 5% for sin2 2�23,whi
h however, be
omes irrelevant after about one year of data taking of the 
onventionalbeams, sin
e then these parameters (espe
ially j�m231j) will be determined to a betterpre
ision from the experiments themselves. Furthermore, we assume a pre
ision of 5% forj�m231j for the separate analysis of the rea
tor experiments, sin
e the 
onventional beamsshould supply results until then. However, it 
an be shown that the results would onlymarginally 
hange for an error of 20% for j�m231j.4 The measurements of �m231 and �23In this se
tion, we investigate the ability of the 
onventional beam experiments and super-beams to measure the leading atmospheri
 parameters �m231 and �23. We do not in
ludethe rea
tor experiments in this dis
ussion, sin
e they are rather insensitive to �m231, and7
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Figure 1: The 90% CL (solid 
urves) and 3� (dashed 
urves) allowed regions (2 d.o.f.) in the sin2 �23-�m231-plane for the 
ombined 
onventional beams (MINOS, ICARUS, OPERA), JPARC-SK, NuMI, and allbeam experiments 
ombined. For the true values of the os
illation parameters, we 
hoose the 
urrent best-�tvalues from Eq. (3), a normal mass hierar
hy, sin2 2�13 = 0:1 and ÆCP = 0. The upper row shows a se
tionof the �t manifold (with the un-displayed os
illation parameters �xed at their true values), and the lowerrow shows the proje
tion onto the sin2 �23-�m231-plane as the �nal result. The shaded regions 
orrespondto the 90% CL allowed region from 
urrent atmospheri
 neutrino data [2℄.
annot a

ess �23 at all. The measurement of these parameters is dominated by the �� ! ��disappearan
e 
hannel in the beam experiments.In Figure 1, we 
ompare the predi
ted allowed regions for �m231 and sin2 �23 from the
ombined 
onventional beams (MINOS, ICARUS, OPERA), JPARC-SK, NuMI, and all beamexperiments 
ombined to the 
urrent allowed region from Super-Kamiokande atmospheri
neutrino data. We show the �t-manifold se
tion in the sin2 �23-�m231-plane (upper row), aswell as the proje
tion onto this plane (lower row). For a se
tion, all os
illation parameterswhi
h are not shown are �xed at their true values, whereas for a proje
tion the �2-fun
tion isminimized over these parameters. Therefore, the proje
tion 
orresponds to the �nal result,sin
e it in
ludes the fa
t that the other �t parameters are not exa
tly known. In general,the �2-value be
omes smaller by the minimization over the not shown �t parameters, whi
hmeans that the allowed regions be
ome larger. In Figure 1 the sgn(�m231)-degenera
y isnot in
luded, sin
e it usually does not produ
e large e�e
ts in the disappearan
e 
hannels.In addition, we use the true values sin2 2�13 = 0:1 and ÆCP = 0Æ in Figure 1. Althoughthe �t-manifold se
tions shown in the upper row of Figure 1 depend to some extent on this
hoi
e, the e�e
t for the �nal results of the disappearan
e 
hannels is very small, i.e., thelower row of Figure 1 is hardly 
hanged for sin2 2�13 = 0.The �rst thing to learn from Figure 1 is that the pre
ision on �m231 will drasti
ally improveduring the next ten years, whereas our knowledge on �23 will be in
reased rather modestly.8



The 
ombination of all the beam experiments will improve the 
urrent pre
ision from theSuper-Kamiokande atmospheri
 neutrino data [2℄ on sin2 �23 roughly by a fa
tor of two,while the pre
ision on �m231 will be improved by an order of magnitude. Neither the three
onventional beams 
ombined nor NuMI will obtain a pre
ision on �23 better than 
urrentSuper-Kamiokande data, only JPARC-SK might improve the pre
ision slightly. We notehowever, that the �23 a

ura
y of the long-baseline experiments strongly depends on thetrue value of �m231, and it will be improved if �m231 turns out to be larger than the 
urrentbest-�t point.In most 
ases, the 
orrelations with the un-displayed os
illation parameters do not 
ausesigni�
ant di�eren
es between the se
tions and proje
tions in the upper and lower rowsof Figure 1. Only for NuMI, the proje
tion is a�e
ted by the multi-parameter 
orrelationwith sin2 2�13 and ÆCP. Sin
e we do not assume additional knowledge about sin2 2�13 forthe individual experiments other than from their own appearan
e 
hannels, the appearan
e
hannels 
an indire
tly a�e
t the �m231 or �23 measurement results. This 
an be understoodin terms of the disappearan
e probability, whi
h is to �rst oder given by [35,36℄P�� = 1 � 
os2 �13 sin2 2�23 sin2 �m231L4E +O(�m221=�m231) : (5)Thus, the sin2 2�13-pre
ision, whi
h 
omes from the appearan
e 
hannels, is ne
essary to 
on-strain the amplitude of the se
ond term in this equation (whi
h is proportional to 
os2 �13).Sin
e, however, �13 is 
orrelated with ÆCP in the appearan
e 
hannels, this two-parameter
orrelation 
an a�e
t the measurement of the atmospheri
 os
illation parameters in the dis-appearan
e 
hannels, and hen
e 
an lead to multi-parameter 
orrelations with �23 or �m231.Thus, one 
an have a major di�eren
e between the se
tion and proje
tion plots, sin
e for�xed os
illation parameter values, su
h as ÆCP �xed, the multi-parameter 
orrelations donot produ
e e�e
ts. In addition, the measurement of sin2 2�13 at NuMI is somewhat di�erentfor the opposite sign of �m231 be
ause of matter e�e
ts. Therefore, one 
an also expe
t aslightly di�erent shape of the �t manifold for the sgn(�m231)-degenera
y. Note that theinitial asymmetry between sin �23 < 0:5 and sin �23 > 0:5 for NuMI is 
aused by its largematter e�e
ts.Eventually, one obtains the pre
ision of the individual parameter�m231 or �23 as proje
tion ofthe lower row plots in Figure 1 (for one degree of freedom) onto the respe
tive axis. In Table 2we show our predi
tion for the 3�-allowed ranges of the atmospheri
 os
illation parametersfrom the 
onventional beam experiments and �rst generation superbeam experiments forone degree of freedom.5 Improved sin2 2�13 bounds from 
onventional beamsLet us now 
ome to the 
ru
ial next step in neutrino os
illation physi
s: the determinationof the small mixing angle �13. We start this dis
ussion by investigating the potential ofthe 
onventional beam experiments MINOS, ICARUS, and OPERA to improve the 
urrentbound on sin2 2�13.In Table 3, we show the signal and ba
kground event rates after one year of nominal opera-tion for ea
h experiment (
omputed for sin2 2�13 = 0:1 and Æ = 0). Based on these numbers,9



Experiment/Combination j�m231j �23 sin2 �23MINOS + OPERA + ICARUS 2+0:34�0:18 � 10�3 eV2 (�=4)+0:22�0:19 0:5+0:21�0:18JPARC-SK 2+0:15�0:09 � 10�3 eV2 (�=4)+0:13�0:10 0:5+0:13�0:10NuMI 2+0:43�0:07 � 10�3 eV2 (�=4)+0:24�0:21 0:5+0:23�0:20All beam experiments 
ombined 2+0:12�0:06 � 10�3 eV2 (�=4)+0:13�0:10 0:5+0:12�0:09Table 2: The expe
ted allowed ranges (3�, 1 d.o.f.) for the atmospheri
 os
illation parameters. For thetrue values of the os
illation parameters, we 
hoose the 
urrent best-�t values, a normal mass hierar
hy,sin2 2�13 = 0:1, and ÆCP = 0Æ. The impa
t of an inverted mass hierar
hy, and di�erent values for sin2 2�13or ÆCP on these �nal results is rather small. MINOS ICARUS OPERASignal 7.1 4.4 1.6Ba
kground 21.6 12.2 5.4S/B 0.33 0.36 0.30Table 3: The number of signal and ba
kground events after one year of nominal operation of MINOS,ICARUS, and OPERA. For the os
illation parameters, we use the 
urrent best-�t values with sin2 2�13 = 0:1,ÆCP = 0, and a normal mass hierar
hy.one would expe
t that MINOS performs signi�
antly better than ICARUS. However, Table 3only shows integrated event rates and does not in
lude the energy dependen
e of signal ver-sus ba
kground event numbers. In the CNGS beam, the energy distribution of the intrinsi
�e-
ontamination is rather di�erent from the energy distribution of the signal events. Thus,in a full analysis in
luding energy information, the impa
t of the ba
kground is redu
ed. Onthe other hand, for the NuMI neutrino beam, the intrinsi
 �e-
ontamination has an energydistribution whi
h is mu
h 
loser to the one of the signal events. Therefore, the impa
t ofthe ba
kground is relatively high.An important issue for the sin2 2�13 sensitivity limit from the 
onventional beams is the�nally a
hieved integrated luminosity, whi
h might di�er signi�
antly from the nominalvalue due to some unforeseen experimental 
ir
umstan
es. Therefore, we dis
uss the sin2 2�13sensitivity as a fun
tion of the integrated number of protons on target. In Figure 2, thesensitivity limits for MINOS, ICARUS, and OPERA are shown as a fun
tion of the luminosity.Note that sin
e the CNGS experiments will be running simultaneously, we also show the
ombined ICARUS and OPERA sensitivity limit. In order to 
ompare the a
hievable limitsas a fun
tion of the running time, the dashed lines refer to the results after one, two, and�ve years of data taking with the nominal beam 
uxes given in Refs. [44, 12, 45℄. Thelowest 
urves are obtained for the statisti
s limits only, whereas the highest 
urves areobtained after su

essively swit
hing on systemati
s, 
orrelations, and degenera
ies. Thus,the a
tual sin2 2�13 sensitivity limit in Figure 2 is given by the highest 
urves. The �gureindi
ates that the CNGS experiments together 
an improve the CHOOZ bound after aboutone and a half years of running time, and MINOS after about two years. We note that10



