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es 26I. PHYSICS MOTIVATIONThe de
ay of proton is the most ex
iting predi
tion ofGrand Uni�ed Theories (Nath and Perez, 2006). Sev-eral experiments have been built to sear
h for it, withno dis
overy yet. The window between predi
ted (in thesimplest models typi
ally below 1037 years) and ex
luded(Kobayashi et al., 2005) (O(1033) years, depending onthe 
hannel) lifetimes is, however, within our rea
h, andthe demand to �ll the gap grows. Also a negative resultwould be important to rule out 
ertain models (like min-imal SU(5) (Georgi and Glashow, 1974)) or 
onstrain theparameter range. Identifying the proton de
ay and lifetime would set a �rm s
ale for any uni�ed theory, narrow-ing the s
ope for possible models and their parameters.This would be a mandatory step to go forward with thephysi
s beyond the Standard Model, now partially stalleddue to missing experimental data.The interior of the Earth is known unbelievably ill. Weknow mu
h better what happens inside the Sun than in-side our own planet. There are very few messengers that
an give information from below the rea
h of drill holes,and mere theory is not su�
ient for building a 
rediblemodel for the Earth. However, there is a new unexploitedwindow to the Earth interior, by observing neutrinos pro-du
ed in the radioa
tive de
ays of heavy elements in the

matter. Until now only KamLAND experiment (Arakiet al., 2005a) has been able to study geoneutrinos, butits event rate does not allow signi�
ant 
on
lusions.Neutrinos are important messengers from stars. In-deed, neutrino astronomy has a glorious history, from thedete
tion of solar neutrinos (Abdurashitov et al., 1994;Aharmim et al., 2005; Altmann et al., 2005; Anselmannet al., 1992; Davis et al., 1968; Hirata et al., 1989; Smy,2003) to the observation of neutrinos from a supernova(Bionta et al., 1987; Hirata et al., 1987), a
knowledgedby Nobel Prizes for Koshiba and Ray Davis. These ob-servations have given valuable information both from thestars and from the properties of the neutrinos. However,mu
h more information would be available, if the neu-trino spe
tra of stellar neutrinos would be known bet-ter. While the properties of neutrinos be
ome betterde�ned by other experiments, spe
i�
 neutrino observa-tions 
ould give detailed information on the 
onditionsof the produ
tion zone, whether in the Sun or a futuregala
ti
 supernova. The latter would be extremely im-portant as the explosion of the 
ollapsed star is still apuzzle. An even more fas
inating 
hallenge would be toobserve neutrinos from extragala
ti
 supernovae, eitherfrom identi�ed sour
es or a di�use �ux from unidenti�edsupernovae from the past.Observing neutrinos produ
ed in the atmosphere as
osmi
 ray se
ondaries (Aglietta et al., 1989; Allisonet al., 1999; Ashie et al., 2005; Be
ker-Szendy et al., 1992;Daum et al., 1995; Hirata et al., 1988a, 1992) gave the�rst 
ompelling eviden
e on neutrino os
illation (Fukudaet al., 1998). While the puzzle of missing atmospheri
neutrinos 
an be 
onsidered solved, there remains 
hal-lenges to study the sub dominant os
illation phenom-ena. Parti
ularly, pre
ise measurements of atmospheri
neutrinos would help to resolve ambiguities and degen-era
ies that hamper the interpretation of other experi-ments, parti
ularly future long baseline neutrino os
illa-tion sear
hes.These fas
inating phenomena 
an be investigated withnovel multipurpose experiments. The new experimentsmust be ne
essarily very large and they must have ex-tremely low ba
kground. The required signal to noiseratio 
an be a
hieved only in well prote
ted laborato-ries deep underground. We identify three 
omplementaryte
hnologies to respond to the 
hallenge:1. Water �erenkov dete
tor: As the 
heapest avail-able target material water is the only liquid that isrealisti
 for extremely large dete
tors, up to sev-eral hundreds or thousands of kilotons. Water�erenkov dete
tors have rather good resolution forenergy, position and dire
tion. The te
hnology iswell proven, used previously in IMB, Kamiokandeand SuperKamiokande.2. Liquid S
intillator: Experiments using liquid s
in-tillators provide a high energy resolution and a lowenergy threshold. They are parti
ularly attra
tivefor low energy dete
tion, for example solar neu-



3trinos or geoneutrinos. Liquid s
intillator dete
-tors are also based on an established te
hnology, toname Borexino (Ba
k et al., 2004) and KamLAND(Araki et al., 2005b) as examples of previous exper-iments of regular s
ale.3. Liquid Argon: Cryogeni
 Time Proje
tion Cham-bers have very good resolution to identify parti
les.Liquid Argon dete
tors are very versatile and workwell with wide energy range. Experien
e from su
hdete
tors has been gained with ICARUS (Amerioet al., 2004; Arneodo et al., 2001).Three experiments are proposed to employ these te
h-niques: MEMPHYS (de Bellefon et al., 2006) forWater �erenkov, LENA (Marrodán Undagoitia et al.,2006a; Oberauer et al., 2005) for Liquid S
intillatorand GLACIER (Ereditato and Rubbia, 2005; Rubbia,2004a,b) for Liquid Argon. The purpose of this reportis to study the physi
s potential of these experimentsand rise some 
omplementary aspe
ts between the threete
hniques.Possible neutrino beams from future a

eleratorswould provide an additional bonus for these experiments.Measuring the os
illation of 
ontrollably made neutrinoswith a su�
iently long baseline would allow to determinethe properties of neutrinos (parti
ularly the mixing an-gle θ13, as well as CP violation) with an improved a

u-ra
y. The 
onsidered dete
tors may be used for observ-ing neutrinos from beta and superbeams, in the optimalenergy range 
hara
teristi
 to ea
h experiment. A 
om-mon example is a low energy (γ ∼ 100) beta beam fromCERN to MEMPHYS at Frejus, 130 km apart (Cam-pagne et al., 2006). However, higher energy beams upto O(6 GeV) have been suggested (Rubbia et al., 2006),favouring longer distan
es up to O(2000 km). The neu-trino fa
tory would require a magnetized dete
tor, whi
his beyond the s
ope of this study.A major experiment provides possibilities for majorsurprises. The history of neutrino astrophysi
s, like thehistory of s
ien
e, has demonstrated that many experi-ments have made their glory with other dis
overies thatthey were mainly intended for, just to name the protonde
ay experiments observing neutrinos. All of the threeproposed experiments, with a huge improvement on sizeand resolution, will have a signi�
ant potential for sur-prises to be dis
overed.II. BRIEF DETECTOR DESCRIPTIONThe three dete
tors basi
 parameters are listed inTab. I. All of them have a
tive targets of tens to hun-dreds kilotons in mass and are situated in undergroundlaboratories to be prote
ted against ba
kground indu
edby 
osmi
 rays. The large size of these dete
tors is mo-tivated by the extremely low 
ross se
tions of neutrinosand/or the rareness of the interesting events sear
hed for.

FIG. 1 An artisti
 view of a 100 kton single tanker liquidargon dete
tor. The ele
troni
 
rates are lo
ated at the topof the dewar.Some details of the dete
tors are dis
ussed in the follow-ing se
tions while the Underground site related matter isdis
ussed in se
tion III.A. Liquid Argon TPCGLACIER (Fig. 1) is the foreseen extrapolation up to
100 kT of a Liquid Argon Time Proje
tion Chamber.The dete
tor 
an be me
hani
ally subdivided into twoparts: (1) the liquid argon tanker and (2) the inner de-te
tor instrumentation. For simpli
ity, we assume at thisstage that the two aspe
ts 
an be de
oupled.The basi
 idea behind this dete
tor is to use a single100 kton �boiling� 
ryogeni
 tanker with Argon refriger-ation (in parti
ular, the 
ooling is done dire
tly with Ar-gon, e.g. without nitrogen). Events 
an be re
onstru
tedin 3D using the information provided by ionization, in thefa
t the imaging 
apabilities make this dete
tor an "ele
-troni
 bubble 
hamber". S
intillation and �erenkov lightreadout 
omplete the event information.One 
an pro�t from the ICARUS R&D whi
h hasshown that it is possible to operate PMTs immerseddire
tly in the liquid Argon (Amerio et al., 2004). Inorder to be sensitive to DUV s
intillation, the PMTsare 
oated with a wavelength shifter (Tetraphenyl-Butadiene). About 1000 immersed phototubes with WLSwould be used to identify the (isotropi
 and bright) s
in-tillation light. To dete
t �erenkov radiation about 27000immersed 8�-phototubes without WLS would provide a20% 
overage of the surfa
e of the dete
tor. As alreadymentioned, these latter PMTs should have single pho-ton 
ounting 
apabilities in order to 
ount the number of�erenkov photons.Charge ampli�
ation and an extreme purity is neededto allow the foreseen long drifts (≈ 20 m), so the dete
torwill run in bi-phase mode. Namely, drift ele
trons pro-du
ed in the liquid phase are extra
ted from the liquidinto the gas phase with the help of an ele
tri
 �eld ofthe order of 3 kV/cm to 
ompensate the 
harge attenu-ation along drift. The 
harge will be amplied and read



4TABLE I Some basi
 parameters of the three dete
tor baseline designs. The underground laboratory related matter aredes
ribed in se
tion III GLACIER LENA MEMPHYSDete
tor dimensionstype verti
al 
ylinder horizontal 
ylinder 3 ÷ 5 shaftsdiam. x length φ = 70m × L = 20m φ = 30m × L = 100m (3 ÷ 5) × (φ = 65m × H = 65m)typi
al mass (kt) 100 50 440 ÷ 730A
tive target and readout†type of target liquid argon liquid s
intillator water(boiling) (option: 0.2% GdCl3)readout type
e− drift 2 perp. views, 105
hannels, ampli. ingas phase� light 27,000 8" PMTs, ∼

20% 
overageS
int. light 1,000 8" PMTs 12,000 20" PMTs
>
∼ 30% 
overage 81,000 12" PMTs

∼ 30% 
overage
by means of Large Ele
tron Multiplier (LEM) devi
es. Apossible extension of the present design is the use of anexternal magneti
 �eld.Conta
t with the LNG (Lique�ed Natural Gas) andTe
hnodyne LtD have been taken to make feasibilitystudies to build su
h 
ryogeni
 dete
tor in undergroundsite.B. Liquid S
intillatorThe LENA dete
tor is 
ylindri
al in shape, with alength of about 100m and 30m diameter (Fig. 2). An in-side part of 13m radius 
ontains approximately 5×107m3of liquid s
intillator while the outside part is �lled withwater a
ting as a muon veto. Both the outer and theinner volume are en
losed in steel tanks of 3 to 4 
m wallthi
kness. For most purposes, a �du
ial volume at 1mdistan
e to the inner tank walls is de�ned, 
orrespondingto 88% of the inner dete
tor volume.The axis of the dete
tor is aligned horizontally. Atunnel-shaped 
avern harbouring the dete
tor is well fea-sible at most lo
ations. In respe
t to a

elerator physi
s,the axis should be oriented towards the neutrino sour
e(e.g. CERN) in order to 
ontain the full length of muonand ele
tron tra
ks.The default setting for light dete
tion in the inner de-te
tor is the mounting of 12 000 photomultipliers (PMTs)of 20� diameter ea
h to the inner 
ylinder wall, 
overingabout 30% of the surfa
e. As an option, light 
on
entra-tors 
an be installed in front of the PMTs, in
reasing thesurfa
e 
overage c to values of more than 50%. Alterna-tively, c = 30 % 
an be rea
hed by the equipment of 8�PMTs with light 
on
entrators, thereby redu
ing 
osts
ompared to the default setting. Additional PMTs are

