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Future long baseline neutrino os
illation (LBL) setups are dis
ussed and the remarkablepotential for very pre
ise measurements of mass splittings, mixing angles, MSW e�e
ts, thesign of �m2 and leptoni
 CP violation is shown.1 Introdu
tionThe eviden
e for atmospheri
 neutrino os
illations shows some sensitivity to the 
hara
ter-isti
 L=E dependen
e of os
illations[1℄. There is no doubt that the observed 
avour tran-sitions are due to neutrino os
illations. The atmospheri
 os
illation length s
ale Latm is for�m231 ' 3 � 10�3 eV, and for neutrino energies of E� ' 10 GeV, about Latm ' O(2000) km.This are distan
es and energies whi
h 
an also be tested with neutrino beams whi
hare sent from one point on the Earth to another. Solar neutrinos also undergo 
avourtransitions[2, 3℄. Os
illation is under all alternatives the most plausible explanation andglobal �ts favour the so-
alled LMA solution for the mass splittings and mixings[4℄. TheCHOOZ rea
tor experiment[5℄ provides moreover 
urrently the most stringent upper boundfor the sub-leading Ue3 mixing matrix element. The global pattern of neutrino os
illationparameters seems therefore quite well known and one may ask how pre
ise future exper-iments will ultimately be able to measure mass splittings and mixings and what 
an belearned from su
h pre
ise measurements.K2K, MINOS and CNGS are a promising �rst generation of LBL experiments. Wedis
uss[6℄ here the remarkable potential beyond this �rst generation, where detailed testsof the three-
avouredness of os
illations will be possible. �13 
an be measured mu
h betterthan today. It will be possible to study MSW matter e�e
ts and to extra
t sign(�m231).�To appear in the pro

edings of the IDM2002 
onferen
e, Sept. 2-6, 2002, York, UK1



For the favoured LMA 
ase, it will even be possible to measure leptoni
 CP violation[7℄.Su
h pre
ise neutrino masses, mixings and CP phases 
onstitutes extremely valuable 
avourinformation, sin
e unlike for quarks, they are not obs
ured by hadroni
 un
ertainties. Theseparameters 
an be evolved with the renormalization group to the GUT s
ale to be 
omparedwith models for neutrino masses and mixings. Leptoni
 CP violation is moreover relatedto leptogenesis, the 
urrently most plausible me
hanism for the generation of the baryonasymmetry of the universe. LBL experiments o�er therefore in a unique way a

ess toextremely interesting and valuable physi
s parameters.2 Beams and Dete
torsLBL experiments have the advantage that both sour
e and dete
tor 
an be kept underpre
ise 
onditions. This in
ludes amongst others for the sour
e a pre
ise knowledge ofthe mean neutrino energy E�, the neutrino 
ux and spe
trum, as well as the 
avour 
om-position and 
ontamination of the beam. Another important aspe
t is whether neutrinoand anti-neutrino data 
an be obtained symmetri
ally su
h that systemati
al un
ertainties
an
el. Pre
ise measurements require also a suÆ
ient luminosity and a dete
tor su
h thatenough statisti
s 
an be obtained. On the dete
tor side one must in
lude further issues,like the dete
tion threshold fun
tion, energy 
alibration, resolution, parti
le identi�
ation
apabilities (
avour, 
harge, event re
onstru
tion, ba
kgrounds). Another sour
e of un
er-tainty in the dete
tion pro
ess is the knowledge of neutrino 
ross-se
tions, espe
ially at lowenergies[8℄. Sour
e and dete
tor 
ombinations of a future LBL experiment are furthermore
onstraint by the available te
hnology.The �rst type of 
onsidered sour
es are 
onventional neutrino and anti-neutrino beams.An intense proton beam is typi
ally dire
ted onto a massive target produ
ing mostly pionsand some K mesons, whi
h are 
aptured by an opti
al system of magnets in order to obtain abeam. The pions (and K mesons) de
ay in a de
ay pipe, yielding essentially a muon neutrinobeam whi
h 
an undergo os
illations as shown in the left plot of �g. 1. Most interesting arethe �� ! �� disappearan
e 
hannel and the �� ! �e appearan
e 
hannels. The neutrinobeam is, however, 
ontaminated by approximately 0:5% ele
tron neutrinos, whi
h alsoprodu
e ele
tron rea
tions in the disappearan
e 
hannel, limiting thus the pre
ision in theextra
tion of �� ! �e os
illation parameters. The energy spe
trum of the muon beam
an be 
ontrolled over a wide range: it depends on the in
ident proton energy, the opti
alsystem, and the pre
ise dire
tion of the beam axis 
ompared to the dire
tion of the dete
tor.It is possible to produ
e broad band high energy beams, su
h as the CNGS beam[9, 10℄,or narrow band lower energy beams, su
h as in some 
on�gurations of the NuMI beam[11℄.Reversing the ele
tri
al 
urrent in the lens system results in an anti-neutrino beam. Theneutrino and anti-neutrino beams have signi�
ant di�eren
es su
h that errors do not 
an
elsystemati
ally in ratios or di�eren
es. The neutrino and anti-neutrino beams must therefore2