Figure 2: The sin2 2�13 sensitivity limit as fun
tion of the total number of protons on target at the 90%
on�den
e level for MINOS, ICARUS, OPERA, and ICARUS and OPERA 
ombined (5% 
ux un
ertaintyassumed). The dashed 
urves refer to the sensitivity limits after one, two, and �ve years of running.The lowest 
urves are obtained for the statisti
s limits only, whereas the highest 
urves are obtained aftersu

essively swit
hing on systemati
s, 
orrelations, and degenera
ies, i.e., they 
orrespond to the �nalsensitivity limits. The gray-shaded area shows the 
urrent sin2 2�13 ex
luded region sin2 2�13 & 0:14 at the90% CL [42℄. For the true values of the os
illation parameters we use the 
urrent best-�t values Eq. (3) anda normal mass hierar
hy.the impa
t of systemati
s in
reases for MINOS with in
reasing luminosity, illustrating thetypi
al ba
kground problem mentioned above. In Figure 3, we eventually summarize thesin2 2�13 sensitivity after a total running time of �ve years for ea
h experiment, assumingthe true value of �m231 = 2 �10�3 eV2. One 
an dire
tly read o� this �gure that the sin2 2�13sensitivity limits of ICARUS and MINOS are very similar, and ICARUS and OPERA 
ombinedare slightly better than MINOS.Let us brie
y 
ompare our results to sin2 2�13 sensitivity limit 
al
ulations for MINOS,ICARUS, and OPERA existing in the literature. In the analysis of Ref. [46℄, the 
orrelationwith ÆCP and the sign(�m231)-degenera
y are in
luded, and hen
e these results should be
ompared with our �nal sensitivity limits, although we also in
lude 
orrelations with respe
tto all the other os
illation parameters. However, for the 
omparison, one has to take intoa

ount the di�erent 
onsidered running times for MINOS (2 years vs. 5 years), as well asthe di�eren
e in the 
hosen true value of j�m231j (3:0 � 10�3 eV2 vs. 2:0 � 10�3 eV2). In theanalysis performed in Ref. [47℄, the 
orrelation with ÆCP and the sign(�m231)-degenera
y11
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sin2 2Θ13 sensitivity limitFigure 3: The sin2 2�13 sensitivity limit at the 90% 
on�den
e level after a running time of �ve yearsfor the di�erent experiments. The left edges of the bars are obtained for the statisti
s limits only, whereasthe right edges are obtained after su

essively swit
hing on systemati
s, 
orrelations, and degenera
ies, i.e.,they 
orrespond to the �nal sin2 2�13 sensitivity limits. The gray-shaded area shows the 
urrent sin2 2�13ex
luded region sin2 2�13 & 0:14 at the 90% CL [42℄. For the true values of the os
illation parameters, weuse the 
urrent best-�t values Eq. (3) and a normal mass hierar
hy.were not 
onsidered, while 
orrelations with j�m231j were taken into a

ount. Therefore,the results from that study should roughly be 
ompared to our (sin2 2�13)e� limits. Againone has to take into a

ount di�erent assumptions about the running times and the truevalue for �m221 (5:0 � 10�5 eV2 vs. 7:0 � 10�5 eV2). Finally, in Appendix A.2 we demonstrateexpli
itly that our results are in ex
ellent agreement with the ones obtained by the MINOS,ICARUS, and OPERA 
ollaborations [44,12,45℄ if we use the same assumptions.A very interesting issue for the 
onventional beam experiments is the impa
t of the truevalue of �m221 on the sin2 2�13 sensitivity. (The impa
t of the true value of �m231 is dis-
ussed in Se
tion 6.) One 
an easily see from Eq. (1) that the e�e
t of ÆCP in
reases within
reasing � � �m221=�m231, whi
h determines the amplitude of the se
ond and third termsin this equation. Sin
e the main 
ontribution to the 
orrelation part of the dis
ussed �gures
omes from the 
orrelation with ÆCP (with some 
ontribution of the un
ertainty of the solarparameters), a larger �m221 
auses a larger 
orrelation bar. This 
an 
learly by seen fromFigure 4, whi
h shows the 
ombined potential of the 
onventional beams after �ve years ofrunning time (for ea
h experiment) as a fun
tion of �m221. In this �gure the right edge ofthe blue band 
orresponds to the limit based only on statisti
al and systemati
al errors, i.e.,the (sin2 2�13)e� sensitivity limit. We �nd that the larger �m221 is, the better be
omes thesystemati
s-based (sin2 2�13)e� sensitivity limit, and the worse be
omes the �nal sensitivitylimit on sin2 2�13. Sin
e the LMA-II region is now disfavored by the latest solar neutrinoand KamLAND data, Figure 4 demonstrates that the 
onventional beam experiments 
ande�nitively improve the 
urrent sin2 2�13-bound. One may expe
t an improvement down tosin2 2�13 . 0:05�0:07 within the LMA-I allowed region, where the sin2 2�13 sensitivity limitat the 
urrent best-�t value is about sin2 2�13 � 0:06.12
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Figure 4: The sin2 2�13 sensitivity limit at 90% CL for MINOS, ICARUS, and OPERA 
ombined asfun
tion of the true value of �m221 (�ve years running time). The left 
urve is obtained for the statisti
slimit only, whereas the right 
urve is obtained after su

essively swit
hing on systemati
s, 
orrelations, anddegenera
ies, i.e., it 
orresponds to the �nal sin2 2�13 sensitivity limit. The dark gray-shaded area showsthe 
urrent sin2 2�13 ex
luded region sin2 2�13 & 0:14 at the 90% CL, and the light gray-shaded area refersto the LMA-ex
luded region at 3�, where the best-�t value is marked by the horizontal line [42℄. For thetrue values of the un-displayed os
illation parameters we use the 
urrent best-�t values in Eq. (3) and anormal mass hierar
hy.Sin
e the sin2 2�13 sensitivity limit is expe
ted to be sin2 2�13 � 0:06 forMINOS, ICARUS, andOPERA 
ombined (with �ve years running time for ea
h experiment), a further improvementfrom the 
onventional beams seems to be unlikely. In addition, the systemati
s limitation,whi
h 
an be 
learly seen in Figure 2, demonstrates that a further in
rease of the luminositywould not lead to signi�
antly better bounds on sin2 2�13. Therefore, one has to pro
eed tothe next generation of experiments to in
rease the sin2 2�13 sensitivity. Espe
ially, the o�-axis te
hnology to suppress ba
kgrounds and more optimized dete
tors 
ould help to improvethe performan
e. Amongst other experiments, we dis
uss the 
orresponding superbeams,whi
h are using these improvements, in the next se
tion.6 Further improvement of the sin2 2�13 boundAfter the dis
ussion of the 
onventional beams in the last se
tion, we here dis
uss the �nalbound on sin2 2�13 in ten years from now, if no �nite value will be found (we will in thenext se
tion 
onsider the 
ase of a large �13). We �rst dis
uss in Se
tion 6.1 the potential ofa new rea
tor neutrino experiment, whereas we 
ompare in Se
tion 6.2 the sin2 2�13 limitsfrom 
onventional beams, rea
tor experiments, and superbeams.13
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Figure 5: Luminosity s
aling of the sin2 2�13 sensitivity at the 90% CL. Here �m231 = 2 � 10�3 eV2 isassumed to be known within 5%, LND = 0:15 km, and LFD = 1:05 (1:7) km in the left (right) panel. Thenumber of events in the near dete
tor is �xed to 2:94 � 106. We use �abs = 2:5% and �rel = 0:2% (0:6%) forthe light (dark) shaded regions. The upper edge of ea
h region is 
al
ulated for �shape = 2%, �
al = 0:5%,and ba
kgrounds as given in Table 6 in Appendix B. For the lower edges, we set �shape = �
al = 0 and donot in
lude ba
kgrounds. The dots mark the Double-Chooz and Rea
tor-II setups.6.1 Chara
teristi
s of rea
tor neutrino experimentsIn Figure 5, we show the sin2 2�13 sensitivity from rea
tor neutrino experiments as a fun
-tion of the integrated luminosity measured in t (�du
ial far dete
tor mass) � GW (thermalrea
tor power) � yr (time of data taking).2 We 
onsider two options of the far dete
tor base-line: LFD = 1:05 km, 
orresponding to the baseline of the CHOOZ site, and LFD = 1:7 km,whi
h is optimized for values of �m231 � (2 � 4) � 10�3 eV2 [20℄. A 
ru
ial parameter forthe sin2 2�13 sensitivity is the un
ertainty of the relative normalization between the nearand far dete
tors. We show the sensitivity for two representative values for this relativenormalization un
ertainty: First, �rel = 0:6% is a realisti
 value for two identi
al dete
-tors [23℄. Se
ond, in order to illustrate the improvement of the performan
e of an rea
torexperiment with a redu
ed normalization error, we 
onsider the very optimisti
 assumptionof �rel = 0:2%. Su
h a small value might be a
hievable with movable dete
tors, as dis
ussedfor some proposals in the US [24℄. The shaded regions in Figure 5 
orrespond to the range ofpossible sensitivity limits for di�erent assumptions of systemati
al errors and ba
kgrounds.For the optimal 
ase (lower 
urves), we only in
lude the absolute 
ux and relative dete
torun
ertainties �abs and �rel. For the worst limits (upper 
urves) we in
lude in addition anerror on the spe
tral shape �shape = 2%, the energy s
ale un
ertainty �
al = 0:5%, andvarious ba
kgrounds as dis
ussed in Appendix B.The �rst observation from Figure 5 is that the shaded regions in the left-hand panel aresigni�
antly wider than in the right-hand panel, whi
h demonstrates that a rea
tor exper-2Note that we assume 100% dete
tion eÆ
ien
y in the far dete
tor. For smaller eÆ
ien
ies, one needsto re-s
ale the luminosity. 14