FIG. 2 Sket
h of the LENA dete
tor.supplied in the outer muon veto to dete
t the �erenkovlight of in
oming parti
les.Possible 
andidates for the liquid s
intillator are (1.)pure PXE (phenyl-o-xylylethane), (2.) a mixture of 20%PXE and 80% Dode
ane, or (3.) Linear Alkylbenzene(LAB). All three liquids are of minor toxi
ity to the envi-ronment and provide high �ash and in�ammation points.C. Water �erenkovThe MEMPHYS dete
tor (Fig. 3) is an extrapolationof SuperKamiokande up to 730 kT. This Water �erenkovdete
tor is a 
olle
tion of up to 5 shafts, and 3 are enoughfor 440 kt �du
ial mass whi
h is used hereafter. Ea
hshaft is 65 m in diameter and 65 m height for the total wa-ter 
ontainer dimensions, and this represent an extrapo-lation of a fa
tor 4 with respe
t to the Super-Kamiokanderunning dete
tor. The PMT surfa
e de�ned as 2 m in-side the water 
ontainer is 
overed by about 81,000 12"PMTs to rea
h a 30% surfa
e 
overage equivalent to a
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FIG. 3 Sket
h of the MEMPHYS dete
tor under the Fréjusmountain (Europe).40% 
overage with 20" PMTs. The �du
ial volume isde�ned by an additional 
onservative guard of 2 m. Theouter volume between the PMT surfa
e and the watervessel is instrumented with 8" PMTs. If not 
ontrarymentionned, the Super-Kamiokande analysis (e�
ien
y,ba
kground redu
tion) is used to 
ompute the phys
ispotential of su
h a dete
tor. In the US and in Japan,there are two 
ompetitors to MEMPHYS, namely UNOand Hyper-Kamiokande. These proje
ts are similar inmany respe
ts and the hereafter presented physi
s po-tential may be transposed also for those dete
tors1. Cur-rently, there is a very promising on going R&D a
tivity
on
erning the possibility to introdu
e Gadolinium salt(GdCl3) in side SuperKamiokande. The physi
s goal isto de
rease the ba
kground in many physi
s 
hannels bytagging the neutron produ
ed in the inverse beta de
ayintera
tion of ν̄e on free protons. For instan
e, 100 tons ofGdCl3 in Super-Kamiokande would yield more then 90%neutron 
aptures on Gd (Bea
om and Vagins, 2004).III. UNDERGROUND SITESThe proposed large dete
tors require underground lab-oratories of adequate size and depth, naturally prote
tedagainst 
osmi
 rays, whi
h represent a potential sour
eof ba
kground events mainly for non-a

elerator experi-ments. Additional 
hara
teristi
s of these sites 
ontribut-ing to qualify them as best 
andidates for the proposedproje
ts of experiments are: the type and quality of thero
k allowing the feasibility of su
h a large 
averns atreasonable 
ost and time, the distan
e from existing orfuture a

elerators and nu
lear rea
tors, the type andquality of the a

ess, the geographi
al position, the qual-ity of the environment, et
.The presently pre-sele
ted 
andidate sites in the worldare essentially lo
ated in 3 regions : North-Ameri
a,Asia (Japan/Korea, . . . ) and Europe. In this paperwe 
onsider the European region, where, at this stage,

the following sites are assumed as 
andidates: GranSasso (Italy), Fréjus (Fran
e/Italy), Pyhäsalmi (Fin-land), Boulby (UK), Canfran
 (Spain) and Sieroszewi
e(Poland). The basi
 
hara
teristi
s of these sites are pre-sented on Tab. II. For the Gran Sasso 
ase, possible newsites are envisaged to be lo
ated at 10km from the presentunderground laboratory outside the National Park. Thepossibility of under-water solutions, as for instan
e Pylosfor the LENA proje
t, is not taken into a

ount here.The identi�
ation and measurement of the di�erentba
kground 
omponents in the 
andidate sites (muons,fast neutrons from muon intera
tions, slow neutronsfrom nu
lear rea
tions in the ro
k, gammas, ele
-trons/positrons and alphas from radioa
tive de
ays,. . . )is underway mainly in the 
ontext of the ILIAS European(JRA) Network. The 
olle
tion of the presently knownvalues of these ba
kground 
omponents are reported onTab. II.None of the existing sites have yet a 
avity to a

om-modate the foreseen dete
tors. For two of the 
andi-date sites (Fréjus and Pyhäsalmi), a preliminary feasibil-ity study for large ex
avation at a deep depth has beenalready performed. For the Fréjus site the main 
on-
lusion from the simulations (in 2005) 
onstrained by aseries of ro
k parameters measurements made during theFréjus road tunnel ex
avation, is that the "shaft shape"is strongly preferred 
ompared to the "tunnel shape" forlarge 
avities. Several (up to 5) su
h shafts 
avities witha diameter of about 65 m (a volume of 250 000 m3)ea
h, seem feasible in the region around the middle of theFréjus tunnel, at a depth of 4800 m.w.e, where by 
han
ethe quality of the ro
k is the best. For the Pyhäsalmisite the preliminary study has been performed (in 2002)for two main 
avities with tunnel-shape and dimensions
(20 × 20 × 120) m3 and (20 × 20 × 50) m3 respe
tively,and one shaft-shaped 
avity with 25 m in diameter and25 m in height, all at a depth of about 1430 m of ro
k(4000 m.w.e).IV. PROTON DECAY SENSITIVITYFor all relevant aspe
ts of the proton stability ingrand uni�ed theories, in strings and in branes see refer-en
e (Nath and Perez, 2006).Sin
e proton de
ay is the most dramati
 predi
tion
oming from theories where the matter is uni�ed, we hopeto test those s
enarios at future experiments. For thisreason, a theoreti
al upper bound on the lifetime of theproton is very important to know about the possibilitiesof future experiments.Re
ently a model-independent upper bound on the to-tal proton de
ay lifetime has been pointed out (Dorsnerand Perez, 2005a):
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TABLE II Summary of relevant 
hara
teristi
s of some sites foreseen for the proposed dete
tors. The Rn 
ontent depends on the ventilation of the 
avity. The "*"means that the parameter is not yet available. To be 
ompleted and 
ross-
he
ked and unit uniformized as possible.Site Gran Sasso ext. Fréjus Pyhäsalmi Boulby Canfran
 Sieroszowi
eLo
ation Italy Italy-Fran
e border Finland UK Spain PolandDistan
e from CERN (km) 730 130 2300 1050 630 950Type of a

ess ? Fréjus tunnel Mine Potash Mine Somport tunnel MineVerti
al Depth (m.w.e) ? 4800 4000 3300 2500 2200Type of ro
k hard ro
k hard ro
k hard ro
k salt hard ro
k salt & ro
kType/size of 
avity ? shafts
Φ = 65 m, H = 80 m

tunnel
20 m× 20 m× 120 m ? * tunnel

15 m× 15 m× 100 m

µ Flux (10−9 
m−2s−1) ? 4.8 ? 41.7 200.0 ?n Flux (10−6 
m−2s−1) ? 1.6 (0-0.63 eV)4.0 (2-6 MeV) ? 2.8 (>100 keV)1.3 (>1 MeV) 3.82 (integral) *

γ Flux (
m−2s−1) ? 7.0 (>4 MeV) * * 2 10−2 (energy?) *

238U (ppm) Ro
k/Cavern ? 0.84/1.90 28-44 Bq/m3 0.07 30 Bq/kg 0.017 ± 0.003 Bq/kg

232Th (ppm) Ro
k/Cavern ? 2.45/1.40 4-19 Bq/m3 0.12 76 Bq/kg 0.008 ± 0.001 Bq/kgK (Bq/kg) Ro
k/Cavern ? 213/77 267-625 Bq/m3 1130 680 4.0 ± 0.9 Bq/kgRn (Bq/m3) Cavern (Vent. ON/OFF) ? 15-150 10-148 * 50-100 Bq/kg 10 − 50
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overage) when possible.Due to its ex
ellent imaging and energy resolution,GLACIER has the potentiality to dis
over nu
leon de-
ay in an essentially ba
kground-free environment. Tounderstand the potential ba
kground 
ontamination forthis kind of sear
h, we have 
arried out a detailed simula-
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FIG. 5 Isoplot for the upper bounds on the total proton life-time in years in the Dira
 neutrino 
ase in the MX�αGUTplane. The value of the unifying 
oupling 
onstant is var-ied from 1/60 to 1/10. The 
onventional values for MX and
αGUT in SUSY GUTs are marked in thi
k lines. Experimen-tally ex
luded region is given in bla
k (Dorsner and Perez,2005a).
tion of nu
leon de
ays in Argon, i.e. in
luding �nal statenu
lear e�e
ts. This is vital sin
e (1) they 
hange theex
lusive �nal state 
on�guration and (2) they introdu
ea distortion of the event kinemati
s. Atmospheri
 neu-trino and 
osmi
 muon indu
ed ba
kgrounds have beenfully simulated as well.In order to quantitatively estimate the potential ofthe LENA dete
tor for measuring the proton lifetime, aMonte Carlo simulation for the de
ay 
hannel p → K+νhas been performed. For this purpose, the Geant4 sim-ulation toolkit has been used (Agostinelli et al., 2003).From these simulations a light yield of ∼ 110 pe/MeVfor an event in the 
enter of the dete
tor results. To takeinto a

ount the so 
alled quen
hing e�e
ts, the semi-empiri
al Birk's formula (Birks, 1964) has been intro-du
ed into the 
ode. For bounded protons nu
lear e�e
tshave been taken into a

ount.



8TABLE III Summary of some re
ent predi
tions on proton partial lifetimes.Model De
ay modes Predi
tion Referen
esGeorgi-Glashow model - ruled out (Georgi and Glashow, 1974)Minimal realisti
non-SUSY SU(5)
all 
hannels τupper

p = 1.4 × 1036 (Dorsner and Perez, 2005b; Dorsner et al., 2006)Two Step Non-SUSY SO(10) p → e+π0 ≈ 1033−38 (Lee et al., 1995)Minimal SUSY SU(5) p → ν̄K+ ≈ 1032−34 JEC:BibTex pbSUSY SO(10)with 10H , and 126H

p → ν̄K+ ≈ 1033−36 JEC:BibTex pbM-Theory(G2) p → e+π0 ≈ 1033−37 (Friedmann and Witten, 2003)A. p → e+π0Following UNO study, the dete
tion e�
ien
y of p →
e+π0 (3 showering rings event) is ǫ = 43% for a 20in
h-PMT 
overage of 40% or its equivalent, as envi-sioned for MEMPHYS. The 
orresponding estimated at-mospheri
 neutrino indu
ed ba
kground is at the levelof 2.25 events/Mt.yr. From these e�
ien
ies and ba
k-ground levels, proton de
ay sensitivity as a fun
tion ofdete
tor exposure 
an be estimated. A 1035 years partiallifetime (τp/B) 
ould be rea
hed at the 90% C.L. for a5 Mt.yr exposure (10 yrs) with MEMPHYS (similar to
ase A in Fig. 6). Beyond that exposure, tighter 
utsmay be envisaged to further redu
e the atmospheri
 neu-trino ba
kground to 0.15 events/Mt.yr, by sele
ting quasiex
lusively the free proton de
ays.The positron and the two photons issued from the π0gives 
lear events in the GLACIER dete
tor. We �ndthat the π0 is absorbed by the nu
leus ∼45% of the times.Assuming a perfe
t parti
le and tra
k identi�
ation, onemay expe
t a 45% e�
ien
y and a ba
kground level of
1 event/Mt.y. So, for a 1 Mt.yr (10 yrs) exposure withGLACIER one rea
hes τp/B > 0.5 1035 yrs at 90% C.L.(see Fig. 8). In a liquid s
intillator dete
tor the de
ay
p → e+π0 will produ
e a ∼ 938 MeV signal 
oming from
e+ and π0 showers. Only atmospheri
 neutrinos are ex-pe
ted to 
ause ba
kground events in this energy range.Using the fa
t that showers from both e+ and π0 prop-agate ∼4 m in opposite dire
tions before being stopped,atmospheri
 neutrino ba
kground 
an be redu
ed. Ap-plying this method, the 
urrent limit for this 
hannel(τp/B = 5.4 1033 y (Nakaya, 2005)) 
ould be improved.B. p → νK+In LENA, proton de
ay events via the mode p → K+νhave a very 
lear signature. The kaon 
auses a promptmonoenergeti
 signal (T=105 MeV) and from the kaonde
ay there is a short-delayed se
ond monoenergeti
 sig-
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FIG. 6 Sensitivity for e+π0 proton de
ay lifetime, as deter-mined by UNO (Jung, 2000). MEMPHYS 
orresponds to 
ase(A).nal, bigger than the �rst one. The kaon has a lifetimeof τ(K+) = 12.8 ns and two main de
ay 
hannels: witha probability of 63.43 % it de
ays via K+ → µ+νµ andwith 21.13%, via K+ → π+π0. Simulations of proton de-
ay events and atmospheri
 neutrino ba
kground havebeen performed and a pulse shape analysis has been ap-plied. From the analysis an e�
ien
y of 65% for the de-te
tion of a possible proton de
ay has been determinedand a ba
kground suppression of ∼ 2 × 104 has beena
hieved (Marrodán Undagoitia et al., 2005). A detailedstudy of ba
kground implying pion and kaon produ
tionin atmospheri
 neutrino rea
tions has been performedleading to a ba
kground rate of 0.064 y−1 due to the re-a
tion νµ + p → µ− + K+ + p (Marrodán Undagoitia
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FIG. 8 Expe
ted proton de
ay lifetime limits (τ/B at 90%C.L.) as a fun
tion of exposure for GLACIER.et al., 2006b).For the 
urrent proton lifetime limit for the 
onsidered
hannel (τp/B = 2.3 1033 y) (Kobayashi et al., 2005),about 40.7 proton de
ay events would be observed inLENA after a measuring time of ten years with less than1 ba
kground event. If no signal is seen in the dete
-

tor within this ten years, the lower limit for the lifetimeof the proton will be pla
ed at τp/B > 4 × 1034 y at
90% C.L.GLACIER uses dE/dx versus range as dis
riminatingvariable in a Neural Net to obtain the parti
le identity.We expe
t less than 1% of kaons mis-identi�ed as pro-tons. In this 
hannel, the sele
tion e�
ien
y is high(97%) for a low ba
kground < 1 event/Mt.y. In 
ase ofabsen
e of signal, we expe
t to rea
h τp/B > 1.1 1035 yrsat 90% C.L. for 1 Mt.y (10 years) exposure (see Fig. 8).For the MEMPHYS dete
tor, one should rely on thedete
tion of the de
ay produ
ts of the K+ sin
e its mo-mentum (360 MeV) is below the water �erenkov thresh-old (ie. 570 MeV): a 256 MeV/
 muon and its de
ayele
tron (type I) or a 205 MeV/
 π+ and π0 (type II),with the possibility of a delayed (12 ns) 
oin
iden
e withthe 6 MeV 15N de-ex
itation prompt γ (Type III). Usingthe imaging and timing 
apability of Super-Kamiokande,the e�
ien
y for the re
onstru
tion of p → νK+ is
ǫ = 33% (I), 6.8% (II) and 8.8% (III), and the ba
k-ground is at 2100, 22 and 6 events/Mt.yr level. For theprompt γ method, the ba
kground is dominated by mis-re
onstru
tion. As stated by UNO, there are good rea-sons to believe that this ba
kground 
an be lowered byat least a fa
tor 2 
orresponding to the atmospheri
 neu-trino intera
tion νp → νΛK+. In these 
onditions, andusing Super-Kamiokande performan
es, a 5 Mt.yr MEM-PHYS exposure would allow to rea
h τp/B > 2 1034 yrs(see Fig. 7).C. Comparison between the dete
torsPreliminary 
omparisons have been done between thedete
tors (Tab. IV). For the e+π0 
hannel, the �erenkovdete
tor gets a better limit due to their higher mass.However it should be noted that GLACIER, although�ve times smaller in mass than MEMPHYS, gets an ex-pe
ted limit that is only a fa
tor two smaller. Liquidargon TPCs and liquid s
intillator dete
tors get betterresults for the ν̄K+ 
hannel, due to their higher dete
tione�
ien
y. The two te
hniques look therefore quite 
om-plementary and it would be worth to investigate deeperthe pro and 
ons of ea
h te
hniques with other 
hannelsnot yet addressed by the present study as e+(µ+)+γ andneutron de
ays.V. SUPERNOVA NEUTRINOSA supernova (SN) neutrino dete
tion represents one ofthe next frontiers of neutrino astrophysi
s. It will pro-vide invaluable information on the astrophysi
s of the
ore-
ollapse explosion phenomenon and on the neutrinomixing parameters. In parti
ular, neutrino �avor transi-tions in the SN envelope are sensitive to the value of θ13and on the type of mass hierar
hy, and the dete
tion ofSN neutrino spe
tra at Earth 
an signi�
antly 
ontribute