Figure 1: Neutrino produ
tion, os
illation and dete
tion via 
harged 
urrent intera
tionsfor 
onventional beams (left plot) and superbeams (right plot). The �� ! �� disappearan
eand �� ! �e appearan
e 
hannels are most interesting for the 
onventional beams, but the�e beam 
ontamination at the level of < 1% limits the ability to determine the �� ! �eappearan
e os
illation, sin
e it produ
es also ele
trons. For neutrino fa
tories (right plot) ��eand �� are produ
ed in equal numbers from �-de
ays and 
an undergo di�erent os
illations.The �� ! �� and ��e ! ��� 
hannels are most interesting for dete
tors with � identi�
ation.Note, however, that ex
ellent 
harge identi�
ation 
apabilities are required to separate\wrong sign muons" and \right sign muons".more or less be 
onsidered as independent sour
es with di�erent systemati
al errors.\Superbeams" use the same te
hniques for produ
ing neutrino beams, but at mu
hlarger luminosities [9, 10, 11, 12℄. Superbeams are thus a te
hnologi
al extrapolation of
onventional beams, with a proton beam intensity 
lose to the me
hani
al stability limitof the target at a typi
al thermal power of 0:7MW to 4MW. The mu
h higher neutrinoluminosity allows the use of the de
ay kinemati
s of pions to produ
e so{
alled \o�{axisbeams", where the dete
tor is lo
ated some degrees o� the beam axis. This redu
es theneutrino 
ux and the average neutrino energy, but leads to a more mono-energeti
 beamand a signi�
ant suppression of the ele
tron neutrino 
ontamination. Several o�{axis su-perbeams with energies of about 1GeV to 2GeV have been proposed in Japan[13, 14℄,Ameri
a[15℄, and Europe[16, 17℄.The most sensitive neutrino os
illation 
hannel for sub-leading os
illation parameters isthe �� ! �e appearan
e transition. Therefore the dete
tor should have ex
ellent ele
tronand muon 
harged 
urrent identi�
ation 
apabilities. In addition, an eÆ
ient reje
tion ofneutral 
urrent events is required, be
ause the neutral 
urrent intera
tion mode is 
avorblind. With low statisti
s, the magnitude of the 
ontamination itself limits the sensitivity tothe �� ! �e transition severely, while the insuÆ
ient knowledge of its magnitude 
onstrainsthe sensitivity for high statisti
s. A near dete
tor allows a substantial redu
tion of theba
kground un
ertainties[13, 18℄ and plays a 
ru
ial role in 
ontrolling other systemati
alerrors, su
h as the 
ux normalization, the spe
tral shape of the beam, and the neutrino
ross se
tion at low energies. At energies of about 1GeV, the dominant 
harge 
urrentintera
tion mode is quasi{elasti
 s
attering, whi
h suggests that water Cherenkov dete
torsare the optimal type of dete
tor. At these energies, a baseline of about 300 km would beoptimal to measure at the �rst maximum of the os
illation. At about 2GeV, there is alreadya 
onsiderable 
ontribution of inelasti
 s
attering to the 
harged 
urrent intera
tions, whi
h3



means that it would be useful to measure the energy of the hadroni
 part of the 
ross se
tion.This favors low{Z hadron 
alorimeters, whi
h also have a fa
tor of ten better neutral 
urrentreje
tion 
apability 
ompared to water Cherenkov dete
tors[15℄. In this 
ase, the optimumbaseline is around 600 km. The matter e�e
ts are expe
ted to be small for these experimentsfor two reasons. First of all, an energy of about 1GeV to 2GeV is small 
ompared to theMSW resonan
e energy of approximately 13GeV in the upper mantle of the Earth. These
ond reason is that the baseline is too short to produ
e signi�
ant matter e�e
ts.The se
ond type of beam 
onsidered are so-
alled neutrino fa
tories, where muons arestored in the long straight se
tions of a storage ring. The de
aying muons produ
e muonand ele
tron anti-neutrinos in equal numbers[19℄. The muons are produ
ed by pion de
ays,where the pions are produ
ed by the same te
hnique as for superbeams. After being
olle
ted, they have to be 
ooled and rea