iment at 1:05 km is more sensitive to systemati
al errors. This re
e
ts the fa
t that thebaseline of 1:7 km is better optimized for the used value of j�m231j = 2 � 10�3 eV2, su
hthat the os
illation minimum is well 
ontained in the 
enter of the observed energy range.In 
ontrast, for the baseline of 1:05 km, the signal is shifted to the low energy edge of thespe
trum. This implies that the interplay of ba
kground un
ertainties, energy 
alibration,and shape error has a larger impa
t on the �nal sensitivity limit.However, from the left-hand panel, one �nds that for experiments of the size of Double-Chooz,the impa
t of systemati
s is rather modest; the sin2 2�13 sensitivity of 0.024 for normalizationerrors only deteriorates to 0.032 if all systemati
s errors and ba
kgrounds are in
luded. We
on
lude that the proposed Double-Chooz proje
t is rather insensitive to systemati
al e�e
tsand will be able to provide a robust limit sin2 2�13 . 0:032, although the far dete
tor baselineis not optimized. In 
ontrast, if one aims at higher luminosities, the systemati
s will have tobe well under 
ontrol at a non-optimal baseline su
h as at the CHOOZ site. In that 
ase, itis saver to use a longer baseline. We note that the main limiting fa
tor for large luminositiesin the right-hand panel of Figure 5 is the error on a bin-to-bin un
orrelated ba
kground.Furthermore, 
omparing the light and dark shaded regions in that plot, it is obvious thata smaller relative normalization error will signi�
antly improve the performan
e of a largeexperiment at 1:7 km, and will further redu
e the impa
t of systemati
s and ba
kgrounds.With the ambitious value of �rel = 0:2%, sensitivity limits of sin2 2�13 . 7 � 10�3 
ould beobtained with a Rea
tor-II-type experiment.Eventually, we have demonstrated that the Double-Chooz experiment 
ould give a robustsin2 2�13 sensitivity limit. In fa
t, one 
an read o� Figure 5 (D-Chooz-dot) that our as-sumptions about Double-Chooz are rather 
onservative. Sin
e a Letter of Intent for thisexperiment is in preparation, we use it in the next subse
tion for a dire
t quantitative 
om-parison to the superbeams. However, as one 
an also learn from Figure 5, luminosity anddi�erent systemati
s sour
es are important issues for a rea
tor experiment. Therefore, oneshould keep in mind that mu
h better sin2 2�13 sensitivity limits 
ould be obtained fromrea
tor experiments, su
h as the Rea
tor-II setup. However, the exa
t �nal sensitivity limitswill in these 
ases depend on many sour
es, whi
h means that they are hardly predi
tableright now.6.2 The sin2 2�13 bound from di�erent experiments in ten years from nowLet us now assume that the 
onventional beam experiments MINOS, ICARUS, and OPERAhave been running �ve years ea
h, and that the Double-Chooz experiment has a

umulatedthree years of data. In addition, we assume that the superbeam experiments JPARC-SKand NuMI have rea
hed the integrated luminosities as given in Table 1. (For earlier, moreextensive dis
ussions of the potential of superbeam experiments, we refer to Ref. [26℄.)In Figure 6, we show the sin2 2�13 sensitivity for the 
onsidered experiments. The �nalsensitivity limit is obtained after su

essively swit
hing on systemati
s, 
orrelations, anddegenera
ies as the rightmost edge of the bars.3 Figure 6 demonstrates that the beam ex-3Note that earlier similar �gures, su
h as in Refs. [26,20℄, are 
omputed with di�erent parameter values,whi
h leads to 
hanges of the �nal sensitivity limits. The largest of these 
hanges 
ome from the adjustedatmospheri
 best-�t values and NuMI parameters. 15



Figure 6: The sin2 2�13 sensitivity limit at the 90% CL for MINOS, ICARUS, and OPERA 
ombined,Double-Chooz, JPARC-SK, and NuMI. The left edges of the bars are obtained for the statisti
s limits only,whereas the right edges are obtained after su

essively swit
hing on systemati
s, 
orrelations, and degen-era
ies, i.e., they 
orrespond to the �nal sin2 2�13 sensitivity limits. The gray-shaded region 
orresponds tothe 
urrent sin2 2�13 bound at 90% CL. For the true values of the os
illation parameters, we use the 
urrentbest-�t values in Eq. (3) and a normal mass hierar
hy.periments are dominated by 
orrelations and degenera
ies, whereas the rea
tor experimentsare dominated by systemati
s. It 
an be 
learly seen that the (sin2 2�13)e� sensitivity limit(between systemati
s and 
orrelation bar), or the pre
ision of a 
ombination of parametersleading to a positive signal, is mu
h better for the superbeams than for the rea
tor experi-ments. Therefore, though the rea
tor experiments have a good potential to extra
t sin2 2�13dire
tly, the superbeams results will in addition 
ontain a lot of indire
t information aboutÆCP and the mass hierar
hy, whi
h might be resolved by the 
ombination with 
omplemen-tary information. We 
all this gain in the physi
s potential whi
h goes beyond the simpleaddition of statisti
s for the 
ombination of experiments \synergy". In Se
tion 7, we willdis
uss this further for the 
ase if sin2 2�13 turns out to be large.Another 
on
lusion from Figure 6 is that it is very important to 
ompare the sin2 2�13 sen-sitivities of di�erent experiments whi
h are obtained with equal methods. In parti
ular one
learly has to distinguish between the (sin2 2�13)e� sensitivity limit (between systemati
s and
orrelation bar) and the �nal sin2 2�13 sensitivity limit, in
luding 
orrelations and degenera-
ies. For example, by a

ident the (sin2 2�13)e� sensitivity limit from the 
ombined MINOS,ICARUS, and OPERA experiments is very 
lose to the �nal sensitivity limit of JPARC-SK orNuMI. Thus, one may end up with two similar numbers, whi
h however, refer to di�erentquantities and are not 
omparable.A very important parameter for future sin2 2�13 measurements is the true value of �m231,whi
h 
urrently is 
onstrained to the interval 0:0011 eV2 . j�m231j . 0:0032 eV2 at 3� [2℄.From Figure 7, one 
an 
an easily see that the true value of �m231 strongly a�e
ts the sin2 2�13sensitivity limit. The left-hand plot in this �gure demonstrates that for all experiments thesin2 2�13 sensitivity be
omes worse for small values of j�m231j within the 
urrently allowed16
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Figure 7: Left panel: The sin2 2�13 sensitivity limits at 90% CL from the experiments NuMI, JPARC-SK,Double-Chooz, and the 
ombined 
onventional beams (MINOS, ICARUS, OPERA) as fun
tion of the truevalue of j�m231j. The dark-gray shaded region refers to the 
urrent sin2 2�13 bound from CHOOZ andthe solar experiments (90% CL) [42℄. Right panel: The relative improvement of the sin2 2�13 sensitivitylimit with respe
t to the 
urrent bound from CHOOZ and solar experiments, where the dark-gray region
orresponds to no improvement. The light-gray shaded regions in both panels refer to the atmospheri
ex
luded regions (3�), and the lines in the middle mark the 
urrent atmospheri
 best-�t value.range. However, sin
e also the 
urrent sin2 2�13 bound (dark-gray shaded region) is worsefor small values of j�m231j than for large values, the relative improvement of the 
urrentsin2 2�13 bound might be a more appropriate des
ription of the experiment performan
e.This relative improvement as fun
tion of the true value of j�m231j is shown in the right-hand plot of Figure 7, where a fa
tor of unity 
orresponds to no improvement. From thisplot, one 
an read o� an improvement by a fa
tor of two for the 
onventional beams, a fa
torof four for Double-Chooz, and a fa
tor of six for the superbeams at the atmospheri
 best-�tvalue (verti
al line). Nevertheless, the 
onventional beams might not improve the 
urrentbound at all for small values of j�m231j within the atmospheri
 allowed range, whereas anyof the other experiments would improve the 
urrent bound at least by a fa
tor of two. Thus,though the sin2 2�13 sensitivity limit 
ould be as be as large as sin2 2�13 . 0:1 for small valuesof j�m231j for the superbeams or Double-Chooz, those experiments would still improve the
urrent bound by a fa
tor of two.7 Opportunities if sin2 2�13 is just around the 
ornerIn Se
tion 6, we have dis
ussed how mu
h the sin2 2�13 bound 
ould be improved if thetrue value of sin2 2�13 were zero. There are, however, very good theoreti
al reasons to ex-pe
t sin2 2�13 to be �nite, su
h that the experiments under 
onsideration 
ould establishsin2 2�13 > 0. In this 
ase, one 
ould aim for the sin2 2�13 pre
ision, CP violation, CP pre
i-17