10TABLE IV Summary of the e+π0 and ν̄K+ dis
overy po-tential by the three dete
tors. The e+π0 
hannel is not yetsimulated in LENA. GLACIER LENA MEMPHYS
e+π0

ǫ(%)/Bkgd(Mt.y) 45/1 - 43/2.25

τp/B (90% C.L., 10 yrs) 0.5 × 1035 - 1.0 × 1035

ν̄K+

ǫ(%)/Bkgd(Mt.y) 97/1 65/1 8.8/3

τp/B (90% C.L., 10 yrs) 1.1 × 1035 0.4 × 1035 0.2 × 1035to sharpen our understanding of these unknown neutrinoparameters. On the other hand, a detailed measurementof the neutrino signal from a gala
ti
 SN 
ould yield im-portant 
lues on the SN explosion me
hanism.A. SN neutrino emission and os
illationsA 
ore-
ollapse supernova marks the evolutionary endof a massive star (M >∼ 8 M⊙) whi
h be
omes inevitablyinstable at the end of its life: it 
ollapses and eje
ts itsouter mantle in a sho
k-wave driven explosion. The 
ol-lapse to a neutron star (M ≃ M⊙, R ≃ 10 km) liberatesa gravitational binding energy, EB ≈ 3 × 1053 erg, re-leased at ∼ 99% into (anti)neutrinos of all the �avors,and only at ∼1% into the kineti
 energy of the explo-sion. Therefore, a 
ore-
ollapse SN represents one of themost powerful sour
es of (anti)neutrinos in the Universe.In general, numeri
al simulations of supernova explo-sions provide the original neutrino spe
tra in energy andtime F 0
ν . Su
h initial distributions are in general modi-�ed by �avor transitions in SN envelope, in va
uum (andeventually in Earth matter)

F 0
ν −→Fν (2)and must be 
onvolved with the di�erential intera
tion
ross se
tion σe for ele
tron or positron produ
tion, aswell as with the dete
tor resolution fun
tion Re, and thee�
ien
y ε, in order to �nally get observable event rates:

Ne = Fν ⊗ σe ⊗ Re ⊗ ε (3)Regarding the initial neutrino distributions F 0
ν , a SN 
ol-lapsing 
ore is roughly a bla
k-body sour
e of thermalneutrinos, emitted on a times
ale of ∼ 10 s. Energyspe
tra parametrization are typi
ally 
ast in the formof quasi-thermal distributions, with typi
al average en-ergies: 〈Eνe

〉 = 9 − 12 MeV, 〈Eν̄e
〉 = 14 − 17 MeV,

〈Eνx
〉 = 18−22MeV, where νx indi
ates any non-ele
tron�avor.The os
illated neutrino �uxes arriving at Earth maybe written in terms of the energy-dependent �survivalprobability� p (p̄) for neutrinos (antineutrinos) as (Digheand Smirnov, 2000)
Fνe

= pF 0
νe

+ (1 − p)F 0
νx

TABLE V Values of the p and p̄ parameters used in Eq. 4 indi�erent s
enario of mass hierar
hy and sin2 θ13.Mass Hierar
hy sin2 θ13 p p̄Normal >
∼ 10−3 0 cos2 θ12Inverted >
∼ 10−3 sin2 θ12 0Any <
∼ 10−5 sin2 θ12 cos2 θ12

Fν̄e
= p̄F 0

ν̄e
+ (1 − p̄)F 0

νx
(4)

4Fνx
= (1 − p)F 0

νe
+ (1 − p̄)F 0

ν̄e
+ (2 + p + p̄)F 0

νxwhere νx stands for either νµ or ντ . The probabilities pand p̄ 
ru
ially depend on the neutrino mass hierar
hyand on the unknown value of the mixing angle θ13 asshown in Tab. V.B. SN neutrino dete
tionGala
ti
 
ore-
ollapse supernovae are rare, perhaps afew per 
entury. Up to now, supernova neutrinos havebeen measured only on
e during SN 1987A explosion inthe Large Magellani
 Cloud (d = 50 kp
). Due to therelatively small masses of the dete
tors operative at thattime, only few events were dete
ted (11 in Kamiokande(Hirata et al., 1987, 1988b) and 8 in IMB (Aglietta et al.,1987; Bionta et al., 1987)). The three proposed large-volume neutrino dete
tors with a broad range of s
ien
egoals might guarantee 
ontinuous exposure for severalde
ades, so that a high-statisti
s supernova neutrino sig-nal may eventually be observed.Expe
ted number of events for GLACIER, MEMPHYSand LENA are reported in Tab. VI, for a typi
al gala
ti
SN distan
e of 10 kp
. In the upper panel it is reportedthe total number of events, while the lower part refers tothe νe signal dete
ted during the prompt neutronizationburst, with a duration of ∼ 25 ms, just after the 
oreboun
e.One 
an realize that ν̄e dete
tion by Inverse β De
ay(IβD) is the golden 
hannel for MEMPHYS and LENA.In addition, the ele
tron neutrino signal 
an be dete
tedin LENA thanks to the intera
tion on 12C. The three
harged 
urrent rea
tions will deliver information on νeand ν̄e �uxes and spe
tra while the three neutral 
urrentrea
tions, sensitive to all neutrino �avours will provideinformation on the total �ux. GLACIER has also theopportunity to see the νe by 
harged 
urrent intera
tionson 40Ar with a very low threshold. The dete
tion 
om-plementarity between νe and ν̄e is of great interest andwould assure a unique way to probe SN explosion me
h-anism as well as neutrino intrinsi
 properties. Moreover,the huge statisti
s would allow spe
tral studies in timeand in energy domain.We stress that it will be di�
ult to establish SN neu-trino os
illation e�e
ts solely on the basis of a ν̄e or
νe �spe
tral hardening� relative to theoreti
al expe
ta-tions. Therefore, in the re
ent literature the importan
e



11TABLE VI Summary of the expe
ted neutrino intera
tion rates in the di�erent dete
tors for a 8M⊙ SN lo
ated at 10 kp
(Gala
ti
 
enter). The following notations have been used: IβD, eES and pES stands for Inverse β De
ay, ele
tron and protonElasti
 S
attering, respe
tively. The �nal state nu
lei are generally unstable and de
ay either radiatively (notation ∗), or by
β−/β+ weak intera
tion (notation β−,+). The rates of the di�erent rea
tion 
hannels are listed, and for LENA they have beenobtained by s
aling the predi
ted rates from (Bea
om et al., 2002; Cadonati et al., 2002).MEMPHYS LENA GLACIERIntera
tion Rates Intera
tion Rates Intera
tion Rates

ν̄e IβD 2 × 105 ν̄e IβD 9 × 103 νCC
e (40Ar, 40K∗) 2.5 × 104

(−)

νe
CC(16O, X) 104 νx pES 7 × 103 νNC

x (40Ar∗) 3.0 × 104

νx eES 103 νNC
x (12C∗) 3 × 103 νx eES 103

νx eES 600 ν̄CC
e (40Ar, 40Cl∗) 540

ν̄CC
e (12C, 12Bβ+

) 500

νCC
e (12C, 12Nβ−

) 85Neutronization Burst ratesMEMPHYS 60 νe eESLENA 70 νe eES/pES
νCC

e (12C, 12Nβ−

)GLACIER 380 νNC
x (40Ar∗)of model-independent signatures has been emphasized.Here we fo
us mainly on the signatures asso
iated to: theprompt νe neutronization burst, the sho
k-wave propa-gation, the Earth matter 
rossing.The analysis of the time stru
ture of the SN signalduring the �rst few tens of millise
onds after the 
oreboun
e 
an provide a 
lean indi
ation if the full νe burstis present or absent and therefore allows one to distin-guish between di�erent mixing s
enarios as indi
ated bythe third 
olumn of Tab. VII. For example, if the massordering is normal and the θ13 is large, the νe burst willfully os
illate into νx. If θ13 is measured in the labora-tory to be large, for example by one of the forth
omingrea
tor experiments, then one may distinguish betweenthe normal and inverted mass ordering.As dis
ussed, MEMPHYS is mostly sensitive to theIβD, although the νe 
hannel 
an be measured by theelasti
 s
attering rea
tion νx + e− → e− + νx (Ka
hel-riess et al., 2005). Of 
ourse, the identi�
ation ofthe neutronization burst is 
leanest with a dete
tor us-ing the 
harged-
urrent absorption of νe neutrinos, likeGLACIER. Using its unique features to look at νe CC itis possible to probe os
illation physi
s during the earlystage of the SN explosion, and using the NC it is possi-ble to de
ouple the SN me
hanism from the os
illationphysi
s (Gil-Botella and Rubbia, 2003, 2004).A few se
onds after 
ore boun
e, the SN sho
k wavewill pass the density region in the stellar envelope rel-evant for os
illation matter e�e
ts, 
ausing a transientmodi�
ation of the survival probability and thus a time-dependent signature in the neutrino signal (Fogli et al.,2003; S
hirato et al., 2002). It would show a 
hara
ter-isti
 dip when the sho
k wave passes (Fogli et al., 2005),or a double-dip feature if a reverse sho
k o

urs (Tomaset al., 2004). The dete
tability of su
h a signature has

been studied in a Megaton Water �erenkov dete
tor likeMEMPHYS by the IβD (Fogli et al., 2005), and in aLarge liquid Argon dete
tor like GLACIER by Ar CCintera
tions (Barger et al., 2005). The sho
k wave ef-fe
ts would be 
ertainly visible also in a large volumes
intillator like LENA. Of 
ourse, apart from identifyingthe neutrino mixing s
enario, su
h observations wouldtest our theoreti
al understanding of the 
ore-
ollapseSN phenomenon.One unequivo
al indi
ation of os
illation e�e
ts wouldbe the energy-dependent modulation of the survival prob-ability p(E) 
aused by Earth matter e�e
ts (Lunardiniand Smirnov, 2001). The Earth matter e�e
ts 
an berevealed by wiggles in energy spe
tra and LENA bene-�t from a better energy resolution than MEMPHYS inthis respe
t whi
h may be partially 
ompensated by 10times more statisti
s (Dighe et al., 2003b). The Earthe�e
t would show up in the ν̄e 
hannel for the normalmass hierar
hy, assuming that θ13 is large (Tab. VII).Another possibility to establish the presen
e of Earth ef-fe
ts is to use the signal from two dete
tors if one of themsees the SN shadowed by the Earth and the other not.A 
omparison between the signal normalization in thetwo dete
tors might reveal Earth e�e
ts (Dighe et al.,2003a). The sho
k wave propagation 
an in�uen
e theEarth matter e�e
t, produ
ing a delayed e�e
t 5 − 7 safter the 
ore-boun
e, in some parti
ular situations (Lu-nardini and Smirnov, 2003) (Tab. VII).Exploiting these three experimental signatures, by thejoint e�orts of the 
omplementarity SN neutrino dete
-tion in MEMPHYS, LENA, and GLACIER it would bepossible to extra
t valuable information on the neutrinomass hierar
hy and to put a bound on θ13, as shown inTab. VII.Other interesting ideas has been also studied in lit-



12erature, ranging from the pointing of a SN by neutri-nos (Tomas et al., 2003), an early alert for SN obser-vatory exploiting the neutrino signal (Antonioli et al.,2004), and the dete
tion of neutrinos from the last phasesof a burning star (Odrzywolek et al., 2004).Up to now, we have investigated SN in our Galaxy,but the 
al
ulated rate of supernova explosions within adistan
e of 10 Mp
 is about 1 per year. Although thenumber of events from a single explosion at su
h largedistan
es would be small, the signal 
ould be separatedfrom the ba
kground with the request to observe at leasttwo events within a time window 
omparable to the neu-trino emission time-s
ale (∼ 10 se
), together with thefull energy and time distribution of the events (Andoet al., 2005). In a MEMPHYS dete
tor, with at leasttwo neutrinos observed, a supernova 
ould be identi�edwithout opti
al 
on�rmation, so that the start of the light
urve 
ould be fore
asted by a few hours, along with ashort list of probable host galaxies. This would also allowthe dete
tion of supernovae whi
h are either heavily ob-s
ured by dust or are opti
ally dark due to prompt bla
khole formation.C. Di�use Supernova Neutrino Ba
kgroundA gala
ti
 Supernova explosion will be a spe
ta
ularsour
e of neutrinos, so that a variety of neutrino and SNproperties 
ould be determined. However, only one su
hexplosion is expe
ted in 20 to 100 years. Alternatively, ithas been suggested that we might dete
t the 
umulativeneutrino �ux from all the past SN in the Universe, the so
alled Di�use Supernova Neutrino (DSN) Ba
kground2.In parti
ular, there is an energy window around 10 −
40 MeV where the DSN signal 
an emerge above othersour
es, so that proposed dete
tors may measure this �uxafter some years of exposure times.The DSN signal, although weak, is not only �guaran-teed�, but 
an also probe physi
s di�erent from that of agala
ti
 SN, in
luding pro
esses whi
h o

ur on 
osmo-logi
al s
ales in time or spa
e.For instan
e, the DSN signal is sensitive to the evo-lution of the SN rate (SNR), whi
h is 
losely relatedto the star formation rate (Ando, 2004; Fukugita andKawasaki, 2003). Additionally, neutrino de
ay s
enarioswith 
osmologi
al lifetimes 
ould be analyzed and 
on-strained (Ando, 2003) as proposed in (Fogli et al., 2004).An upper limit on the DSN �ux has been set by theSuperKamiokande experiment (Malek et al., 2003)

φDSN
ν̄e

< 1.2cm−2 s−1(Eν > 19.3 MeV) (5)However most of the predi
tions are below this limit andtherefore DSN dete
tion appears to be feasible only with2 We prefer the word "Di�use" rather than "Reli
" not to 
onfusewith the primordial neutrinos produ
ed one se
ond after the BigBang.