elerated very qui
kly. The spe
trum and 
avor
ontent of the beam are 
ompletely 
hara
terized by the muon de
ay and are thereforevery pre
isely known[20℄. The only adjustable parameter is the muon energy E�, whi
his usually 
onsidered in the range from 20 to 50GeV. It is possible to produ
e and storeanti-muons in order to obtain a CP 
onjugated beam and the symmetri
 operation ofboth beams leads to the 
an
ellation or signi�
ant redu
tion of errors and systemati
alun
ertainties. Unless stated di�erently, we dis
uss the neutrino beam in
luding impli
itlythe CP 
onjugate 
hannel.The de
ay of the muons and the relevant os
illation 
hannels are shown in the rightplot of �g. 1. Amongst all 
avors and intera
tion types, muon 
harged 
urrent events arethe easiest to dete
t. The appearan
e 
hannel with the best sensitivity is thus the ��e ! ���transition, whi
h produ
es so 
alled \wrong sign muons". Therefore, a dete
tor must beable to very reliably identify the 
harge of a muon in order to distinguish wrong sign muonsin the appearan
e 
hannel from the higher rate of same sign muons in the disappearan
e
hannels. The dominant 
harge 
urrent intera
tion in the multi{GeV range is deep{inelasti
s
attering, making a good energy resolution for the hadroni
 energy deposition ne
essary.Magnetized iron 
alorimeters are thus the favored 
hoi
e for neutrino fa
tory dete
tors. Inorder to a
hieve the required muon 
harge separation, it is ne
essary to impose a minimummuon energy 
ut at approximately[21, 22℄ 4GeV. This leads to a signi�
ant loss of neutrinoevents in the range of about 4GeV to 20GeV, whi
h means that a high muon energyof E� = 50GeV is desirable. The �rst os
illation maximum lies then at approximately3 000 km. Matter e�e
ts are sizable at this baseline and energy, and the limited knowledgeof the Earth's matter density pro�le be
omes an additional sour
e of errors.
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a
ronym dete
tor L L=EpeakJHF-SK water Cherenkov 295 378NuMI low-Z 735 337NuFa
t-I 10 kt mag. iron 3000 90JHF-HK water Cherenkov 735 295NuFa
t-II 40 kt mag. iron 3000 90Table 1: The 
onsidered 
ombinations of beams and dete
tors and their a
ronyms.3 Results of LBL SimulationsThe physi
s whi
h enters the above setups 
an be understood analyti
ally by expanding insmall quantities[23, 24, 25℄. All shown results 
an thus be understood qualitatively withanalyti
 equations[6℄, but they are obtained in a numeri
al simulation of the exa
t os
il-lation equations. There are numerous experimental and phenomenologi
al details whi
hhave to be in
luded in su
h analysis whi
h go beyond the s
ope of this arti
le[6℄.We 
onsider di�erent beams and dete
tors whi
h allow interesting 
ombinations as listedin table 1. JHF-SK is the planned 
ombination of the existing SuperKamiokande dete
torand the JHF beam, while JHF-HK is the 
ombination of an upgraded JHF beam withthe proposed HyperKamiokande dete
tor. With typi
al parameters, JHF-HK is altogetherabout 95 times more integrated luminosity than JHF-SK, and we assume that it operatespartly with the anti-neutrino beam. Water Cherenkov dete
tors are ideal for the JHFbeam, sin
e 
harged 
urrent quasi elasti
 s
attering is dominating. A low-Z 
alorimeteris proposed for the NuMI o�-axis beam, whi
h is better here, sin
e the energy is higherand there is already a 
onsiderable 
ontribution of inelasti
 