sion measurements, and the mass hierar
hy determination. Though it has been shown thatCP and mass hierar
hy measurements are very diÆ
ult for the �rst-generation superbeamsand new rea
tor experiments [27,26,20,48℄, we will demonstrate in this se
tion that we 
ouldstill learn something about these parameters if sin2 2�13 turns out to be large. In parti
ular,we dis
uss the 
ombination of the dis
ussed experiments for the 
ase sin2 2�13 = 0:1. Thiswould imply that a positive sin2 2�13 signal 
ould already be seen with the next generationof experiments. As dis
ussed in Se
tion 2, we assume here that a large rea
tor experimentRea
tor-II will be available at the end of the period under 
onsideration to resolve the 
or-relation between sin2 2�13 and ÆCP. We note again that similar results 
an be obtained bythe superbeams in the antineutrino mode using higher target powers or dete
tor upgrades.4The superbeam appearan
e 
hannels will lead to allowed regions in the sin2 2�13-ÆCP-plane,similar to the allowed regions for solar and atmospheri
 os
illation parameters from 
urrentdata. We show the results of JPARC-SK, NuMI, and Rea
tor-II for the true values sin2 2�13 =0:1 and ÆCP = 90Æ in Figure 8, and ÆCP = �90Æ in Figure 9. For the right-most plotsin these �gures, we 
ombine all experiments in
luding the 
onventional beams MINOS,ICARUS, and OPERA, although they do not 
ontribute signi�
antly to the �nal result.Sin
e we assume a normal mass hierar
hy to generate the data, the best-�t is obtainedby �tting with the normal hierar
hy; the 
orresponding regions are shown by the bla
k
urves. The sgn(�m231)-degenerate regions are obtained by �tting the data assuming aninverted hierar
hy (gray 
urves). Thus, the best-�t and degenerate manifolds, whi
h aredis
onne
ted in the six-dimensional parameter spa
e, are shown in the same plots. Similarto Figure 1 we demonstrate the di�eren
e between a se
tion of the �t manifold (upper rows)and a proje
tion (lower rows) in these �gures.As far as the measurement of sin2 2�13 is 
on
erned, any of the experiments in Figures 8and 9 
an establish sin2 2�13 > 0 for sin2 2�13 = 0:1 at 3�. The sin2 2�13-pre
ision 
anbe read o� from the �gures as proje
tion of the bands onto the sin2 2�13-axis.5 The bandstru
tures of JPARC-SK and NuMI 
ome from the CP phase dependen
y in Eq. (1). Be
auseof the larger matter e�e
ts, the degenerate solution for NuMI is rather di�erent from thebest-�t solution, whereas it is very similar to the best-�t solution for JPARC-SK. ForRea
tor-II, the sin2 2�13-pre
ision 
an be read o� dire
tly, sin
e a rea
tor experiment is nota�e
ted by ÆCP (see Eq. (2)), and the mass hierar
hy has essentially no e�e
t. Note that thetreatment of the sgn(�m231)-degenera
y in su
h a situation as shown in Figures 8 and 9 is amatter of de�nition: One 
ould either return two di�erent intervals for normal and invertedmass hierar
hies, or one 
ould return the union of the two �t intervals as more 
ondensedinformation.The �gures show that for ÆCP, none of the individual experiments 
an give any information,sin
e no substantial fra
tion of antineutrino running is involved. However, there is some4In fa
t, one 
ould already obtain some CP-
onjugate information by running NuMI at L = 712 kmwith antineutrinos only [48℄. However, we do not 
onsider an option with a very extensive a priori NuMIantineutrino running in this study, sin
e the risk of this 
on�guration is too high as long as sin2 2�13 > 0 isnot established.5Note that these �gures are 
omputed for two degrees of freedom, whi
h means that the proje
tionswith one degree of freedom are slightly smaller. In fa
t, the 90% CL 
ontour for two degrees of freedom(��2 = 4:61) is 
lose to the 2� 
ontour for one degree of freedom (��2 = 4:00). In parti
ular, for the sakeof 
omparison, we also use 2 d.o.f. for Rea
tor-II, although it does not depend on ÆCP.18
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Figure 8: The 90% CL (solid 
urves) and 3� (dashed 
urves) allowed regions (2 d.o.f.) in the sin2 2�13-ÆCP-plane for the true values sin2 2�13 = 0:1 and ÆCP = 90Æ for JPARC-SK, NuMI, Rea
tor-II. The right-mostplots are 
al
ulated for the shown experiments in 
ombination with the 
onventional beams. For the truevalues of the un-displayed os
illation parameters, we 
hoose the 
urrent best-�t values and a normal masshierar
hy. The bla
k 
urves refer to the allowed regions for the normal mass hierar
hy, whereas the gray
urves refer to the sgn(�m231)-degenerate solution (inverted hierar
hy), where the proje
tions of the minimaonto the sin2 2�13-ÆCP-plane are shown as diamonds (normal hierar
hy) and triangles (inverted hierar
hy).For the latter, the ��2-value with respe
t to the best-�t point is also given. The upper row shows the �tmanifold se
tion (with the un-displayed os
illation parameters �xed at their true values), and the lower rowshows the proje
tion onto the sin2 2�13-ÆCP-plane as the �nal result.
Figure 9: The same as Figure 8 but for the true value ÆCP = �90Æ.19



information on ÆCP for the 
ombination of all experiments, sin
e the 
omplementary infor-mation from the rea
tor experiment helps to resolve the superbeam bands. Note that theoverall performan
e for the 
onsidered experiments (in
luding the sgn(�m231)-degenera
y)is usually better 
lose to the true value ÆCP = �90Æ than 
lose to the true value ÆCP = 90Æ,sin
e the degenera
y in
ludes for ÆCP = 90Æ very di�erent values of ÆCP far away from thebest-�t manifold. This 
an, for example, be understood in terms of bi-rate graphs (
f.,Se
tions 6 and 7 of Ref. [48℄). From a separate analysis of the CP pre
ision, we �nd thatone 
ould ex
lude as mu
h as up to 40% of all values of ÆCP at the 90% 
on�den
e level (1d.o.f., 
lose to ÆCP = �90Æ). However, if ÆCP turns out to be 
lose to 0 or �, we �nd thatone 
ould not obtain any information on ÆCP. Furthermore, one 
an dire
tly read o� fromFigures 8 and 9 that CP violation measurements will not be possible with the 
onsideredexperiments at the 90% 
on�den
e level (2 d.o.f. in these �gures), sin
e for the true valuesÆCP = �90Æ 
orresponding to maximal CP violation, the proje
ted allowed regions (eventhe best-�t solutions) in
lude at least one of the CP 
onserving 
ases ÆCP 2 f0; 180Æg. One
an show that even for one degree of freedom, there is no CP violation sensitivity with thedis
ussed experiments at the 90% 
on�den
e level.Another important issue for the next generation long-baseline experiments is the mass hi-erar
hy determination. In Figures 8 and 9 we give the ��2-values for the minimum in the�t manifold 
orresponding to the sgn(�m231)-degenerate solution (i.e., for the inverted masshierar
hy) with respe
t to the best-�t minimum for the normal hierar
hy (��2 = 0), whi
his the relevant number for the sensitivity to a normal mass hierar
hy. Obviously, none of theindividual experiments has a mass hierar
hy sensitivity, but their 
ombination has some.The mass hierar
hy sensitivity be
omes only possible be
ause of the long NuMI baselineL = 812 km [29, 26, 30℄, sin
e matter e�e
ts di�er for the normal and inverted mass hierar-
hies. Eventually, a NuMI baseline even longer than L = 812 km 
ould further improve themass hierar
hy sensitivity [26, 48℄. We note that the ability to identify the mass hierar
hystrongly depends on the (unknown) true value of ÆCP. The mass hierar
hy determination atthe 
ombined superbeams is 
lose to the optimum for ÆCP = �90Æ, and 
lose to the mini-mum for ÆCP = 90Æ [48℄. In fa
t, one 
ould have sensitivity to the normal mass hierar
hy forÆCP = �90Æ (��2 = 3:4, see Figure 9), and no sensitivity to the normal mass hierar
hy forÆCP = 90Æ (��2 = 1:7, see Figure 8) at the 90% 
on�den
e level (��2 = 2:71 for 1 d.o.f.).8 Summary and 
on
lusionsThis study has fo
used on the future neutrino os
illation long-baseline experiments on atimes
ale of about ten years. The primary obje
tive has been the sear
h for sin2 2�13, butwe have also analyzed the \atmospheri
" parameters �23 and �m231. The main sele
tion
riterion for the di�erent experiments has been the availability of spe
i�
 studies, su
h asLOIs or proposals, or that they are even being under 
onstru
tion. We assume that anexperiment (in
luding data taking and analysis) will only be feasible within the 
oming tenyears, if it is already now a
tively being planned. The next long-baseline experiments will bethe 
onventional beam experimentsMINOS, ICARUS, and OPERA whi
h are 
urrently under
onstru
tion. In addition, the JPARC-SK and NuMI superbeam experiments are under a
tive
onsideration with existing proposals and will most likely provide results within the next20



Current Beams D-Chooz JPARC-SK NuMI Rea
tor-II Comb.sin2 2�13 sensitivity limit (90% CL)sin2 2�13 0.14 0.061 0.032 0.023 0.024 (0.014) (0.012)(sin2 2�13)e� 0.14 0.026 0.032 0.006 0.004 (0.014) (0.003)Allowed ranges for leading atmospheri
 parameters (3�)j�m231j10�3 eV2 2+1:2�0:9 2+0:34�0:18 � 2+0:15�0:09 2+0:43�0:07 � 2+0:12�0:06�23 (�4 )+0:20�0:20 (�4 )+0:22�0:19 � (�4 )+0:13�0:10 (�4 )+0:24�0:21 � (�4 )+0:13�0:10Measurements for large sin2 2�13 = 0:1 (90% CL)sin2 2�13 � 0.1+0:104�0:052 0.1+0:034�0:033 0.1+0:067�0:034 0.1+0:083�0:043 0.1+0:016�0:011 0.1+0:013�0:010ÆCP Combination 
an ex
lude up to 40% of all valuesCP violation No sensitivity to CP violation of any tested experiment or 
ombinationsgn(�m231) Combination has sensitivity to normal mass hierar
hy 
lose to ÆCP = �90ÆTable 4: Summary table of this study. The numbers whi
h are printed boldfa
e represent the bestindividual results within ea
h row. For the true values of the os
illation parameters, we use the 
urrentbest-�t values from Eq. (3) and a normal mass hierar
hy. The pre
isions for sin2 2�13 do not in
lude thesgn(�m231)-degenera
y and are 
omputed for the true value ÆCP = 0. If one does not use Rea
tor-II for the
ombination of all experiments, but Double-Chooz instead, one obtains the following values: 0.016 for thesin2 2�13 limit, 0.003 for the (sin2 2�13)e� limit, and 0.1+0:027�0:021 for the sin2 2�13 pre
ision.ten years. Furthermore, new rea
tor neutrino experiments are a
tively being dis
ussed. Inthis study, we have 
onsidered the Double-Chooz proje
t, whi
h will probably deliver resultsin the anti
ipated times
ale, sin
e infrastru
ture (su
h as the dete
tor 
avity) of the originalCHOOZ experiment 
an be re-used.First, we have investigated the possible improvement of our knowledge on the leading atmo-spheri
 os
illation parameters. We have found that the 
onventional beams and superbeamswill redu
e the error on �m231 by roughly an order of magnitude within the next ten years.The pre
ision of �23 is dominated by JPARC-SK and will improve only by a fa
tor of two(
f., Table 4).As the next important issue, we have investigated the potential of the 
onventional beams,i.e., MINOS, ICARUS, and OPERA, to improve the 
urrent sin2 2�13 bound from CHOOZand the solar experiments in a 
omplete analysis taking into a