FIG. 9 Di�use supernova neutrino signal and ba
kground inLENA dete
tor in 10 years of exposure. Shaded regions givethe un
ertainties of all 
urves. An observational window be-tween ∼ 9.5 to 25 MeV that is almost free of ba
kground 
anbe identi�ed (for the Pyhäsalmi site) (Wurm et al., 2006).

FIG. 10 Possible 90% C.L. measurements of the emission pa-rameters of supernova ele
tron antineutrino emission after 5years running of a gadolinium-enhan
ed SK dete
tor or 1 yearof one gadolinium-enhan
ed MEMPHYS shaft (Yuksel et al.,2006).the large dete
tor foreseen, through ν̄e inverse beta de
ayin MEMPHYS and LENA dete
tors and through νe +
40Ar → e− + 40K∗ (and the asso
iated gamma 
as
ade)in GLACIER (Co

o et al., 2004).Typi
al estimates for DSN �uxes (see for example(Ando, 2004)) predi
t an event rate of the order of
(0.1 − 0.5) 
m−2 s−1 MeV−1 for energies above 20 MeV.The DSN signal energy window is 
onstrained fromabove by the atmospheri
 neutrinos and from below by



13TABLE VII Summary of the neutrino properties e�e
t on νe and ν̄e signals.MassHierar
hy sin2 θ13

νe neutronizationpeak Sho
k wave Earth e�e
tNormal >
∼ 10−3 Absent νe

ν̄e

νe (delayed)Inverted >
∼ 10−3 Present ν̄e

νe

ν̄e (delayed)Any <
∼ 10−5 Present - both ν̄e νeTABLE VIII DSN expe
ted rates. The larger numbers are 
omputed with the present limit on the �ux by SuperKamiokande
ollaboration. The lower numbers are 
omputed for typi
al models. The ba
kground 
oming from reator plants have been
omputed for spe
i�
 lo
ations for MEMPHYS and LENA. For MEMPHYS, the SuperKamiokande ba
kground has been s
aledby the exposure. More studies are needed to estimate the ba
kground at the new Fréjus laboratory.Intera
tion Exposure Energy Window Signal/Bkgd1 shaft MEMPHYS + 0.2% Gd (with bkgd Kamioka)

ν̄e + p → n + e+

n + Gd → γ(8 MeV, 20 µs) 0.7 Mt.y5 yrs [15 − 30] MeV (43-109)/47LENA at Pyhäsalmi
ν̄e + p → n + e+

n + p → d + γ(2 MeV, 200 µs) 0.4 Mt.y10 yrs [9.5 − 30] MeV (20-230)/8GLACIER
νe + 40Ar → e− + 40K∗ 0.5 Mt.y5 yrs [16 − 40] MeV (40-60)/30either the nu
lear rea
tor ν̄e (I), the spallation produ
-tion of unstable radionu
lei by 
osmi
 ray muons (II),the de
ay of "invisible" muons into ele
trons (III), andsolar νe neutrinos (IV). The three dete
tors are a�e
teddi�erently by these ba
kgrounds.GLACIER looking at νe is mainly a�e
ted by type IV.MEMPHYS �lled with pure water is mainly a�e
ted bytype III due to the fa
t that the muons may have notenough energy to produ
e �erenkov light. As pointedout in (Fogli et al., 2005) with the addition of Gadolinium(Bea
om and Vagins, 2004) the dete
tion of the 
apturedneutron releasing 8 MeV gamma after ∼ 20 µs (10 timesfaster than in pure water) would give the possibility toreje
t the "invisible" muon (type III) as well as spalla-tion ba
kground (type II). LENA taking bene�t from thedelayed neutron 
apture in ν̄e + p → n + e+, is mainlya�e
ted by rea
tor neutrinos (I) whi
h impose to 
hoosean underground site far from nu
lear plants: if LENA isdeployed at the Center for Underground Physi
s in Py-häsalmi (CUPP, Finland), there will be an observationalwindow from ∼ 9.7 to 25 MeV that is almost free of ba
k-ground. The expe
ted rates of signal and ba
kground arepresented in Tab. VIII.A

ording to 
urrent DSN models (Ando, 2004) thatare using di�erent SN simulations from the LL (Totaniet al., 1998), TBP (Thompson et al., 2003) and KRJ (Keil

et al., 2003) groups for the predi
tion of the DSN energyspe
trum and �ux, a dete
tion of ∼10 DSN events peryear is expe
ted in LENA. Signal rates 
orresponding tothree di�erent DSN models and the ba
kground rates dueto the rea
tor (I) and atmospheri
 neutrinos are shown inFig. 9 for 10 years of measurement with LENA in CUPP.Apart from mere dete
tion, spe
tros
opy of the DNSevents in LENA will 
onstrain the parameter spa
e of
ore-
ollapse models. If the SNR signal is known at asu�
ient pre
ision, the spe
tral slope of the DSN 
an beused to determine the hardness of the initial SN neutrinospe
trum. For the 
urrently favoured value of the SNR,the dis
rimination between the dis
ussed LL and TBP
ore-
ollapse models will be possible at 2.6σ after 10 yearsof measuring time (Wurm et al., 2006).In addition, by an analysis of the �ux in the energyregion from 10 to 14 MeV the SNR for z < 2 
ould be
onstrained at high signi�
an
e levels, as in this energyregime the DSN �ux is only weakly dependent on theassumed SN model. This 
ould be used to 
ross-
he
kFIR and UV measurements.The dete
tion of the redshifted DSN from z > 1 islimited by the �ux of the rea
tor ν̄e ba
kground. In Py-hasalmi, a lower threshold of 9.5 MeV resuls in a spe
tral
ontribution of 25% DSN from z > 1.An analysis of the expe
ted DSN spe
trum that would



14be observed with a gadolinium-loaded Water �erenkovdete
tor has been 
arried out in (Yuksel et al., 2006).The possible measurements of the parameters (integratedluminosity and average energy) of supernova ν̄e emis-sion have been 
omputed for 5 years running of a Gd-enhan
ed SuperKamiokande dete
tor, whi
h would 
or-respond to 1 year of one Gd-enhan
ed MEMPHYS shaft.The results are shown in Fig. 10. Even if detailed stud-ies on 
hara
terization of the ba
kground are needed,the DSN events may be as powerful as the measurementmade by Kamioka and IMB with the SN1987A ν̄e events.VI. SOLAR NEUTRINOSIn the past yearsWater �herenkov dete
tors have mea-sured the high energy tail (E > 5 MeV) of the solar
8B neutrino �ux using ele
tron-neutrino elasti
 s
atter-ing (Smy, 2003). Sin
e su
h dete
tors 
ould re
ord thetime of an intera
tion and re
onstru
t the energy anddire
tion of the re
oiling ele
tron, unique information ofthe spe
trum and time variation of the solar neutrino�ux was extra
ted. This provided further insights intothe �solar neutrino problem�, the de�
it of the neutrino�ux (measured by several experiments) with respe
t tothe �ux expe
ted by the standard solar models. It also
onstrained the neutrino �avor os
illation solutions in afairly model-independent way.With MEMPHYS, Super-Kamiokande's measurementsobtained from 1258 days of data 
ould be repeated inabout half a year (the seasonal �ux variation measure-ment requires of 
ourse a full year). In parti
ular, a�rst measurement of the �ux of the rare "hep" neutri-nos may be possible. Elasti
 neutrino-ele
tron s
atteringis strongly forward peaked. To separate the solar neu-trino signal from the isotropi
 ba
kground events (mainlydue to low radioa
tivity), this dire
tional 
orrelation isexploited. Angular resolution is limited by multiple s
at-tering. The re
onstru
tion algorithm �rst re
onstru
tsthe vertex from the PMT times and then the dire
tionassuming a single Cherenkov 
one originating from there
onstru
ted vertex. Re
onstru
ting 7 MeV events inMEMPHYS seems not to be a problem but de
reasingthe threshold would imply serious 
are of the PMT dark
urrent rate as well as the laboratory and dete
tor ra-dioa
tivity level.With LENA, a large amount of neutrinos from 7Be,around ∼ 5.4 × 103/day (∼ 2.0 × 106/y) would be de-te
ted. Depending on the signal-to-ba
kground ratio,this would provide a sensitivity for time variations in the
7Be neutrino �ux of ∼ 0.5% during one month of mea-suring time. Su
h a sensitivity may give information at aunique level on helioseismology (pressure or temperature�u
tuations in the 
enter of the sun) and on a possiblemagneti
 moment intera
tion with a timely varying solarmagneti
 �eld.The pep neutrinos are expe
ted to be re
orded at arate of 210/day (∼ 7.7 × 104/y), these neutrinos would

provide a better understanding of the global solar neu-trino luminosity. Due to the value of their energy, they
ould probe the transition region of va
uum to matter-dominated neutrino os
illation.The neutrino �ux from the CNO 
y
le is theoreti
allypredi
ted with the lowest a

ura
y (30%) of all solar neu-trino �uxes. Therefore, LENA would provide a new op-portunity for a detailed study of solar physi
s. How-ever, the observation of su
h solar neutrinos in thesedete
tors, i.e. through elasti
 s
attering, is not a sim-ple task, sin
e neutrino events 
annot be separated fromthe ba
kground, and it 
an be a

omplished only if thedete
tor 
ontamination will be kept very low (Alimontiet al., 1998a,b). Moreover, only mono-energeti
 sour
esas su
h mentioned 
an be dete
ted, taking advantage ofthe Compton-like shoulder edge produ
ed in the eventspe
trum.Re
ently, the possibility to register 8B solar neutri-nos by means of the 
harged 
urrent intera
tion withthe 13C (Ianni et al., 2005) nu
lei naturally 
ontainedin organi
 s
intillators has been investigated. Even ifthe event signal does not keep the dire
tionality of theneutrino, it 
an be separated from the ba
kground byexploiting the time and spa
e 
oin
iden
e with the sub-sequent de
ay of the produ
ed 13N nu
lei (remainingba
kground of about 60/year 
orresponding to a redu
-tion fa
tor of ∼ 3 10−4) (Ianni et al., 2005). Around360 events of this type per year 
an be estimated forLENA. A deformation due to the MSW-e�e
t shouldbe observable in the low-energy regime after a 
oupleof years of measurements.For the proposed lo
ation of LENA in Pyhäsalmi (∼
4000 m.w.e.), the 
osmogeni
 ba
kground will be suf-�
iently low for the mentioned measurements. Noti
ethat Fréjus site would also be adequate for this topi
(∼ 4800 m.w.e.). The radioa
tivity of the dete
tor wouldhave to be kept very low (10−17 g/g level U-Th) as in theKamLAND dete
tor.The solar neutrinos in GLACIER 
an be registeredthrough the elasti
 s
attering νx+e− → νx+e− (ES) andthe absorption rea
tion νe + 40Ar → e− + 40K∗ (ABS)followed by γs emission. Even if these rea
tions have lowthreshold (e.g 1.5 MeV for the se
ond one), one expe
tsto operate in pra
ti
e with a threshold set at 5 MeV onthe primary ele
tron kineti
 energy to reje
t ba
kgroundfrom neutron 
apture followed by gamma ray emissionwhi
h 
onstitute the main ba
kground in some under-ground laboratory (Arneodo et al., 2001) as for the LNGS(Italy). These neutrons are indu
ed by the spontaneous�ssion of the 
avern ro
k (note that in 
ase of a salt minethis ba
kground may be signi�
antly redu
ed).The expe
ted raw event rate is 330,000/year (66% fromABS, 25% from ES and 9% from neutron ba
kground in-du
ed events) assuming the above mentioned thresholdon the �nal ele
tron energy. Then, applying further of-�ine 
uts to purify separatly the ES sample and the ABSsample, one gets the rates shown on Tab. IX.A possible way to 
ombine the ES and the ABS 
han-



