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1 Introdu
tionThe pioneer Water �erenkov dete
tors (IMB, Kamiokande) were built to look for nu
leonde
ay, a predi
tion of Grand Uni�ed Theories. Unfortunately, no dis
overy was made inthis �eld and the neutrino physi
s has been the bread and butter sin
e the beginning ofrunning time of these dete
tors. Just to remind the glorious past: �rst dete
tion of asupernova neutrino explosion (SN1987A) [1, 2, 3, 4℄ a
knowledged by the Nobel prize forKoshiba, Solar [5℄ and atmospheri
 anomalies dis
overy [6, 7℄ that was explained as mass& mixing of the neutrinos, the latter being 
on�rmed by the �rst long base line neutrinobeam K2K [8℄.The proposed dete
tors GLACIER1 [9℄, LENA2 [10, 11℄ and MEMPHYS3 [12℄, usingdi�erent te
hniques will push the dis
overy frontiers on many domains: nu
leon de
ay,supernova neutrinos (burst from sudden explosion or di�use halo from past explosions),solar and atmospheri
 neutrinos, neutrinos from the Earth interior (geo-neutrinos), a
-
elerator made neutrinos, indire
t dark matter sear
h... These items are reviewed in thefollowing se
tions after a brief des
ription of the key parameters of the dete
tors while theunderground sites envisaged are des
ribed in se
tion 4.2 Brief dete
tor des
riptionThe three dete
tors basi
 parameters are listed in Tab. 1. All these dete
tors are tens ofkilo tons mass of a
tive target and situated in underground laboratories to be prote
tedagainst ba
kground indu
ed by 
osmi
 rays. This is motivated by the extremely low 
rossse
tions of the neutrinos and/or the rareness of the interesting events. Some details of thedete
tors are dis
ussed in the following se
tions while the Underground site related matteris dis
ussed in se
tion 4.2.1 Liquid Argon TPCGLACIER (Fig. 1) is the foreseen extrapolation up to 100 kT of a Liquid Argon TimeProje
ting Chamber. A summary of parameters are listed in Tab. 1. The dete
tor 
anbe me
hani
ally subdivided into two parts: (1) the liquid argon tanker and (2) the innerdete
tor instrumentation. For simpli
ity, we assume at this stage that the two aspe
ts 
anbe de
oupled.The basi
 design parameters 
an be summarized as follows:1. Single 100 kton �boiling� 
ryogeni
 tanker with Argon refrigeration (in parti
ular,the 
ooling is done dire
tly with Argon, e.g. without nitrogen)1Giant Liquid Argon Charge Imaging ExpeRiment2Low Energy Neutrino Astronomy3MEgaton Mass PHYSi
s 3



GLACIER LENA MEMPHYSUnderground laboratory (Europe)lo
ation ? Pyhäsalmi (CUPP) Fréjusdepth (km.e.w) ? 4.0 4.8type ? mine road tunnelLong Base Line (km) ? ? 130? ? CERNDete
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 phenyl-o-xylyethane water(boiling) (option: 0.2% GdCl3)readout type

e− drift 2 perp. views,
105 
hannels, am-pli. in gas phase� light 27,000 8" PMTs,
∼ 20% 
overageS
int. light 1,000 8" PMTs

12,000 20" PMTs
& 20% 
overage 81,000 12" PMTs

∼ 30% 
overage

Table 1: Some basi
 parameters of the three dete
tor baseline designs. The underground laboratory related matter aredes
ribed in se
tion 4 To be 
ompleted
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Figure 1: An artisti
 view of a 100 kton single tanker liquid argon dete
tor. The ele
troni