ount 
orrelations and de-genera
ies. Sin
e the �nal luminosities of these experiments are not yet determined, wehave dis
ussed the results as fun
tion of the total number of protons on target. We havefound that MINOS 
ould improve the 
urrent bound after a running time of about twoyears, and ICARUS and OPERA 
ombined after about one and a half years. In addition,we have dis
ussed the maximal potential of all three 
onventional beams 
ombined witha running time of �ve years ea
h, leading to a �nal sensitivity limit of sin2 2�13 � 0:061(all sensitivity limits at 90% CL). This �nal sensitivity limit in
ludes 
orrelations and de-genera
ies, whi
h means that it re
e
ts the experiment's ability to extra
t the parametersin2 2�13 from the appearan
e information. Sin
e 
orrelations and degenera
ies 
ould beredu
ed by later experiments, another interesting measure is the systemati
s-only sin2 2�1321



limit for �xed os
illation parameters, i.e., the sensitivity limit to a spe
i�
 
ombination ofparameters, whi
h we have 
alled (sin2 2�13)e�. We have found a (sin2 2�13)e� sensitivitylimit for the 
onventional beams of 0.026, illustrating that 
orrelations and degenera
ieshave a rather large impa
t on the sin2 2�13 limit from 
onventional beams. Note that it isimportant to 
ompare di�erent experiments with equal methods, whi
h means that onlysin2 2�13 or (sin2 2�13)e� limits should be 
ompared with ea
h other. In addition, it is in-teresting to observe that the �nal sin2 2�13 sensitivity limit in
reases with in
reasing �m221within the solar allowed region, whereas the (sin2 2�13)e� sensitivity limit de
reases. This
an be understood by the amplitude of the ÆCP-terms whi
h is proportional to �m221.Furthermore, we have investigated the sin2 2�13-limit obtainable by nu
lear rea
tor exper-iments. A thorough analysis of the Double-Chooz 
on�guration in
luding systemati
s andba
kgrounds, demonstrates that a robust limit of sin2 2�13 � 0:032 
an be obtained in spiteof the non-optimal baseline of 1:05 km. If one aims, however, to signi�
antly higher lu-minosities than the 60 000 events anti
ipated by Double-Chooz, the systemati
s has to bewell under 
ontrol. In this 
ase, a more optimized baseline of 1:7 km helps to redu
e theimpa
t of systemati
s and ba
kgrounds, and limits of the order of sin2 2�13 � 0:014 
ouldbe a
hievable.If in ten years from now no �nite value is established, sin2 2�13 bounds from the 
onventionalbeams (MINOS, ICARUS, OPERA), from rea
tor experiments, su
h as Double-Chooz, andfrom the superbeams JPARC-SK and NuMI will be available. We have demonstrated that the
onventional beams 
ould improve the 
urrent sin2 2�13 bound by about a fa
tor of two, theDouble-Chooz experiment by about a fa
tor of four, and the superbeams by about a fa
torof six. We have also shown that these results apply to a large range within the allowedinterval for �m231, sin
e not only the experiment's potential de
reases for small values of�m231, but also the 
urrent sin2 2�13 bound. For �m231 = 2 � 10�3 eV2 we have found a�nal sin2 2�13 sensitivity limit of sin2 2�13 � 0:02 for the superbeams. Note that, though theDouble-Chooz setup is not as good as the superbeams, its results are not a�e
ted by the truevalue of �m221 within the solar-allowed range [20℄, whi
h means that a rea
tor experimentis more robust with respe
t to the true parameter values. Moreover, be
ause 
orrelationsand degenera
ies do not e�e
t the sin2 2�13 limit from rea
tor experiments, the sin2 2�13 and(sin2 2�13)e� limits are almost identi
al for Double-Chooz. In 
ontrast, for the superbeamsthe (sin2 2�13)e� limit is nearly one order of magnitude smaller than the sin2 2�13 limit (
f.,Table 4), demonstrating that 
orrelations and degenera
ies are 
ru
ial for them.In order to illustrate where we 
ould stand in ten years from now if sin2 2�13 were 
lose to the
urrent bound, we have also performed an analysis by assuming sin2 2�13 = 0:1. In this 
ase,all the 
onsidered experiments will establish the �nite value of sin2 2�13 and measure it witha 
ertain pre
ision (
f., Table 4). In this situation, whi
h is theoreti
ally well motivated (
f.,Table 1 of Ref. [16℄), one 
ould even aim to learn something about ÆCP and the neutrinomass hierar
hy with the next generation of experiments. Sin
e the results of superbeamexperiments will lead to strong 
orrelations between ÆCP and sin2 2�13, it is well knownthat 
omplementary information is needed to disentangle these two parameters. One 
aneither use extensive antineutrino running at the superbeams (whi
h, however might not bepossible at the time s
ale of ten years, be
ause of the lower antineutrino 
ross se
tions),or a large rea
tor experiment to measure sin2 2�13. In this study, we have demonstrated22



the potential for ÆCP by assuming su
h a large rea
tor experiment at an ideal baseline ofL = 1:7 km, whi
h we 
all Rea
tor-II. Though su
h an experiment might not exa
tly �tinto the dis
ussed times
ale, it might be realized soon thereafter. Possible sites for su
h anexperiment are under investigation [16℄ (some proposals, whi
h are, for example, dis
ussedin the US, are similar to our Rea
tor-II setup). Indeed, we �nd that in this optimal situation(sin2 2�13 = 0:1), up to 40% of all possible values for ÆCP 
ould be ex
luded (90 % CL).This result, however, depends strongly on the true value of ÆCP, and applies to maximalCP violation. For the 
ase of CP 
onservation (true parameter value), however, nothingat all 
ould be learned about ÆCP. In either 
ase, a sensitivity to CP violation wouldnot be a
hievable with the dis
ussed experiments be
ause of too low statisti
s. For themass hierar
hy determination, we have found that one would be sensitive to a normal masshierar
hy in a wide range of the true values of ÆCP (90%CL), where the sensitivity to theinverted mass hierar
hy would be somewhat worse [48℄. Note that the sensitivity to themass hierar
hy is mainly determined by matter e�e
ts in NuMI, and 
ould even be betterfor NuMI-baselines larger than 812 km.To summarize, from the 
urrent perspe
tive neutrino os
illations will remain a very ex
iting�eld of resear
h, and the experiments 
onsidered within the next ten years will signi�
antlyimprove our knowledge. Eventually, these experiments 
ould indeed restri
t ÆCP and deter-mine the neutrino mass hierar
hy within the 
oming ten to �fteen years if sin2 2�13 turns outto be sizeable. The remaining ambiguities 
ould be resolved by the subsequent generationof experiments, su
h as superbeam upgrades, beta beams, or neutrino fa
tories [29,49℄.A
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A Simulation details of the 
onventional beam experimentsIn this appendix, we des
ribe our simulations of the 
onventional beam experimentsMINOS,ICARUS, and OPERA in greater detail. In Appendix A.1 we give the numbers and refer-en
es for the experimental parameters used, and in Appendix A.2 we demonstrate that our
al
ulations reprodu
e the results of the simulations of the experimental 
ollaborations togood a

ura
y.A.1 Des
ription of the experiments and experimental parametersThe MINOS experiment will use both a near and far dete
tor. The near dete
tor allows tomeasure the neutrino 
ux and energy spe
trum. In addition, other important 
hara
teristi
s,su
h as the initial �e 
ontamination of the un-os
illated neutrino beam 
an be extra
ted withgood pre
ision. Besides the smaller dete
tor mass of 1 kt, it is 
onstru
ted as identi
al aspossible to the far dete
tor in order to suppress systemati
al un
ertainties. The far dete
toris pla
ed 713m deep in a newly built 
avern in the Soudan mine in order to suppress 
osmi
ray ba
kgrounds. It is an o
tagonal, magnetized iron 
alorimeter with a diameter of 8m,assembled of steel layers alternating with s
intillator strips with an overall mass of 5:4 kt.The 
onstru
tion of the far dete
tor was �nished in spring of 2003 and it is now taking dataon atmospheri
 neutrinos and muons.The mean energy of the neutrino beam produ
ed at Fermilab 
an be varied between 3 and18GeV. The beam is planned to start with the low energy 
on�guration (PH2low), withthe peak neutrino energy at hE�i � 3GeV. In our simulation we use the oÆ
ial PH2lowbeam 
on�guration [44℄, whi
h means that we do not in
lude a hadroni
 hose or di�erentbeam-plugs in the beam line setup. These modi�
ations would lead to a better signal toba
kground ratio. However, as dis
ussed in Ref. [44℄, they a�e
t the sensitivity limits tosin2 2�13 only marginally. The NuMI PH2low beam 
ux data, as well as the dete
tion 
rossse
tions have been provided by Ref. [50℄. We use 30 energy bins in the energy range between2GeV and 6GeV. In addition, the energy resolution is assumed to be �E = 0:15 � E� [11℄.The NuMI beam will have a luminosity of 3:7 � 1020 pot y�1. In addition to the �� ! �eappearan
e 
hannel most relevant for the sin2 2�13 measurement, we in
lude also the �� ! ��disappearan
e 
hannel with an eÆ
ien
y of 0:9, and we take into a