harged 
urrent intera
tions.NuFa
t-I is an initial neutrino fa
tory, while NuFa
t-II is a fully developed ma
hine, with 42times the luminosity of NuFa
t-I[13, 15, 21℄. Deep inelasti
 s
attering dominates for theseeven higher energies and magnetized iron dete
tors are therefore 
onsidered in 
ombinationwith neutrino fa
tories.Our study in
ludes all relevant aspe
ts[6℄ and we �nd the following results. There isex
ellent pre
ision for the leading os
illation parameters �m231 and sin2 2�23, whi
h willnot be further dis
ussed here. The more interesting sensitivity to the sub-leading para-meter sin2 2�13 depends on what will be found for �m231 and �m221. Assuming that theleading parameters are measured to be �m231 = 3 � 10�3 eV2, sin2 2�23 = 0:8 and thatKamLand measures the solar parameters at the 
urrent best �t point of the LMA region,i.e. �m221 = 6 � 10�5 eV2 and sin 2�12 = 0:91, we 
an make a 
omparison of the sin2 2�13sensitivity limit for the di�erent setups. The result is shown in the left plot of �g. 2. Theindividual 
ontributions of di�erent sour
es of un
ertainties are shown for every experimentand the left edge of every band of �g. 2 
orresponds to the sensitivity limit whi
h would5
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Figure 2: The sin2 2�13 sensitivity (left plot) and the sin2 2�13 sensitivity region tosign(�m231) (right plot) for all setups de�ned in se
tion 3 at 90% CL for �m231 = 3�10�3 eV2and sin2 2�23 = 0:8. The plots show the deterioration of the sensitivity limits as the di�erenterror sour
es are su

essively swit
hed on. The left edge of the bars is the sensitivity sta-tisti
al limit. This limit gets redu
ed as systemati
al, 
orrelational and degenera
y errorsare swit
hed on. The right edge is the �nal sensitivity limit [6℄.be obtained purely on statisti
al grounds. This limit is su

essively redu
ed by adding thesystemati
al un
ertainties of ea
h experiment, the 
orrelational errors and �nally the de-genera
y errors. The right edge of ea
h band 
onstitutes the �nal error for the experimentunder 
onsideration. It is interesting to see how the errors of the di�erent setups are 
om-posed. There are di�erent sensitivity redu
tions due to systemati
al errors, 
orrelationsand degenera
ies. The largest sensitivity loss due to 
orrelations and degenera
ies o

ursfor NuFa
t-II.Another 
hallenge of future LBL experiments is to measure sign(�m231) via mattere�e
ts and the sensitivity whi
h 
an be obtained for the setups under dis
ussion is shownin the right plot of �g. 2. Taking all 
orrelational and degenera
y errors into a

ount we 
ansee that it is very hard to determine sign(�m231) with the 
onsidered superbeam setups.The main problem is the degenera
y with Æ, whi
h allows always the reversed sign(�m231)for another CP phase. Note, however, that the situation 
an in prin
iple be improved ifdi�erent superbeam experiments were 
ombined su
h that this degenera
y error 
ould beremoved. Neutrino fa
tories perform 
onsiderably better on sign(�m231), parti
ularly forlarger baselines. Combination strategies would again lead to further improvements.Coherent forward s
attering of neutrinos and the 
orresponding MSW matter e�e
tsare so far experimentally untested. It is therefore very important to realize that mattere�e
ts will not only be useful to extra
t sign(�m231), but that they allow also detailed testsof 
oherent forward s
attering of neutrinos. This has been studied in detail[25, 26, 27, 28℄.The Holy Grail of LBL experiments is the measurement of leptoni
 CP violation. Thesin2 2�13 sensitivity range for measurable CP violation is shown in �g. 3 for Æ = �=2 forthe di�erent setups and for di�erent values of �m221. It 
an be seen that measurements6



Figure 3: The sin2 2�13 sensitivity range for CP violation of the 
onsidered setups at 90%
on�den
e level and for di�erent �m221 values. The upper row 
orresponds to the lowerbound of �m221 = 1:1 � 10�5 eV2, the bottom row to the upper bound �m221 = 4:7 �10�4 eV2, and the middle row to the best LMA �t, �m221 = 3:7�10�5 eV2. Cases whi
h donot have CP sensitivity are omitted from this plot. The 
hosen parameters are Æ = +�=2,�m231 = 3 �10�3 eV2, sin2 2�23 = 0:8, and a solar mixing angle 
orresponding to the 
urrentbest �t in the LMA regime [6℄.of CP violation are in prin
iple feasible both with high luminosity superbeams as well asadvan
ed neutrino fa
tories. However, the sensitivity depends in a 
ru
ial way on �m221.For a low value �m221 = 1:1 10�5 eV2, the sensitivity is almost 
ompletely lost, while thesituation would be very promising for the largest 
onsidered value �m221 = 4:7 10�4 eV2.For a measurement of leptoni
 CP violation it would therefore be extremely ex
iting andpromising if KamLand would �nd �m221 on the high side of the LMA solution (the so-
alledHLMA 
ase). The sensitivities shown in �g. 3 depend on the 
hoi
e for Æ. The value whi
hwas used here was Æ = �=2 and and the sensitivities be
ome be
ome worse for small CPphases 
lose to zero or �.4 Con
lusionsIn Future long baseline neutrino os
illation experiments will lead to pre
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