15TABLE IX Number of events expe
ted in GLACIER peryear, 
ompared with the 
omputed ba
kground (no os
illa-tion) in the Gran Sasso Laboratory (Italy) ro
k radioa
tiv-ity 
ondition (i.e. 0.32 10−6 n cm−2 s−1(> 2.5 MeV). TheAbsorption 
hannel have been split into the 
ontributions ofevents from Fermi transition and from Gamow-Teller transi-tion of the 40Ar to the di�erent 40K ex
ited levels and that
an be separated using the emitted gamma energy and mul-tipli
ity Events/yearElasti
 
hannel (E ≥ 5 MeV) 45,300Neutron bkgd 1,400Absorption events 
ontamination 1,100Absorption 
hannel (Gamow-Teller transition) 101,700Absorption 
hannel (Fermi transition) 59,900Neutron bkgd 5,500Elasti
 events 
ontamination 1,700nels similar to the NC/CC �ux ratio measured by SNO
ollaboration (Aharmim et al., 2005), is to 
ompute thefollowing ratio:
R =

NES/NES
0

1

2

(

NAbs−GT /NAbs−GT
0 + NAbs−F /NAbs−F

0

) (6)where the numbers of expe
ted events without neutrinoos
illations are labeled with a 0). This double ratio hasthe following advantages: �rst it is independent of the 8Btotal neutrino �ux, predi
ted by di�erent solar models,and se
ond it is free of experimental threshold energybias and of the adopted 
ross-se
tions for the di�erent
hannels. With the present �t to solar and KamLANDdata, one expe
ts a value of R = 1.30 ± 0.01 after oneyear of data taking with GLACIER. The quoted error forR only takes into a

ount statisti
s.VII. ATMOSPHERIC NEUTRINOSA. Introdu
tionAtmospheri
 neutrinos originates from the de
ay 
haininitiated by the 
ollision of 
osmi
 rays with the upperlayers of the Earth's atmosphere. The hadroni
 intera
-tion between primary 
osmi
 rays (mainly protons andhelium nu
lei) and the light atmosphere nu
lei produ
esse
ondary π and K mesons, whi
h then de
ay giving ele
-tron and muon neutrinos and antineutrinos. At lower en-ergies the main 
ontribution 
omes from π mesons, andthe de
ay 
hain π → µ + νµ followed by µ → e + νe + νµprodu
es essentially two νµ for ea
h νe. As the energyin
reases, more and more muons rea
h the ground be-fore de
ays, and therefore the νµ/νe ratio in
reases. For
Eν

>∼ 1 GeV the dependen
e of the total neutrino �uxon the neutrino energy is well des
ribed by a power law,
dΦ/dE ∝ E−γ with γ = 3 for νµ and γ = 3.5 for νe,
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FIG. 11 Dis
rimination of the wrong o
tant solution as afun
tion of sin2 θtrue
23 , for θtrue

13 = 0. We have assumed 10years of data taking with a 440-kton dete
tor.whereas at sub-GeV energies the dependen
e be
omesmore 
ompli
ated be
ause of the e�e
ts of the solar windand of the Earth's magneti
 �eld (Gonzalez-Gar
ia andNir, 2003). As for the zenith dependen
e, for energieslarger than a few GeV the neutrino �ux is enhan
ed inthe horizontal dire
tion sin
e pions and muons 
an travela longer distan
e before rea
hing the ground, and there-fore have more 
han
es to de
ay produ
ing neutrinos.Histori
ally, the atmospheri
 neutrino problem orig-inated in the 1980's as a dis
repan
y between the at-mospheri
 neutrino �ux measured with di�erent exper-imental te
hniques. In the previous years, a number ofdete
tors had been built, whi
h 
ould dete
t neutrinosthrough the observation of the 
harged lepton produ
edin 
harged-
urrent neutrino-nu
leon intera
tions insidethe dete
tor itself. These dete
tors 
ould be divided intotwo 
lasses: iron 
alorimeters, whi
h re
onstru
ted thetra
k or ele
tromagneti
 shower produ
ed by the lep-ton, and water �erenkov, whi
h measured instead theCerenkov light emitted by the lepton as it moved fasterthan light in water. The oldest iron 
alorimeters, Fre-jus (Daum et al., 1995) and NUSEX (Aglietta et al.,1989), found no dis
repan
y between the observed �uxand the theoreti
al predi
tions, whereas the two Water�erenkov dete
tors, IMB (Be
ker-Szendy et al., 1992)and Kamiokande (Hirata et al., 1992), observed a 
learde�
it in the predi
ted νµ/νe ratio. The problem was�nally solved in 1998, when the water Cerenkov dete
-tor SuperKamiokande (Fukuda et al., 1998) establishedwith high statisti
al a

ura
y that there was indeed azenith- and energy-dependent de�
it in the muon neu-
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FIG. 12 Sensitivity to the mass hierar
hy at 2σ (∆χ2 = 4)as a fun
tion of sin2 2θtrue
13 and δtrue

CP (left), and the fra
tion oftrue values of δtrue
CP (right). The solid 
urves are the sensitiv-ities from the 
ombination of long-baseline and atmospheri
neutrino data, the dashed 
urves 
orrespond to long-baselinedata only. We have assumed 10 years of data taking with a440-kton dete
tor.trino �ux with respe
t to the theoreti
al predi
tions, andthat this de�
it was 
ompatible with the hypothesis ofmass-indu
ed νµ → ντ os
illations. Also, the indepen-dent 
on�rmation of this e�e
t from the iron 
alorimeterexperiments Soudan-II (Allison et al., 1999) and MACRO(Ambrosio et al., 2001) eliminated the dis
repan
y be-tween the two experimental te
hniques.Despite providing the �rst solid eviden
e for neutrinoos
illations, atmospheri
 neutrino experiments have re-
eived only minor 
onsideration during the last years.This is mainly due to two important limitations:

• the sensitivity of an atmospheri
 neutrino experi-ments is strongly limited by the large un
ertaintiesin the knowledge of neutrino �uxes and neutrino-nu
leon 
ross-se
tion. Su
h un
ertainties 
an be aslarge as 20%.
• in general, water Cerenkov dete
tors do not allowan a

urate re
onstru
tion of the neutrino energyand dire
tion if none of the two is known �a priori�.This strongly limits the sensitivity to ∆m2, whi
his very sensitive to the resolution on L/E.During its phase-I, Super-Kamiokande has 
olle
ted4099 ele
tron-like and 5436 muon-like 
ontained neutrinoevents (Ashie et al., 2005). With only about a hun-dred events ea
h, K2K (Ahn et al., 2006) and MINOS(Tagg, 2006) already provide a stronger bound on theatmospheri
 mass-squared di�eren
e ∆m2

31. The presentvalue of the mixing angle θ23 is still dominated by Super-Kamiokande data, being statisti
s the most importantfa
tor for su
h a measurement, but strong improvementsare expe
ted from the next generation of long-baselineexperiments T2K (Itow et al., 2001) and NOνA (Ayreset al., 2004).
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FIG. 13 Sensitivity to sin2 2θ13 as a fun
tion of sin2 θtrue
23 forLBL data only (dashed), and the 
ombination LBL+ATM(solid). In the left and 
entral panels we restri
t the �t of θ23to the o
tant 
orresponding to θtrue

23 and π/2 − θtrue
23 , respe
-tively, whereas the right panel shows the overall sensitivitytaking into a

ount both o
tants. We have assumed 8 yearsof LBL and 9 years of ATM data taking with the T2HK beamand a 1 Mton dete
tor.B. Os
illation physi
sDespite these drawba
ks, atmospheri
 dete
tors 
anstill play a leading role in the future of neutrino physi
sdue to the huge range in energy (from 100 MeV to 10 TeVand above) and distan
e (from 20 km to more than12000 Km) 
overed by the data. This unique feature,as well as the very large statisti
s expe
ted for a dete
torsu
h as MEMPHYS (20÷ 30 times the present SK eventrate), will allow a very a

urate study of subdominantmodi�
ations to the leading os
illation pattern, thus pro-viding 
omplementary information to a

elerator-basedexperiments. More 
on
retely, atmospheri
 neutrinodata will be extremely valuable for:

• resolving the o
tant ambiguity: although futureLBL experiments are expe
ted to 
onsiderably im-prove the measurement of the absolute value of thesmall quantity D23 ≡ sin2 θ23 − 1/2, they will havepra
ti
ally no sensitivity on its sign. On the otherhands, it has been pointed out (Kim and Lee, 1998;Peres and Smirnov, 1999) that the νµ → νe 
onver-sion signal indu
ed by the small but �nite valueof ∆m2
21 
an resolve this degenera
y. However,observing su
h a 
onversion requires a very longbaseline and low energy neutrinos, and atmospheri
sub-GeV ele
tron-like events are parti
ularly suit-able for this purpose. In Fig. 11 we show the poten-tial of di�erent ATM+LBL experiments to ex
ludethe o
tant degenerate solution.

• resolving the hierar
hy degenera
y: if θ13 is not toosmall, matter e�e
t will produ
e resonant 
onver-sion in the νµ ↔ νe 
hannel for neutrinos (antineu-trinos) if the mass hierar
hy is normal (inverted).The observation of this enhan
ed 
onversion wouldallow the determination of the mass hierar
hy. Al-though a magnetized dete
tor would be the bestsolution for this task, it is possible to extra
t use-ful information also with a 
onventional dete
tor



17sin
e the event rates expe
ted for atmospheri
 neu-trinos and antineutrinos are quite di�erent. Thisis 
learly visible from Fig. 12, where we show howthe sensitivity to the mass hierar
hy of di�erentLBL experiments is drasti
ally in
reased when theATM data 
olle
ted by the same dete
tor are alsoin
luded in the �t.
• measuring or improving the bound on θ13: althoughatmospheri
 data alone are not expe
ted to be 
om-petitive with the next generation of long-baselineexperiments in the sensitivity to θ13, they will 
on-tribute indire
tly by eliminating the o
tant degen-era
y, whi
h is an important sour
e of un
ertaintyfor LBL. In parti
ular, if θtrue

23 is larger than 45◦then the in
lusion of atmospheri
 data will 
onsid-erably improve the LBL sensitivity to θ13, as 
anbe seen from the right panel of Fig. 13.C. Dire
t dete
tion of ντ in the atmospheri
 neutrino �uxAt energies above a GeV, we expe
t unos
illated eventsto be upward-downward going symmetri
. In 
ontrast,we know that ντ , ν̄τ indu
ed events 
ome from below thehorizon (upward going events). Therefore the presen
eof ντ , ν̄τ events 
an be revealed by a measured ex
ess ofupward going events. Hereafter we assume that the νµand the ντ are maximally mixed and their mass squareddi�eren
e is ∆m2 = 3.× 10−3 eV2. We use the Fluka 3Datmospheri
 neutrino �uxes.In GLACIER, the sear
h for ντ appearan
e is basedon the information provided by the event kinemati
s andtakes advantage of the spe
ial 
hara
teristi
s of ντ CCand the subsequent de
ay of the produ
ed τ lepton when
ompared to CC and NC intera
tions of νµ and νe, i.e.by making use of ~Pcandidate and ~Phadron. Due to thelarge ba
kground indu
ed by the natural abundan
e ofthe atmospheri
 neutrino �ux in νe and ν̄e, we note thatthe measurement of a statisti
ally signi�
ant ex
ess of
ντ events is very unlikely for the τ → e de
ay mode,therefore we 
on
lude that a sear
h based on this 
hannelis hopeless. Same 
on
lusions apply to the muoni
 de
ay
hannel.The situation is mu
h more advantageous for thehadroni
 
hannels: we 
onsider tau de
ays to one prong(single pion, rho) and to three prongs (π±π0π0 and three
harged pions). After a 
areful evaluation of the perfor-man
e of di�erent 
ombinations of kinemati
 variables,we de
ided to use: Evisible, ybj (the ratio between the to-tal hadroni
 energy and Evisible) and QT (de�ned as thetransverse momentum of the τ 
andidate with respe
t tothe total measured momentum). The 
hosen variablesare not independent one from another but show 
orrela-tions between them. These 
orrelations 
an be exploitedto redu
e the ba
kground. In order to maximize the sep-aration between signal and ba
kground, we use three di-mensional likelihood fun
tions L(QT , Evisible, ybj) where
orrelations are taken into a

ount. For every 
hannel, we

TABLE X Expe
ted ba
kground and signal events for dif-ferent 
ombinations of the π, ρ and 3π analyses. The 
on-sidered statisti
al sample 
orresponds to an exposure of 100kton×year. The best 
ombination found is indi
ated in bold
hara
ters.
ln λπ ln λρ lnλ3π Top Bottom Pβ (%)Cut Cut Cut Events Events0. 0.5 0. 223 223 + 43 = 266 2 × 10−1 (3.1σ)1.5. 1.5 0 92 92 + 35 = 127 2 × 10−2 (3.7σ)3. -1 0. 87 87 + 33 = 120 3 × 10−2 (3.6σ)3. 0.5 0. 25 25 + 22 = 47 2 × 10−3 (4.3σ)3. 1.5 0 20 20 + 19 = 39 4 × 10−3 (4.1σ)3. 0.5 -1. 59 59 + 30 = 89 9 × 10−3 (3.9σ)3. 0.5 1. 18 18 + 17 = 35 1 × 10−2 (3.8σ)build three dimensional likelihood fun
tions for both sig-nal (LS

π , LS
ρ , LS

3π) and ba
kground (LB
π , LB

ρ , LB
3π). Toenhan
e the separation of ντ indu
ed events from νµ, νeintera
tions, we take a ratio of likelihoods as the soledis
riminant variable:

lnλi ≡ ln(LS
i /LB

i ) (7)where i = π, ρ, 3π.To further improve the sensitivity of the ντ appear-an
e sear
h, we 
ombine the three independent hadroni
analyses into a single one. Events that are 
ommon toat least two analyses are 
ounted only on
e and a sur-vey of all possible 
ombinations, for a restri
ted set ofvalues of the likelihood ratios, is performed. Table X il-lustrates the statisti
al signi�
an
e a
hieved by severalsele
ted 
ombinations of the likelihood ratios for an ex-posure equivalent to 100 kton×year.The best 
ombination, for a 100 kton×year exposure,is a
hieved for the following set of 
uts: lnλπ > 3,
lnλρ > 0.5 and lnλ3π > 0. The expe
ted number ofNC ba
kground events amounts to 25 (top) while 25+22= 47 (bottom) are expe
ted. Pβ is the Poisson probabil-ity for the measured ex
ess of upward going events to bedue to a statisti
al �u
tuation as a fun
tion of the expo-sure. We have an e�e
t larger than 4σ for an exposure of100 kton×year (one year of data taking with GLACIER).D. New phenomena beyond the "Standard Model"It is worth remembering that atmospheri
 neutrino�uxes are themselves an important subje
t of investiga-tion, and at the light of the pre
ise determination of theos
illation parameters provided by long-baseline experi-ments the atmospheri
 neutrino data a

umulated by theproposed dete
tors 
an be used as a dire
t measurementof the in
oming neutrino �ux, and therefore as an indire
tmeasurement of the primary 
osmi
 rays �ux.