ount that a fra
tion of0:05 of the neutral 
urrent ba
kground events will be misidenti�ed as signal events.For the CNGS experiments, we use the 
ux and 
ross se
tions from Ref. [51℄. For bothICARUS and OPERA, we use an energy range between 1 and 30GeV, whi
h is divided into80 bins. For ICARUS, we assume an energy resolution of �E = 0:1 �E� [45℄, and for OPERA�E = 0:25 � E� . The latter might be somewhat overestimated [13℄. However, our �13 limitat OPERA 
hanges less than 5% for values of the energy resolution up to �E = 0:4 �E� . Forthe CNGS beam, we assume a nominal luminosity of 4:5 � 1019 pot y�1.The original purpose of the CNGS experiments is the observation of �� ! �� appearan
e.The OPERA dete
tor is an emulsion 
loud 
hamber, and the extremely high granularity ofthe emulsion allows to dete
t the �� events dire
tly by the so-
alled \kink", whi
h 
omesfrom the semi-leptoni
 de
ay of the tauons. In order to rea
h a signi�
ant dete
tor mass,the emulsion layers are separated by lead plates of 1mm thi
kness. The total �du
ial mass24



of the dete
tor will be 1:8 kt. However, during the extra
tion of the data, the dete
tormass will 
hange as a fun
tion of time. Therefore, we use the time averaged �du
ial massof 1:65 kt for our analysis. A main 
hallenge in the OPERA experiment is the automateds
anning of the emulsions. The ICARUS dete
tor uses a di�erent approa
h: it is a liquidArgon TPC, whi
h allows to re
onstru
t the three dimensional topology of an event with aspa
ial resolution of roughly 1mm on an event by event basis. The �� dete
tion is performedby a full kinemati
al analysis. The �du
ial mass will be 2:35 kt.For the OPERA experiment, we in
lude the information from the �� ! �� 
hannel byassuming an eÆ
ien
y of 0:11, and a fra
tion of 3 � 10�5 of misidenti�ed neutral 
urrentevents. For the ICARUS experiment, we use an eÆ
ien
y of 0:075 for this 
hannel with aba
kground fra
tion of 8:5�10�5 of the neutral 
urrent events [12℄. Although the ICARUS andOPERA dete
tors are optimized to observe the de
ay properties of � -leptons, they also havevery good abilities for muon identi�
ation, whi
h allows to measure also �� disappearan
e.We therefore in
lude the �� ! �� CC 
hannel in both CNGS experiments, assuming adete
tion eÆ
ien
y of 0.9 and taking into a

ount a fra
tion of 0.05 of all neutral 
urrentevents as ba
kground. As a matter of fa
t, the measurement of the atmospheri
 parametersalso 
ontributes to the sin2 2�13 sensitivity limit, sin
e 
orrelation e�e
ts de
rease with ahigher pre
isions on the atmospheri
 parameters. Therefore, the sin2 2�13 sensitivity atICARUS and OPERA is 
onsiderably improved by in
luding (besides the �� ! �e 
hannel)the �� ! �� appearan
e and the �� disappearan
e 
hannels in the �t.We have 
he
ked for all setups that the results do not depend signi�
antly on the energyrange, energy resolution, and bin size as long as the energy information is suÆ
ient todistinguish the shape of the signal from the shape of the ba
kground.The sin2 2�13 sensitivity of the di�erent experiments is provided mainly by the informationfrom the �� ! �e appearan
e 
hannel. Be
ause of the small value of sin2 2�13, the numberof �� ! �e CC events will be very small 
ompared to the �� ! �� CC and NC events.Furthermore, the events from the intrinsi
 �e 
omponent of the beam 
reate a ba
kgroundto the os
illation signal. Thus, in our simulation, we 
onsider as possible ba
kgrounds:Beam �e CC events, misidenti�ed �� CC events, misidenti�ed �� CC events (mainly forCNGS), and misidenti�ed NC events. We have 
alibrated the various ba
kground sour
esin our simulation 
arefully with respe
t to the information given in the literature. The
orresponding referen
es are for MINOS Table 3 of Ref. [44℄, for ICARUS Ref. [12℄, and forOPERA Table 4 of Ref. [45℄. Using this information, we 
an reprodu
e with high a

ura
ythe numbers of signal and ba
kground events provided by the experimental 
ollaborations,whi
h 
an be found in Table 5.A.2 Reprodu
tion of the analyses performed by the experimental 
ollabora-tionsIn order to demonstrate the reliability and a

ura
y of our 
al
ulations, we use in thisappendix the analysis te
hniques from Refs. [44, 12, 45℄, and 
ompare our results with theones in these referen
es. For this purpose, we negle
t all 
orrelations and degenera
ies, i.e.,we set the solar mass splitting to zero, whi
h also eliminates the solar mixing angle and CPe�e
ts. In addition, we �x the atmospheri
 mixing angle to �=4. Thus, the only remaining25



Signal Ba
kgroundExperiment Referen
e �� ! �e �e ! �e �� ! �� �� ! �� NC TotalMINOS NuMI-L-714 [44℄ 8.5 5.6 3.9 3.0 27.2 39.7ICARUS T600 proposal [12℄ 51.0 79.0 - 76.0 - 155.0OPERA Komatsu et al. [45℄ 5.8 18.0 1.0 4.6 5.2 28.8Table 5: The signal and ba
kground events for the three 
onventional beam experiments. The referen
epoints are �m231 = 3:0 � 10�3 eV2, sin2 �13 = 0:01 for MINOS, �m231 = 3:5 � 10�3 eV2, sin2 2�13 = 0:058for ICARUS, �m231 = 2:5 � 10�3 eV2, sin2 2�13 = 0:058 for OPERA, and sin2 2�23 = 1, �m221 = sin2 2�12 =ÆCP = 0 in all three 
ases. The nominal exposures are 10 kty (MINOS), 20 kt y (ICARUS), and 8:25 kty(OPERA). Note that these numbers are di�erent from the ones in Table 3, sin
e di�erent referen
e pointsand luminosities are used.parameters are �13 and �m231, where �m231 is assumed to be exa
tly known. For bothMINOSand the CNGS experiments, we use the ba
kground un
ertainties given in Refs. [44,12,45℄,i.e., 10% for MINOS and 5% for ICARUS and OPERA. Then we simulate data for ea
h valueof �m231 with �13 = 0, and �t these data with �13 as the only free parameter. This simpli�edpro
edure leads to a limit similar to (sin2 2�13)e�, whi
h represents the ability to identify asignal (but not to extra
t sin2 2�13), and is similar to a simple estimate of S=pS +B.In Figure 10, we 
ompare the dis
ussed e�e
tive sin2 2�13 limit to the ones of the experimen-tal 
ollaborations. The solid bla
k 
urves represent our results, whereas the dashed gray
urves are taken from Refs. [44,12,45℄. Within the Super-Kamiokande allowed atmospheri
region, our simulation is in very good agreement with the results of the di�erent 
ollabo-rations. The slight deviation in the OPERA 
urve at large values of �m231 
omes from theeÆ
ien
ies in Ref. [45℄, sin
e they are only given as energy-integrated quantities. Thus, itis not possible to fully reprodu
e the energy dependen
e of the events. This e�e
t be
omesstronger if the os
illation maximum is shifted to higher energies 
ompared to the referen
epoint used in Ref. [45℄. However, the in
uen
e on our results is marginal, sin
e OPERA doesnot 
ontribute signi�
antly to the �13 sensitivity.Note that the numbers given in Table 5 and the results shown in Figure 10 do not allow a
omparison of the di�erent experiment performan
es, be
ause the referen
e points used forthe 
al
ulation of Table 5 are rather di�erent, and so are the integrated luminosities. For a
omparison on equal footing we refer to Table 3 and the dis
ussion in Se
tion 5.B Simulation of the rea
tor experimentsFor our simulation of the rea
tor neutrino experiments, we 
losely follow our previouswork in Ref. [20℄. For the analyses presented here, we assume a near dete
tor baselineof LND = 0:15 km and we 
onsider two options for the far dete
tor baseline: LFD = 1:05 km
orresponds to the baseline at the CHOOZ site, whereas a baseline LFD = 1:7 km is 
lose tothe options 
onsidered for several other sites. We always �x the number of rea
tor neutrinoevents in the near dete
tor to 2:94 � 106, whi
h implies that it has the same size as thefar dete
tor at LFD = 1:05 km with 60 000 events (assuming the same eÆ
ien
ies in both26