18The appearan
e of subleading features in the main os-
illation pattern 
an also be a hint for New Physi
s. Thehuge range of energies probed by atmospheri
 data willallow to put very strong bounds on me
hanisms whi
hpredi
t deviation from the 1/E behavior. For example,the bound on non-standard neutrino-matter intera
tionsand on other types of New Physi
s (su
h as violationof the equivalen
e prin
iple, or violation of the Lorentzinvarian
e) whi
h 
an be derived from present data isalready the strongest whi
h 
an be put on these me
h-anisms (Gonzalez-Gar
ia and Maltoni, 2004). So, thein
reased statisti
s expe
ted for the proposed dete
torswill further improve these 
onstraints.VIII. GEONEUTRINOSThe total power dissipated from the Earth (heat �ow)has been measured with thermal te
hniques to be 44.2±
1.0 TW. Despite this small quoted error, a more re
entevaluation of the same data (assuming mu
h lower hy-drothermal heat �ow near mid-o
ean ridges) has led to alower �gure of 31 ± 1 TW.On the basis of studies of 
hondriti
 meteorites the 
al-
ulated radiogeni
 power is thought to be 19 TW (abouthalf of the total power), 84% of whi
h is produ
ed by
238U and 232Th de
ay whi
h in turn produ
e ν̄e by β de-
ays (geoneutrinos). It is then of prime importan
e tomeasure the ν̄e �ux 
oming from the Earth to get geo-physi
al information, with possible appli
ations in theinterpretation of the geomagnetism.The KamLAND 
ollaboration has re
ently reportedthe �rst observation of the geoneutrinos (Araki et al.,2005a). The events are identi�ed by the time and dis-tan
e 
oin
iden
e between the prompt e+ and the delayed(200 µs) neutron 
apture produ
ed by ν̄e + p → n + e+and emiting a 2.2 MeV gamma. The energy window tosear
h for the geoneutrino events is [1.7, 3.4] MeV: thelower bound 
orresponds to the rea
tion threshold whilethe upper bound is 
onstrained by nu
lear rea
tor in-du
ed ba
kground events.The measured rate in the 1 kT liquid s
intillator de-te
tor lo
ated at Kamioka (Japan) is 25+19

−18 for a totalba
kground of 127 ± 13 events.The ba
kground is 
omposed by 2/3 of ν̄e from the nu-
lear rea
tors in Japan and Korea3 and 1/3 of events 
om-ing from neutrons of 7.3 MeV produ
ed in 13C(α, n)16Orea
tions and 
aptured as in the inverse beta de
ay re-a
tion. The α parti
les 
ome from the 210Po de
ays, a
222Rn daughter whi
h is of natural radioa
tivity origin.The measured geoneutrino events 
an be 
onverted in arate of 5.1+3.9

−3.6 10−31 ν̄e per target proton per year 
orre-3 These events have been used by KamLAND to 
on�rm and mea-sure pre
isely the Solar driven neutrino os
illation parametersXI.

sponding to a mean �ux of 5.7 106cm−2 s−1, or this 
anbe transformed into a 99% CL upper bound of 1.45 10−30

ν̄e per target proton per year (1.62 107cm−2 s−1 and60 TW for the radiogeni
 power).In MEMPHYS, one expe
ts 10 times more geo-neutrino events but this would imply to de
rease the trig-ger threshold to 2 MeV whi
h seems very 
hallenging withrespe
t to the present SuperKamiokande threshold set to4.6 MeV due to high level of raw trigger rate 120 Hz andin
reasing by a fa
tor 10 ea
h times the trigger is low-ered by 1 MeV (Fukuda et al., 2003). This trigger rate isdriven by a number of fa
tors as dark 
urrent of the PMT,
γs from the ro
k surrounding the dete
tor, radioa
tivede
ay in the PMT glass itself and Radon 
ontaminationin the water.In LENA at the underground laboratory at CUPP ageoneutrino rate of roughly 1000/y (Ho
hmuth et al.,2005) from the dominant ν̄e + p → e+ + n inverse beta-de
ay rea
tion is expe
ted. The delayed 
oin
iden
e mea-surement of the positron and the 2.2 MeV gamma event,following neutron 
apture on protons in the s
intillatorprovides a very e�
ient tool to reje
t ba
kground events.The threshold energy of 1.8 MeV allows the measure-ment of geoneutrinos from the Uranium and Thoriumseries, but not from 40K. A rea
tor ba
kground rate ofabout 240 events per year for LENA at CUPP in the rel-evant energy window from 1.8 MeV to 3.2 MeV has been
al
ulated.This ba
kground 
an be subtra
ted statisti
ally usingthe information on the entire rea
tor neutrino spe
trumup to ≃ 8 MeV. As it was shown in KamLAND a seri-ous ba
kground sour
e may 
ome from radio impurities.There the 
orrelated ba
kground from the isotope 210Pois dominating. However, with an enhan
ed radiopurityof the s
intillator, the ba
kground 
an be signi�
antlyredu
ed. Taking the radio purity levels of the CTF de-te
tor, where a 210Po a
tivity of 35±12/m3d in PXE hasbeen observed, this ba
kground would be redu
ed by afa
tor of about 150 
ompared to KamLAND and woulda

ount to less than 10 events per year in the LENAdete
tor. An additional ba
kground that imitates thegeoneutrino signal is due to 9Li, whi
h is produ
ed by
osmi
 muons in spallation rea
tions with 12C and de-
ays in a β-neutron 
as
ade. Only a small part of the 9Lide
ays falls into the energy window whi
h is relevant forgeoneutrinos. KamLAND estimates this ba
kground tobe 0.30± 0.05 (Araki et al., 2005a). At CUPP the muonrea
tion rate would be redu
ed by a fa
tor ≃ 10 due tobetter shielding and this ba
kground rate should be atthe negligible level of ≃ 1 event per year in LENA.From this 
onsiderations we follow that LENA wouldbe a very 
apable dete
tor for measuring geoneutrinos.Di�erent Earth's models 
ould be tested with great sig-ni�
an
e. The sensitivity of LENA for probing the un-orthodox idea of a geo-rea
tor in the Earth's 
ore wasestimated too. At the CUPP underground laboratory inPyhäsalmi the neutrino ba
kground with energies up to
≃ 8 MeV due to nu
lear power plants was 
al
ulated to
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FIG. 14 Expe
ted number of signal and ba
kground eventsas a fun
tion of the WIMP elasti
 s
attering produ
tion 
rossse
tion in the Sun, with a 
ut of 10 GeV on the minimumneutrino energy.be around 2200 events per year. At CUPP a 2 TW geo-rea
tor in the Earth's 
ore would 
ontribute 420 eventsper year and 
ould be identi�ed at a statisti
al level ofbetter than 3σ after only one year of measurement.Finally, in GLACIER the ν̄e + 40Ar → e+ + 40Cl∗ hasa threshold of 7.5 MeV whi
h is too high for geoneutrinodete
tion.IX. INDIRECT SEARCH FOR DARK MATTERWIMPs that 
onstitute the halo of the Milky Way 
ano

asionally intera
t with massive obje
ts, su
h as starsor planets. When they s
atter o� of su
h an obje
t,they 
an potentially lose enough energy that they be-
ome gravitationally bound and eventually will settle inthe 
enter of the 
elestial body. In parti
ular, WIMPs
an be 
aptured by and a

umulate in the 
ore of theSun.We have assessed, in a model-independent way, the 
a-pabilities that GLACIER o�ers for identifying neutrinosignatures 
oming from the produ
ts of WIMP annihila-tions in the 
ore of the Sun (Bueno et al., 2005). Signalevents will 
onsist of energeti
 ele
tron (anti)neutrinos
oming from the de
ay of τ leptons and b quarks pro-du
ed in WIMP annihilation in the 
ore of the Sun.Ba
kground 
ontamination from atmospheri
 neutrinosis expe
ted to be low. We do not 
onsider the possibil-ity of observing neutrinos from WIMPs a

umulated inthe Earth. Given the smaller mass of the Earth and thefa
t that only s
alar intera
tions 
ontribute, the 
apture
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FIG. 15 Minimum number of years required to 
laim a dis-
overy WIMP signal from the Sun in a 100 kton LAr dete
toras fun
tion of σelastic for three values of the WIMP mass.rates for our planet are not enough to produ
e, in ourexperimental set-up, a statisti
ally signi�
ant signal.Our sear
h method takes advantage of the ex
ellentangular re
onstru
tion and superb ele
tron identi�
ation
apabilities GLACIER o�ers to look for an ex
ess of en-ergeti
 ele
tron (anti)neutrinos pointing in the dire
tionof the Sun. The expe
ted signal and ba
kground eventrates have been evaluated, in a model independent way,as a fun
tion of the WIMP's elasti
 s
atter 
ross se
tionfor a range of masses up to 100 GeV.The dete
tor dis
overy potential, i.e. the number ofyears needed to 
laim a WIMP signal has been dis
ov-ered, is shown in Figs. 14 and 15. With the assumedset-up and thanks to the low ba
kground environmento�ered by the LAr TPC, a 
lear WIMP signal would bedete
ted provided the elasti
 s
attering 
ross se
tion inthe Sun is above ∼ 10−4 pb.X. NEUTRINOS FROM REACTORSThe KamLAND 1 kT liquid s
intillator dete
tor lo-
ated at Kamioka in Japan had measured the �ux of 53power rea
tors 
orresponding to 701 Joule/
m2 (Arakiet al., 2005b). An event rate of 365.2±23.7 above 2.6 MeVfor an exposure of 766 ton.y from this nu
lear power re-a
tors was expe
ted. The observed rate was 258 eventswith a total of ba
kground of 17.8±7.3. The 
lear de�
itinterpreted in terms of neutrino os
illation enables a mea-surement of θ12, the neutrino 1-2 family mixing angle(sin2 θ12 = 0.31+0.02
−0.03) as well as the mass squared di�er-
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FIG. 16 The ratio of the event spe
tra in positron energyin the 
ase of os
illations with ∆m2
21 = 7.9 × 10−5 eV2 and

sin2 θ12 = 0.30 and in the absen
e of os
illations, determinedusing one year data of MEMPHYS-Gd and LENA lo
ated atFrejus. The error bars 
orrespond to 1σ statisti
al error.en
e ∆m2
12 = 7.9 ± 0.3 10−5eV2 (error quoted at 1 σ).Future pre
ision measurements are 
urrently been in-vestigated. Running KamLAND for 2-3 more yearswould gain 30% (4%) redu
tion in the spread of ∆m2

12(θ12). Although it has been shown in se
tions V and VIIIthat ν̄e originated from nu
lear rea
tors 
an be a seriousba
kground for di�use supernova neutrino and geoneu-trino dete
tions, the Fréjus site 
an take bene�t of thenu
lear rea
tors lo
ated in the Rh�ne valley to measure
∆m2

21 and sin2 θ12.In fa
t approximately 67% of the total rea
tor ν̄e �uxat Fréjus originates from four nu
lear power plants inthe Rhone valley, lo
ated at distan
es between 115 kmand 160 km. The indi
ated baselines are parti
ularlysuitable for the study of the ν̄e os
illations driven by
∆m2

21�they are similar to those exploited in the Kam-LAND experiment. The authors of (Pet
ov and S
hwetz,2006) have investigated the possibility to use one mod-ule of MEMPHYS (147 kt �du
ial mass) doped withGadolinium (MEMPHYS-Gd) or the LENA dete
tor, up-dating the previous work of (Choubey and Pet
ov, 2004).Above 3 MeV (2.6 MeV) the event rate is 59,980 (16,670)events/yr for MEMPHYS-Gd (LENA), whi
h is 2 ordersof magnitude larger than the KamLAND event rate.To test the sensitivity of the experiments the promptenergy spe
trum is divided into 20 bins between 3 MeVand 12 MeV for MEMPHYS-Gd and SK-Gd, and into 25bins between 2.6 MeV and 10 MeV for LENA (Fig. 16).A χ2 analysis taking into a

ount the statisti
al andsystemati
al errors shows that ea
h of the two dete
tors,MEMPHYS-Gd and LENA, if pla
ed at Fréjus, wouldallow a very pre
ise determination of the solar neutrinoos
illation parameters ∆m2
21 and sin2 θ12: with one year,the 3σ un
ertainties on ∆m2
21 and sin2 θ12 
an be redu
ed
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FIG. 17 The a

ura
y of the determination of ∆m2
21 and

sin2 θ12, whi
h 
an be obtained using one year of data fromMEMPHYS-Gd and LENA at Frejus, and from SK-Gd atKamioka, 
ompared to the 
urrent pre
ision from solar neu-trino and KamLAND data. We show the allowed regions at
3σ (2 d.o.f.) in the ∆m2