Figure 10: The e�e
tive sin2 2�13 sensitivity limit (as dis
ussed in the main text) at 90% CL as afun
tion of the true value of �m231 for the 
onventional beam experiments. The exposure is 10 kt y forMINOS, 20 kty for ICARUS and a nominal running time of �ve years for OPERA, 
orresponding to anexposure of 8:25 kty. The dashed gray 
urves 
ome from the 
ollaborations of the individual experimentsand are taken from Ref. [44℄ for MINOS, Ref. [12℄ for ICARUS, and Ref. [45℄ for OPERA. The bla
k 
urvesare obtained for sin2 2�23 = 1 and �m221 = sin2 2�12 = ÆCP = 0 for systemati
s only, i.e., 
orrelations anddegenera
ies are not in
luded, as for the dashed 
urves.dete
tors6). We allow an un
ertainty of the overall rea
tor neutrino 
ux normalization of�abs = 2:5%. For the normalization error between the two dete
tors, we use a typi
al valueof �rel = 0:6%. As shown in Ref. [20℄, this roughly 
orresponds to an e�e
tive normalizationerror of �norm ' 0:8%. The total range for the visible energy Evis = E�� � � +me (where� is the neutron-proton mass di�eren
e, and me is the ele
tron mass) from 0.5 MeV to9.2 MeV is divided into 31 bins. Furthermore, we assume a Gaussian energy resolution with�res = 5%=pEvis[MeV℄. We remark that out results do not 
hange if a smaller bin widthis 
hosen, as it would be allowed by the good energy resolution and the large number ofevents. Furthermore, we take into a

ount an un
ertainty on the energy s
ale 
alibration�
al = 0:5%, and an un
ertainty on the expe
ted energy spe
trum shape �shape = 2%, whi
hwe assume to be un
orrelated between the energy bins, but fully 
orrelated between the
orresponding bins in near and far dete
tors (see Ref. [20℄ for details).In addition to the analysis as performed in Ref. [20℄, we have investigated in greater detailthe impa
t of a ba
kground for a rea
tor experiment of the Double-Chooz type. We takeinto a

ount four di�erent ba
kground sour
es with known shape:� A ba
kground from spallation neutrons 
oming from muons in the ro
k 
lose to thedete
tor. This ba
kground 
an be assumed to be 
at as a fun
tion of energy to a �rstapproximation (see, e.g., Figure 48 of Ref. [10℄).� A ba
kground from a

idental events. A 
 from radioa
tivity is followed by a se
ondrandom 
 with more than 6 MeV faking a neutron signal. Those events are importantfor low energies.6Due to a higher ba
kground rate in the near dete
tor, there will more dead time than in the far dete
tor.This redu
es the number of events in the near dete
tor roughly by a fa
tor of two. We have 
he
ked thatthis has a very small impa
t on the �nal sensitivity.27



� Two 
orrelated ba
kgrounds from 
osmogeni
 9Li and 8He nu
lei. Both are 
reatedby through-going muons and give �-spe
tra with end points of 13.6 and 10.6 MeV,respe
tively.In Table 6, we give for ea
h ba
kground a realisti
 estimate [52℄ for the expe
ted numberof events in near and far dete
tors relative to the number of rea
tor neutrino events. Sin
ethe near dete
tor will have less ro
k overburden than the far dete
tor, more ba
kgroundevents are expe
ted. They are, however, 
ompensated by the mu
h larger number of rea
torneutrino events in the near dete
tor. Therefore, we assume to a �rst approximation thesame relative sizes for the ba
kgrounds in near and far dete
tor. In Figure 11, the spe
tralshape of these ba
kgrounds is shown. In this �gure, we assume that these shapes are known.However, the overall normalization of ea
h of the four ba
kground 
omponents in the twodete
tors is allowed to 
u
tuate independently with an error of �BG = 50%. In addition tothese ba
kgrounds with known shape, we in
lude a ba
kground from an unidenti�ed sour
ewith a bin-to-bin un
orrelated error of 50%. We assume a total number of ba
kgroundevents of 0.5% of the rea
tor signal in both dete
tors, and a 
at energy shape for thisba
kground.As a general trend, we �nd that ba
kgrounds with known shape do not signi�
antly a�e
tthe sensitivity, whi
h is independent of the integrated luminosity. Even in
reasing thenumbers given in Table 6 by a fa
tor �ve does not 
hange the pi
ture. This behavior 
anbe understood in terms of Figure 11, where we show the signal (the spe
trum withoutos
illation minus the spe
trum for sin2 2�13 = 0:05) and its statisti
al error 
ompared tothe various ba
kground spe
tra. For illustration, ba
kground levels signi�
antly larger thanin Table 6 are assumed. From this �gure, it is obvious that the spe
tral shape of thesignal is very di�erent from that of all of the ba
kground 
omponents. Already at modestluminosities, su
h as for Double-Chooz, enough spe
tral information is available to determineBa
kground type Spe
tral shape BG/Rea
tor events �BGBa
kgrounds with known shapeSpallation neutrons Flat 0.4% 50%A

identals Low energies 0.2% 50%Cosmogeni
 9Li �-spe
trum (end point 13.6 MeV) 0.2% 50%Cosmogeni
 8He �-spe
trum (end point 10.6 MeV) 0.2% 50%Bin-to-bin 
orrelated BG total: 1.0%Bin-to-bin un
orrelated ba
kgroundUnknown sour
e Flat 0.5% 50%Table 6: Ba
kgrounds in
luded in our rea
tor experiment analysis. For ea
h ba
kground sour
e, the
olumn \BG/Rea
tor events" refers to the total number of ba
kground events in the energy range between0.5 and 9.2 MeV relative to the total number of rea
tor neutrino events for no os
illations [52℄. We assumethe same magnitudes of the ba
kgrounds relative to the total events in the near and far dete
tors. For theba
kgrounds with known shape, �BG is the un
ertainty of the overall normalization. For the un
orrelatedba
kground, �BG is the error on the number of events in ea
h bin, whi
h is un
orrelated between di�erentbins (31 bins). All ba
kgrounds are un
orrelated between the two dete
tors.28
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Figure 11: Energy spe
trum of the ba
kgrounds from spallation neutrons, a

identals, and 
osmogeni
9Li and 8He. The per
entage given for ea
h 
urve 
orresponds to the total number of ba
kground eventsrelative to the total number of rea
tor neutrino events for no os
illations. Also shown is the total ba
kgroundspe
trum. The 
urve labeled \signal" 
orresponds to N (Evis; sin2 2�13 = 0) � N (Evis; sin2 2�13 = 0:05),where N (Evis; sin2 2�13) is the energy spe
trum for given sin2 2�13. The shaded region is the statisti
al errorband at 1�, i.e., �qN (Evis; sin2 2�13 = 0). Note that the absolute normalizations of the ba
kgrounds areexaggerated in this �gure.the ba
kgrounds with suÆ
ient a

ura
y, whi
h means that it is not possible to fake thesignal within the statisti
al error by 
u
tuations of the ba
kground 
omponents. In 
ontrast,we �nd that the bin-to-bin un
orrelated ba
kground only plays a minor role for experimentsof the size of Double-Chooz, whereas it be
omes important for large experiments, su
h asRea
tor-II. In the latter 
ase, a ba
kground level of 0.5% with a bin-to-bin un
orrelated errorlarger than about 20% would signi�
antly a�e
t the sensitivity. We 
on
lude that for largerea
tor experiments, the shape of the expe
ted ba
kground has to be well under 
ontrol.7In Table 7, we summarize the experimental parameters whi
h we use for the two setupsDouble-Chooz and Rea
tor-II in the main text of this study. For the Double-Chooz setup, westi
k 
losely to the 
on�guration dis
ussed in Ref. [23℄. We have 
he
ked that the e�e
t ofthe slightly di�erent distan
es (1:0 km and 1:1 km) of the far dete
tor lo
ation from the twodi�erent rea
tor 
ores at the CHOOZ site is very small. Hen
e it is a good approximationto 
onsider the average baseline of 1:05 km for both 
ores. In order to obtain robust results,we in
lude all systemati
al errors as well as ba
kgrounds.The large rea
tor experiment Rea
tor-II 
orresponds to the same setup as already used inRef. [20℄. It represents an ideal 
on�guration without ba
kgrounds and any systemati
al7Note that the above statements quantitatively depend to some extent on the 
hosen number of bins.For example, a bin-to-bin un
orrelated error of 20% for 10 bins has, in general, a di�erent impa
t than su
han error for 60 bins. This 
an be understood by the fa
t that for a large number of bins, the simultaneous
u
tuation of neighboring bins be
omes unlikely. The same argument holds for the 
ux shape un
ertainty�shape. 29



Double-Chooz Rea
tor-IILuminosity L 288 tGW y 8000 tGW yNumber of events in ND 2:94 � 106 2:94 � 106Number of events in FD 6 � 104 6:36 � 105Near dete
tor baseline 0:15 km 0:15 kmFar dete
tor baseline 1:05 km 1:70 kmEnergy resolution �res = 5%=pE[MeV℄Visible energy range 0:5� 9:2MeV (31 bins)Individual dete
tor normalization �rel = 0:6% �rel = 0:6%Flux normalization �abs = 2:5% �abs = 2:5%Flux shape un
ertainty �shape = 2% �shape = 0Energy s
ale error �
al = 0:5% �
al = 0Ba
kgrounds in
luded Yes NoTable 7: Chara
teristi
s of the two rea
tor experiments Double-Chooz and Rea
tor-II.errors beyond overall normalization errors. This setup has been 
hosen to illustrate howan optimal rea
tor experiment would �t into the general pi
ture of the next ten years ofos
illation physi
s and, to obtain CP-
omplementary information. Several proposals whi
hare 
lose to our Rea
tor-II setup are 
urrently dis
ussed [16℄.C The de�nition of the sin2 2�13 sensitivity limitIn this appendix, we dis
uss the de�nition of the sin2 2�13 sensitivity limit. Although thisde�nition is very general, we mainly fo
us on the �� ! �e appearan
e 
hannel, sin
e onehas to deal extensively with parameter 
orrelations and degenerate solutions in this 
ase.Let us �rst de�ne our sin2 2�13 sensitivity and then dis
uss its properties.De�nition 1 We de�ne the sin2 2�13 sensitivity limit as the largest value of sin2 2�13,whi
h �ts the true value sin2 2�13 = 0 at the 
hosen 
on�den
e level. The largest value ofsin2 2�13 is obtained from the proje
tions of all (dis
onne
ted) �t manifolds (best-�t manifoldand degenera
ies) onto the sin2 2�13-axis.Sin
e for future experiments no data are available, one has to simulate data by 
al
ulating a\referen
e rate ve
tor" for a �xed set of \true" parameter values. In general, the experimentperforman
e depends on the 
hosen set of true parameter values, and it is interesting todis
uss this dependen
y in many 
ases. It is espe
ially relevant for the true values of �m221and �m231, whi
h we usually 
hoose within their 
urrently allowed ranges. A

ording toDe�nition 1, we 
hoose the true value sin2 2�13 = 0 to 
al
ulate the sin2 2�13 limit, sin
ewe are interested in the bound on sin2 2�13 if no positive signal is observed. Moreover, this
hoi
e has the following advantages:� Sin
e for sin2 2�13 = 0 the phase ÆCP be
omes unphysi
al, the sensitivity limit will beindependent of the true value of ÆCP. 30