21 − sin2 θ12 plane, as well as theproje
tions of the χ2 for ea
h parameter.respe
tively to less than 3% and to approximately 20%(see also Fig. 17). In 
omparison, the Gadolinium dopedSuper-Kamiokande dete
tor (SK-Gd) that might be en-visaged in a near future 
an rea
h a similar pre
ision ifthe SK/MEMPHYS �du
ial mass ratio of 1 to 7 is 
om-pensated by a longer SK-Gd data taking time. Severalyears of rea
tor ν̄e data 
olle
ted by MEMPHYS-Gd orLENA would allow a determination of ∆m2
21 and sin2 θ12with un
ertainties of approximately 1% and 10% at 3σ,respe
tively.However, some 
aveat are worth to be mentioned. Theprompt energy trigger of 3 MeV requires a very low PMTdark 
urrent rate in 
ase of MEMPHYS dete
tor. If theenergy threshold is higher then the parameter pre
isionde
reases as 
an be seen on Fig. 18 (S
hwetz, 2006). Thesystemati
 un
ertainties are also an important fa
tor inthe experiments under 
onsideration, espe
ially the de-termination of the mixing angle (eg. the energy s
ale andthe overall normalization). Anyhow the a

ura
ies on thesolar os
illation parameters, whi
h 
an be obtained inthe high statisti
s experiments 
onsidered here are 
om-parable to those that 
an be rea
hed for the atmospheri
neutrino os
illation parameters ∆m2

31 and sin2 θ23 in fu-ture long-baseline superbeam experiments like T2HK inJapan or SPL from CERN to MEMPHYS. Hen
e, su
hrea
tor measurements would 
omplete the program of thehigh pre
ision determination of the leading neutrino os-
illation parameters.
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FIG. 18 The a

ura
y of the determination of ∆m2
21 and

sin2 θ12, whi
h 
an be obtained using one year of data fromMEMPHYS-Gd as a fun
tion of the prompt energy threshold.XI. NEUTRINOS FROM BEAMSA. Introdu
tionIn this se
tion, we review the physi
s program of-fered by the proposed dete
tors using di�erent a

el-erator based neutrino beams to push the sear
h for atiny non-zero θ13 or the measurement in 
ase of previousdis
overy for instan
e at rea
tor based experiment su
hDouble-CHOOZ; the sear
h for possible leptoni
 CP vi-olation (δCP); the determination of the mass hierar
hy(i.e. the sign of ∆m2
31) and the θ23 o
tant (i.e. θ23 > 45◦or θ23 < 45◦). We 
over the potentiality of Liquid Argondete
tors in an upgraded version of the existing CERN toGran Sasso (CNGS) neutrino beam, and the MEMPHYSdete
tor at the Fréjus site using a possible new CERNproton driver (SPL) to upgrade to 4MW the 
onventionalneutrino beams (so-
alled Super Beams) and/or a possi-ble new s
heme of pure ele
tron (anti)neutrino produ
-tion by using radioa
tive ion de
ays (so-
alled βB Beam).Note that LENA is 
onsidered also as a 
andidate dete
-tor for the latter beam. Finally, as an ultimate tool,one thinks of produ
ing very intense neutrino beams bymean of muon de
ays (so-
alled Neutrino Fa
tory) thatmay be dete
ted with a Liquid Argon dete
tor as largeas GLACIER.B. CNGS upgraded beamThe determination of the missing Ue3 element (mag-nitude and phase) of the PMNS neutrino mixing matrix

FIG. 19 Sensitivity to dis
over θ13: the fra
tion of δCP 
ov-erage as a fun
tion of sin2 2θ13.is possible via the dete
tion of νµ → νe os
illations at abaseline L and energy E given by the atmospheri
 ob-servations, 
orresponding to a mass squared di�eren
e
E/L ∼ ∆m2 ≃ 2.5 × 10−3 eV 2. While the 
urrent opti-mization of the CNGS beam provides limited sensitivityto this rea
tion, we dis
uss the physi
s potential of anintensity-upgraded and energy-reoptimized CNGS neu-trino beam 
oupled to an o�-axis GLACIER dete
tor(Meregaglia and Rubbia, 2006). This idea is based onthe possible upgrade of the CERN PS or on a new ma-
hine (PS+) to deliver protons around 50 GeV/
 with apower of 200 kW. Post a

eleration to SPS energies fol-lowed by extra
tion to the CNGS target region shouldallow to rea
h MW power, with neutrino energies peakedaround 2 GeV.To evaluate the physi
s potential we have assumed �veyears of running in the neutrino horn polarity plus �veadditional years in the anti-neutrino mode. We 
onsidera systemati
 error on the knowledge of the νe 
omponentof 5%. Given the superb π0 identi�
ation 
apabilities ofGLACIER, the 
ontamination on π0 is negligible.An o�-axis sear
h for νe appearan
e is performed withthe GLACIER dete
tor lo
ated at 850 km from CERN.For an o�-axis angle of 0.75o, we observe that θ13 
an bedis
overed with 100% probability (full δCP 
overage) for
sin2 2θ13 > 0.004 at 3σ (see Fig. 19).At this rather modest baseline, the e�e
t of CP-violation and matter e�e
ts 
annot be disentangled. Infa
t, the determination of mass hierar
hy with at half-
overage (50%) is rea
hed only for sin2 2θ13 > 0.03 at
3σ. A bigger baseline (1050 km) and a bigger o�-axisangle (1.5o) allows to be sensitive to the �rst minimumand the se
ond maximum of the os
illation. This is keyto resolve the issue of mass hierar
hy. With this dete
-tor 
on�guration, full 
overage for δCP to determine themass hierar
hy 
an be rea
hed for sin2 2θ13 > 0.04 at 3σ.The sensitivity to mass hierar
hy determination 
an be
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FIG. 20 Mass hierar
hy determination for a two dete
tor 
on-�guration at baselines of 850 km and 1050 km.improved by 
onsidering two o�-axis dete
tors: one of 30kton at 850 km and o�-axis angle 0.75o, a se
ond one of70 kton at 1050 km and 1.50 o�-axis. Full 
overage for
δCP to determine the mass hierar
hy 
an be rea
hed for
sin2 2θ13 > 0.02 at 3σ (see Fig. 20). This two-dete
tor
on�guration rea
hes very similar sensitivities to the onesof the T2KK proposal (Ishitsuka et al., 2005).C. The CERN-SPL Super BeamThe CERN-SPL Super Beam proje
t is a 
onventionalneutrino beam although based on a 4MW SPL (Super-
ondu
ting Proton Lina
) (Gerigk et al., 2006) protondriver impinging a liquid mer
ury target to generate anintense π+ (π−) beam with small 
ontamination of kaonmesons.The use of a near and far dete
tor will allow for both
νµ disappearan
e and νµ → νe appearan
e studies. Thephysi
s potential of the SPL Super Beam with MEM-PHYS has been extensively studied (see (Baldini et al.,2006; Campagne et al., 2006; Dornan et al., 2006) forre
ent studies); however, the beam simulation will needsome retuning after HARP results (Catanesi et al., 2001).After 5 years exposure in νµ disappearan
e mode, a
3σ a

ura
y of (3-4)% 
an be a
heived on ∆m2

31, and ana

ura
y of 22% (5%) on sin2 θ23 if the true value is 0.5(0.37) that is to say in 
ase of a maximal mixing or a non-maximal mixing (Fig. 21). The use of atmospheri
 neu-trinos (ATM) 
an alleviate the o
tant ambiguity in 
aseof non-maximal mixing as it is shown in Fig. 21. Notehowever, thanks to a higher energy beam (∼ 750 MeV),the T2HK proje
t4 
an bene�t from a mu
h lower de-4 Here, we make referen
e to the proje
t where a 4MW proton
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FIG. 21 Allowed regions of ∆m2
31 and sin2 θ23 at 99% CL(2 d.o.f.) after 5 yrs of neutrino data taking for SPL, T2Kphase I, T2HK, and the 
ombination of SPL with 5 yrs of at-mospheri
 neutrino data in the MEMPHYS dete
tor. For thetrue parameter values we use ∆m2

31 = 2.2 (2.6) × 10−3 eV2and sin2 θ23 = 0.5 (0.37) for the test point 1 (2), and θ13 = 0and the solar parameters as: ∆m2
21 = 7.9 × 10−5 eV2,

sin2 θ12 = 0.3. The shaded region 
orresponds to the 99% CLregion from present SK and K2K data (Maltoni et al., 2004).pendan
e on the Fermi motion to obtain a better energyresolution and 
onsequently better results.In appearan
e mode (2 years νµ plus 8 years ν̄µ), a
3σ dis
overy of non-zero θ13, irrespe
tive of the a
tualtrue value of δCP, is a
hieved for sin2 2θ13

>∼ 4 10−3(θ13
>∼ 3.6◦) as shown on Fig. 22. For maximal CPviolation (δtrue

CP = π/2, 3π/2) the same dis
overy level
an be a
hieved for sin2 2θ13
>∼ 8 10−4 (θ13

>∼ 0.8◦).The best sensitivity for testing CP violation (i.e the data
annot be �tted with δCP = 0 nor δCP = π) is a
hievedfor sin2 2θ13 ≈ 10−3 (θ13 ≈ 0.9◦) as shown on Fig. 23.The maximal sensitivity is a
hieved for sin2 2θ13 ∼ 10−2where the CP violation 
an be established at 3σ for 73%of all the δtrue
CP .D. The CERN-βB baseline s
enarioAlthough quite powerful, the SPL Super Beam is a
onventional neutrino beam with known limitations dueto 1) a lower produ
tion rate of anti-neutrinos 
ompareddriver may be build at KEK laboratory to deliver an intenseneutrino beam, whi
h send to Kamioka mine is dete
ted by alarge Water �erenkov dete
tor.
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FIG. 22 3σ dis
overy sensitivity to sin2 2θ13 for βB, SPL, andT2HK as a fun
tion of the true value of δCP (left panel) andas a fun
tion of the fra
tion of all possible values of δCP (rightpanel). The width of the bands 
orresponds to values for thesystemati
al errors between 2% and 5%. The dashed 
urve
orresponds to the βB sensitivity with the �uxes redu
ed bya fa
tor 2.
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FIG. 23 CPV dis
overy potential for βB, SPL, and T2HK:For parameter values inside the ellipse-shaped 
urves CP 
on-serving values of δCP 
an be ex
luded at 3σ (∆χ2 > 9). Thewidth of the bands 
orresponds to values for the systemati-
al errors from 2% to 5%. The dashed 
urve is des
ribed inFig. 22.to neutrinos whi
h in addition to a smaller 
harged 
ur-rent 
ross-se
tion impose to run 4 times longer in anti-neutrino modes; 2) the di�
ulty to setup a a

uratebeam simulation whi
h implies to the design of a non-trivial near dete
tor setup (
f. K2K, MINOS, T2K) tomaster the ba
kground level. Thus, a new type of neu-trino beam, the so-
alled βBis being 
onsidered.The idea is to generate pure, well 
ollimated and in-tense νe(ν̄e) beams by produ
ing, 
olle
ting, a

elerating

radioa
tive ions. The resulting βB spe
tra 
an be easily
omputed knowing the beta de
ay spe
trum of the par-ent ion and the Lorentz boost fa
tor γ, and these beamsare virtually ba
kground free from other �avors. Thebest ion 
andidates so far are 18Ne and 6He for νeand ν̄e,respe
tively.A baseline study for the βB has been initiated atCERN, and is now going on within the European FP6design study for EURISOL. The potential of su
h βBsent to MEMPHYS has been studied in the 
ontext ofthe baseline s
enario, using referen
e �uxes of 5.8·1018

6He useful de
ays/year and 2.2·1018 18Ne de
ays/year,
orresponding to a reasonable estimate by experts in the�eld of the ultimately a
hievable �uxes. The optimalvalues is a
tually γ = 100 for both spe
ies, and the 
or-responding performan
es have been re
ently reviewed inreferen
e (Baldini et al., 2006; Campagne et al., 2006;Dornan et al., 2006).On Figs. 22,23 the results of running a βB during10 years (5 years with neutrinos and 5 years with anti-neutrinos) is shown and prove to be far better 
omparedto a SPL Super beam run, espe
ially for maximal CPviolation where a non-zero θ13 value 
an be stated at 3σfor sin2 2θ13
>∼ 2 10−4 (θ13