� For sin2 2�13 = 0, the referen
e rate ve
tors for the normal and the inverted masshierar
hies are approximately equal, whi
h implies that the sensitivity limit hardlydepends on the true sign of �m231 (see also the dis
ussion related to Figure 12 later).On
e the referen
e rate ve
tor has been obtained, the �t manifold in the six-dimensionalspa
e of the os
illation parameters is given by the requirement ��2 � CL (e.g., at the90% 
on�den
e level, we have CL = 2:71 for 1 d.o.f.). In addition to the allowed regionwhi
h 
ontains the best-�t point (\best-�t manifold"), one or more dis
onne
ted regions(\degenerate solutions") will exist, and ea
h of them may have a rather 
ompli
ated shapein the six-dimensional spa
e (\
orrelations"). The �nal sensitivity is given by the largestvalue of sin2 2�13 whi
h �ts sin2 2�13 = 0. It is obtained by proje
ting all these dis
onne
ted�t regions onto the sin2 2�13-axis, where the proje
tion takes into a

ount the 
orrelations.Hen
e, this pro
edure provides a straightforward method to take into a

ount 
orrelationsand degenera
ies. Thus, for the 
ase of the �� ! �e appearan
e 
hannel, our de�nition of thesin2 2�13 sensitivity limit in
ludes the intrinsi
 stru
ture of Eq. (1). This equation re
e
tsthat an appearan
e experiment is only sensitive to a parti
ular 
ombination of parameters.The proje
tion onto the sin2 2�13-axis takes into a

ount that all the other parameters 
an beonly measured with a 
ertain a

ura
y by the experiment itself. Moreover, in 
ompli
ated
ases (e.g., for neutrino fa
tories) lo
al minima may appear in the proje
tion of the �2-fun
tion onto the sin2 2�13-axis, and the �2-fun
tion 
an interse
t the 
hosen 
on�den
e levelmultiple times. In this 
ase, we 
hoose by de�nition the rightmost of these interse
tions.Hen
e, the sensitivity limit, as de�ned above, refers to the potential of an experiment (or
ombination of experiments) to extra
t the value of the parameter sin2 2�13 from Eq. (1)
onvolved with all the simulation information.In this study, we 
ompare the sin2 2�13 sensitivity limit of a given experiment to a so-
alled (sin2 2�13)e� sensitivity limit in some 
ases. The (sin2 2�13)e� sensitivity limit roughly
orresponds to the potential of a given experiment to observe a positive signal, whi
h isparameterized by some (unphysi
al) mixing parameter (sin2 2�13)e�:De�nition 2 The (sin2 2�13)e� sensitivity limit is de�ned as the sensitivity limit fromstatisti
s and systemati
s only whi
h is 
omputed for ÆCP = 0 by �xing all other os
illationparameters to their true values.In order to illustrate the impa
t of systemati
s, 
orrelations, and degenera
ies, we oftenuse \bar 
harts" (see, for example, Figures 3 and 6), where the �nal sin2 2�13 sensitivity isobtained by su

essively swit
hing on systemati
s, 
orrelations, and degenera
ies. In thesebar 
harts, the statisti
s-only sin2 2�13 sensitivity (left edge of the bar) is 
omputed for allos
illation parameters �xed and ÆCP = 0, the statisti
s+systemati
s sensitivity limit 
or-responds to the (sin2 2�13)e� sensitivity limit, the statisti
s+systemati
s+
orrelations limit
orresponds to the sensitivity limit for the best-�t manifold only (no degenerate solutionsin
luded), and the �nal sensitivity limit (right edge of the bar) 
orresponds to De�nition 1.In the following, we illustrate in greater detail how the sin2 2�13 limit is obtained, how thebar 
harts are 
onstru
ted, and how the sin2 2�13 and (sin2 2�13)e� limits are related to ea
hother at the example of the JPARC-SK experiment. We fo
us mainly on the sgn(�m231)-31



Figure 12: The �2 as fun
tion of sin2 2�13 for JPARC-SK. For the true values of the os
illationparameters, we 
hoose the 
urrent best-�t values from Eq. (3), sin2 2�13 = 0, ÆCP = 0 (for 
urves without
orrelations only), and normal (upper plot) or inverted (lower plot) mass hierar
hies. The solid 
urves inea
h plot are obtained by �tting with the same mass hierar
hy as has been used to 
al
ulate the referen
erate ve
tor (\right-sign"), whereas for the dashed 
urves to the wrong mass hierar
hy has been used (\wrong-sign"). Within ea
h group of solid or dashed 
urves, the left 
urve determines the statisti
s-only limit, themiddle 
urve the statisti
s+systemati
s limit, and the right 
urve the statisti
s+systemati
s+
orrelationslimit. Note that the wrong-sign minimum has not exa
tly the same position in parameter spa
e as theoriginal minimum.degenera
y and the 
orrelation between �13 and ÆCP, whi
h is of parti
ular relevan
e for the�� ! �e appearan
e 
hannel at superbeams.In Figure 12, the �2 is shown as a fun
tion of sin2 2�13 for the \right-sign" and \wrong-sign" solutions, where in the upper (lower) plot the normal (inverted) hierar
hy has been
hosen to 
al
ulate the referen
e rate ve
tor. The right-sign solution is obtained by �ttingwith the same sign of �m231 as the referen
e rate ve
tor as been 
al
ulated with, i.e., the\right" neutrino mass hierar
hy is used, whereas the wrong-sign solution is obtained by�tting with the opposite sign of �m231, i.e., the \wrong" mass hierar
hy is used. Thedi�erent 
urves in ea
h group with the same 
urve style 
orrespond, from the left to theright, to the statisti
s-only, statisti
s+systemati
s, and statisti
s+systemati
s+
orrelations32



Figure 13: The 90% CL �t manifold (1 d.o.f.) in the sin2 2�13-ÆCP-plane for JPARC-SK. For the truevalues of the os
illation parameters, we 
hoose the 
urrent best-�t values from Eq. (3) and sin2 2�13 = 0. Thedi�erent 
urves 
orrespond to various se
tions (un-displayed os
illation parameters �xed) and proje
tions(minimized over un-displayed os
illation parameters) as des
ribed in the plot legend. The bars demonstratethe individual 
ontributions to the �nal sin2 2�13 sensitivity limit. Note that for the sgn(�m231)-degeneratesolution, we only show the �nal proje
tion.sensitivity limits, where these limits are obtained from the interse
tion of the �2 with the��2 = 2:71 line. The bar 
harts are 
onstru
ted from the 
orresponding 
urves, as one 
aneasily read o� the �gure.Comparing the normal and inverted mass hierar
hy plots in Figure 12, one 
an observe asymmetry between the right- and wrong-sign solutions: The 
urves for the normal masshierar
hy and �m231 > 0 (right sign) are very similar to the ones of the inverted masshierar
hy and �m231 > 0 (wrong sign). This 
an be understood in terms of the identi
alappearan
e rate ve
tors for the normal and inverted mass hierar
hies for the true value ofsin2 2�13 = 0. However, sin
e the role of the �m231 > 0 
urves is di�erent for the normaland inverted mass hierar
hies, i.e., they either 
orrespond to the best-�t manifold (rightsign) or the sgn(�m231)-degenera
y (wrong sign), the bar 
harts are, by de�nition, verydi�erent, sin
e they are originally determined by the best-�t solution. However, one 
aneasily see that the �nal sensitivity limit does not depend on the mass hierar
hy [26℄. Thisproperty 
omes from the fa
t that the degenera
y part does not 
ontribute to the �nalsensitivity if the best-�t sin2 2�13 sensitivity is already worse than the degenerate solutionsensitivity. Sin
e there is hardly a di�eren
e between �nal sensitivity limits for the di�erentmass hierar
hies, we usually show the normal mass hierar
hy sensitivity limit. In fa
t, thereis a small di�eren
e between the �nal sensitivity limits for the di�erent mass hierar
hies,whi
h mainly 
omes from the disappearan
e 
hannels.Let us now illustrate the impa
t of the 
orrelation between sin2 2�13 and ÆCP. Therefore,we show in Figure 13 the �t manifold in the sin2 2�13-ÆCP-plane. The sin2 2�13 sensitiv-33



ity limit is again obtained from the proje
tion onto the sin2 2�13-axis. In Figure 13, theindividual 
ontributions to the bar 
hart are illustrated by showing di�erent se
tions (un-displayed os
illation parameters �xed, i.e., no 
orrelations) and proje
tions (minimized overun-displayed os
illation parameters, i.e., they in
lude 
orrelations) of the �t manifold. One
an see that both edges of the leftmost (blue) bar are 
omputed for ÆCP = 0. This illustratesthat if ÆCP and all the other os
illation parameters ex
ept sin2 2�13 are �xed at the true val-ues, mu
h stronger bounds on sin2 2�13 
an be obtained, 
orresponding to the (sin2 2�13)e�limit. The limit gets 
onsiderably weaker if the �2-fun
tion is minimized over ÆCP, as wellas all os
illation parameters whi
h are not shown, whi
h leads to the \
orrelation bar". Infa
t, from Figure 13, one 
an see that the largest part of the 
orrelation bar 
omes from the
orrelation with ÆCP, and only the small di�eren
e between the dark dashed and the lightsolid 
urves 
omes from the 
orrelation with the other os
illation parameters. The �nalsensitivity limit is then obtained as the maximum value of sin2 2�13 whi
h �ts sin2 2�13 = 0in
luding all degenerate solutions.
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