>∼ 0.4◦). Moreover, it is no-ti
eable that the βB is less a�e
ted by systemati
 errorson the ba
kground 
ompared to the SPL Super beam andT2HK.Before 
ombining the two possible CERN beams, letus 
onsider LENA as potential dete
tor. LENA (with a�du
ial volume of ∼ 45 kt) 
an as well be used as dete
torfor a low-energy βB os
illation experiment. In the energyrange 0.2−1.2 GeV, the performed simulations show thatmuon events are separable from ele
tron events due totheir di�erent tra
k lengths in the dete
tor and due tothe ele
tron emitted in the muon de
ay.For high energies, muons travel longer than ele
trons asele
trons undergo s
attering and bremsstrahlung. Thisresults in di�erent distributions of the number of pho-tons and the timing pattern, whi
h 
an be used to dis-tinguish between the two 
lasses of events. For low ener-gies, muons 
an be re
ognized by observing the ele
tronof its su

eeding de
ay after a mean time of 2.2 µs. Usingboth 
riteria, an e�
ien
y of ∼ 90 % for muon appear-an
e has been 
al
ulated with a

eptan
e of 1 % ele
tronba
kground.The advantage of using a liquid s
intillator dete
tor forsu
h an experiment is the good energy re
onstru
tion ofthe neutrino beam. However, neutrinos of these energies
an produ
e delta resonan
es whi
h subsequently de
ayinto a nu
leon and a pion. In Water �erenkov dete
-tors, pions with energies under the �erenkov threshold
ontribute to the un
ertainty of the neutrino energy. InLENA these parti
les 
an be dete
ted. The e�e
t of pionprodu
tion and similar rea
tions is 
urrently under inves-tigation in order to estimate the a
tual energy resolution.To 
on
lude this se
tion, let us mention a very re
entdevelopment of the βB 
on
ept: �rst, authors of referen
e(Rubbia et al., 2006) are 
onsidering a very promising
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FIG. 24 Dis
overy potential of a �nite value of sin2 2θ13 at
3σ (∆χ2 > 9) for 5 yrs neutrino data from βB, SPL, andthe 
ombination of βB + SPL 
ompared to 10 yrs data fromT2HK (2 yrs neutrinos + 8 yrs antineutrinos).alternative for the produ
tion of ions, and se
ondly, thepossibility to have mono
hromati
, single �avor neutrinobeams by using ions de
aying through the ele
tron 
ap-ture pro
ess (Bernabeu et al., 2005; Sato, 2005). Su
hbeams would in parti
ular be perfe
t to pre
isely mea-sure neutrino 
ross se
tions in a near dete
tor with thepossibility of an energy s
an by varying the γ value ofthe ions.E. 
ombining SPL Beam and βB with MEMPHYS at FréjusSin
e a βB uses only a small fra
tion of the protonsavailable from the SPL, Super and Beta beams 
an berun at the same time. The 
ombination of Super and
β beams o�ers advantages, from the experimental pointof view, sin
e the same parameters θ13 and δCP may bemeasured in many di�erent ways, using 2 pairs of CPrelated 
hannels, 2 pairs of T related 
hannels, and 2pairs of CPT related 
hannels whi
h should all give 
o-herent results. In this way the estimates of the systemati
errors, di�erent for ea
h beam, will be experimentally
ross-
he
ked. And, needless to say, the unos
illated datafor a given beam will give a large sample of events 
orre-sponding to the small sear
hed-for signal with the otherbeam, adding more handles on the understanding of thedete
tor response.Their 
ombination after 10 years leads to minor im-provements on the sensitivity on θ13 and δCP 
ompare tothe βB alone results as shown on Fig. 22. But, the im-portant point 
onsidering the 
ombination of the βB andthe Super Beam is looking at neutrino modes only: νµ forSPL and νe for βB. If CPT symmetry is assumed, all theinformation 
an be obtained as Pν̄e→ν̄µ

= Pνµ→νe
and

Pν̄µ→ν̄e
= Pνe→νµ

. We illustrate this synergy in Fig. 24.In this s
enario, time 
onsuming anti-neutrino running
an be avoided keeping the same physi
s dis
overy po-tential.One 
an also 
ombine SPL, βB and the atmospheri
neutrinos (ATM) to alleviate the parameter degenera-
ies whi
h lead to dis
onne
ted regions on the multi-
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FIG. 25 Allowed regions in sin2 2θ13 and δCP for 5 yearsdata (neutrinos only) from βB, SPL, and the 
ombination.
Htr/wr(Otr/wr) refers to solutions with the true/wrong masshierar
hy (o
tant of θ23). For the 
olored regions in theleft panel also 5 years of atmospheri
 data are in
luded; thesolution with the wrong hierar
hy has ∆χ2 = 3.3. Thetrue parameter values are δCP = −0.85π, sin2 2θ13 = 0.03,
sin2 θ23 = 0.6. For the βB only analysis (middle panel) anexternal a

ura
y of 2% (3%) for |∆m2

31| (θ23) has been as-sumed, whereas for the left and right panel the default valueof 10% has been used.dimensional spa
e of os
illation parameters5. Atmo-spheri
 neutrinos, mainly multi-GeV e-like events, aresensitive to the neutrino mass hierar
hy if θ13 is su�-
iently large due to Earth matter e�e
ts, whilst sub-GeV
e-like events provide sensitivity to the o
tant of θ23 dueto os
illations with ∆m2

21.The result of running during 5 years on neutrino modefor SPL and βB, adding further the ATM data, is shownon Fig. 25 (Campagne et al., 2006). One 
an appre
iatethat pra
ti
ally all the degenera
ies 
an be eliminatedas only the solution with the wrong sign survives with a
∆χ2 = 3.3. This last degenera
y 
an be 
ompletely elim-inated using neutrino mode 
ombined with anti-neutrinomode and ATM data (Campagne et al., 2006), howeverthe example shown is a favorable 
ase with sin2 θ23 = 0.6,and in general for sin2 θ23 < 0.5 the impa
t of the atmo-spheri
 data is weaker.So, as a generi
 
ase, for the CERN-MEMPHYSproje
t, one is left with the four intrinsi
 degenera
ies.However, the important observation of Fig. 25 is thatdegenera
ies have only a very small impa
t on the CPviolation dis
overy, in the sense that if the true solu-tion is CP violating also the fake solutions are lo
atedat CP violating values of δCP. Therefore, thanks to therelatively short baseline without matter e�e
t, even ifdegenera
ies a�e
t the pre
ise determination of θ13 and
δCP, they have only a small impa
t on the CP violationdis
overy potential. Furthermore, one would quote ex-pli
itly the four possible set of parameters with their re-spe
tive 
on�dential level. It is also 
lear from the �gure5 See referen
e (Burguet-Castell et al., 2001; Fogli and Lisi, 1996;Minakata and Nunokawa, 2001) for the de�nitions of intrinsi
,hierar
hy, and o
tant degenera
ies



25TABLE XI Expe
ted events rates for the GLACIER dete
torin 
ase no os
illations o

ur for 1020 muon de
ays. We assumeEµ=30 GeV. Ntot is the total number of events and Nqe is thenumber of quasi-elasti
 events.Event rates for various baselinesL=732 km L=2900 km L=7400 km
Ntot Nqe Ntot Nqe Ntot Nqe

νµ CC 2260000 90400 144000 5760 22700 900
µ− νµ NC 673000 − 41200 − 6800 −

1020 de
ays νe CC 871000 34800 55300 2200 8750 350
νe NC 302000 − 19900 − 3000 −

νµ CC 1010000 40400 63800 2550 10000 400
µ+ νµ NC 353000 − 22400 − 3500 −

1020 de
ays νe CC 1970000 78800 129000 5160 19800 800
νe NC 579000 − 36700 − 5800 −that the sign(∆m2

31) degenera
y has pra
ti
ally no e�e
ton the θ13 measurement, whereas the o
tant degenera
yhas very little impa
t on the determination of δCP. Someother features of the ATM data are presented in Se
. VII.F. Neutrino Fa
tory LAr dete
torIn order to fully address the os
illation pro
esses at aneutrino fa
tory, a dete
tor should be 
apable of identi-fying and measuring all three 
harged lepton �avors pro-du
ed in 
harged 
urrent intera
tions and of measuringtheir 
harges to dis
riminate the in
oming neutrino he-li
ity. The GLACIER 
on
ept (in its non-magnetizedoption) provides a ba
kground free identi�
ation of ele
-tron neutrino 
harged 
urrent and a kinemati
al sele
-tion of tau neutrino 
harged 
urrent intera
tions. We
an assume that 
harge dis
rimination is available formuons rea
hing an external magnetized-Fe spe
trometer.Another interesting and extremely 
hallenging possibil-ity would 
onsist on magnetizing the whole liquid argonvolume (Baderts
her et al., 2005). This set-up allowsthe 
lean 
lassi�
ation of events into ele
tron, right-signmuon, wrong-sign muon and no-lepton 
ategories. Inaddition, high granularity permits a 
lean dete
tion ofquasi-elasti
 events, whi
h by dete
ting the �nal stateproton, provide a sele
tion of the neutrino ele
tron heli
-ity without the need of an ele
tron 
harge measurement.Table XI summarizes the expe
ted rates for GLACIERand 1020 muon de
ays at a neutrino fa
tory with storedmuons having an energy of 30 GeV (Bueno et al., 2000).
Ntot is the total number of events and Nqe is the numberof quasi-elasti
 events.Figure 26 shows the expe
ted sensitivity in the mea-surement of θ13 for a baseline of 7400 km. The maximalsensitivity to θ13 is a
hieved for very small ba
kgroundlevels, sin
e we are looking in this 
ase for small signals;most of the information is 
oming from the 
lean wrong-sign muon 
lass and from quasi-elasti
 events. On the

Eµ = 30 GeV, L = 7400 km
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FIG. 26 GLACIER sensitivity for θ13.other hand, if its value is not too small, for a measure-ment of θ13, the signal/ba
kground ratio 
ould be not so
ru
ial, and also the other event 
lasses 
an 
ontributeto this measurement.A ν-Fa
tory should have among its aims the over 
on-straining of the os
illation pattern, in order to look forunexpe
ted new physi
s e�e
ts. This 
an be a
hieved inglobal �ts of the parameters, where the unitarity of themixing matrix is not stri
tly assumed. Using a dete
torable to identify the τ lepton produ
tion via kinemati
means, it is possible to verify the unitarity in νµ → ντand νe → ντ transitions.The study of CP violation in the lepton system prob-ably is the most ambitious goal of an experiment at aneutrino fa
tory. Matter e�e
t 
an mimi
 CP viola-tion; however, a multi parameter �t at the right base-line 
an allow a simultaneous determination of matterand CP-violating parameters. To dete
t CP violatione�e
ts, the most favorable 
hoi
e of neutrino energy
Eν and baseline L is in the region of the ��rst maxi-mum�, given by (L/Eν)max ≃ 500 km/GeV for |∆m2

32| =
2.5×10−3 eV2 (Bueno et al., 2002). To study os
illationsin this region, one has to require that the energy of the��rst-maximum� be smaller than the MSW resonan
e en-ergy: 2

√
2GF neE

max
ν

<∼ ∆m2
32 cos 2θ13. This �xes a limiton the baseline Lmax ≈5000 km beyond whi
h matter ef-fe
ts spoil the sensitivity.As an example, Fig. 27 shows the sensitivity on theCP violating phase δCP for two 
on
rete 
ases. Wehave 
lassi�ed the events in the �ve 
ategories previ-ously mentioned, assuming an ele
tron 
harge 
onfusionof 0.1%. We have 
omputed the ex
lusion regions in the

∆m2
12−δCP plane �tting the visible energy distributions,
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FIG. 27 GLACIER 90% C.L. sensitivity on the CP -phase
δCP as a fun
tion of ∆m2

21 for the two 
onsidered base-lines. The referen
e os
illation parameters are ∆m2
32 =

3 × 10−3 eV2, sin2 θ23 = 0.5, sin2 θ12 = 0.5, sin2 2θ13 = 0.05and δCP = 0. The lower 
urves are made �xing all parametersto the referen
e values while for the upper 
urves θ13 is free.provided that the ele
tron dete
tion e�
ien
y is ∼ 20%.The ex
luded regions extend up to values of |δCP | 
loseto π, even when θ13 is left free.XII. SUMMARYThe three proposed dete
tors (MEMPHYS, LENA,GLACIER) based on 
ompletely di�erent dete
tion te
h-niques (Water �erenkov, Liquid S
intillator, Liquid Ar-gon) share to a large extent a very ri
h physi
s programand in some 
ases their dete
tion spe
i�
ities are 
om-plementary. A brief summary of the s
ienti�
 
ase ispresented both for non-a

elerator based topi
s and thea

elerator neutrino os
illation topi
 on tables XII andXIII, respe
tively.A
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27TABLE XII Brief summary of the physi
s potential of the proposed dete
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elerator based topi
s. The (*) standsfor the 
ase where one MEMPHYS shaft is �lled with Gadolinium.Topi
s GLACIER LENA MEMPHYS(100 kt) (50 kt) (440 kt)Proton de
ay
e+π0 0.5 × 1035 - 1.0 × 10

ν̄K+ 1.1 × 1035 0.4 × 1035 0.2 × 10SN ν (10 kp
)CC 2.5 104(νe) 9.0 103(ν̄e) 2.0 105(NC 3.0 104 3.0 103 -ES 1.0 103(e) 7.0 103(p) 1.0 103DSN ν (5 yrs Sig./Bkgd) 40-60/30 9-110/7 43-109/47 (*)Solar ν (1 yr Sig.) 4.5 104/1.6 105 (8B ES/Abs) 2.0 106/7.7 104/1.6 104/360 (7Be/pep/8B ES/8B CC) 1.1 105 (8B ES)Atmospheri
 ν (1 yr Sig.) 1.1 104 ? 4.0 104 (1-ring only)Geo ν (1 yr Sig.) below threshold ≈ 1000 need 2 MeV thresholdRea
tor ν (1 yr Sig.) - 1.7 104 6.0 104 (*)Dark Matter 10 yrs Sig. 3 events (σES = 10−4,M > 20 GeV) ? ?TABLE XIII Brief summary of the physi
s potential of the proposed dete
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13 ≈ 2 10−4(δCP = π

2
, 3π

2
)SPL-βB (CPV ) 5 yrs sin2 2θ3σ
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2
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