rates are lo
ated at the top of the dewar.2. Charge imaging + s
intillation + �erenkov light readout for 
omplete event infor-mation3. Charge ampli�
ation to allow for extremely long drifts: the dete
tor is running in bi-phase mode. In order to allow for long drift (≈ 20 m), we 
onsider 
harge attenuationalong drift and 
ompensate this e�e
t with 
harge ampli�
ation near anodes lo
atedin gas phase.4. Absen
e of magneti
 �eldThe inner dete
tor instrumentation is made of: a 
athode, lo
ated near the bottom of thetanker, set at −2 MV that 
reates a drift ele
tri
 �eld of 1 kV/
m over the distan
e of20 m. In this �eld 
on�guration ionization ele
trons are moving upwards while ions aregoing downward. The ele
tri
 �eld is delimited on the sides of the tanker by a series of ringele
trodes (ra
e-tra
ks) put at the appropriate voltages (voltage divider). The breakdownvoltage of liquid argon is su
h that a distan
e of about 50 
m to the grounded tankervolume is ele
tri
ally safe. For the high voltage we 
onsider two solutions: (1) either theHV is brought inside the dewar through an appropriate 
ustom-made HV feed-through or(2) a voltage multiplier 
ould be installed inside the 
old volume.The tanker 
ontains both liquid and gas argon phases at equilibrium. Sin
e purity isa 
on
ern for very long drifts of the order of 20 meters, we think that the inner dete
torshould be operated in bi-phase mode, namely drift ele
trons produ
ed in the liquid phaseare extra
ted from the liquid into the gas phase with the help of an appropriate ele
tri
�eld. Our measurements show that the threshold for 100% e�
ient extra
tion is about
3 kV/cm. Hen
e, just below and above the liquid two grids de�ne the appropriate liquidextra
tion �eld. In addition to 
harge readout, we envision to lo
ate PMTs around thetanker. S
intillation and �erenkov light 
an be readout essentially independently. One
an pro�t from the ICARUS R&D whi
h has shown that PMTs immersed dire
tly in theliquid Argon is possible[13℄. One is using 
ommer
ial Ele
tron Tubes 8� PMTs with aphoto
athode for 
old operation and a standard glass window. In order to be sensitive toDUV s
intillation, the PMT are 
oated with a wavelength shifter (Tetraphenyl-Butadiene).5



Figure 2: Sket
h of the LENA dete
tor.Summarizing about 1000 immersed phototubes with WLS would be used to identify the(isotropi
 and bright) s
intillation light. While about 27000 immersed 8�-phototubeswithout WLS would provide a 20% 
overage of the surfa
e of the dete
tor. As alreadymentioned, these latter should have single photon 
ounting 
apabilities in order to 
ountthe number of �erenkov photons.2.2 Liquid S
intillatorThe LENA dete
tor is planned to have a 
ylindri
al shape with about 100 m length and30 m diameter (Fig. 2 and Tab. 1). An inside part of 13 m radius will 
ontain approximately50 kt of liquid s
intillator while the outside part will be �lled with water to a
t as a muonveto. A �du
ial volume for proton de
ay will be de�ned having a radius of 12 m. Coveringabout 30% of the surfa
e, 12 000 photomultipliers of 50 
m diameter ea
h will 
olle
t thelight produ
ed by the s
intillator. PXE (phenyl-o-xylylethane) is foreseen as s
intillatorsolvent be
ause of its high light yield and its safe handling pro
edures. The opti
al prop-erties of a liquid s
intillator based on PXE have been investigated in the Counting TestFa
ility (CTF) for BOREXINO at the Gran Sasso underground laboratory [14℄. A yield of372 ± 8 photoele
trons per MeV (pe/MeV) have been measured in this experiment with anopti
al 
overage of 20%. The attenuation length of ∼ 3 m (at 430 nm) was substantiallyin
reased to ∼ 12 m purging the liquid in a weak a
idi
 alumina 
olumn [14℄. With thesevalues an expe
ted photoele
tron yield of ∼ 120 pe/MeV 
an be estimated for events inthe 
enter of the LENA dete
tor. Currently the opti
al properties of mixtures of PXE andderivatives of mineral oils are under investigation [15℄.2.3 Water �erenkovThe MEMPHYS dete
tor (Fig. 3 and Tab. 1) is an extrapolation of Super-Kamiokandeup to 730 kT. This Water �erenkov dete
tor is a 
olle
tion of up to 5 shafts, and 3 areenough for 440 kt �du
ial mass whi
h is used hereafter. Ea
h shaft is 65 m in diameter and65 m height for the total water 
ontainer dimensions, and this represent an extrapolation6



Figure 3: Sket
h of the MEMPHYS dete
tor under the Fréjus mountain (Europe).of a fa
tor 4 with respe
t to the Super-Kamiokande running dete
tor. The PMT surfa
ede�ned as 2 m inside the water 
ontainer is 
overed by about 81,000 12" PMTs to rea
h a30% surfa
e 
overage equivalent to a 40% 
overage with 20" PMTs. The �du
ial volume isde�ned by an additional 
onservative guard of 2 m. The outer volume between the PMTsurfa
e and the water vessel is instrumented with 8" PMTs. If not 
ontrary mentionned,the Super-Kamiokande analysis (e�
ien
y, ba
kground redu
tion) [16℄ is used to 
omputethe phys
is potential of su
h a dete
tor. In the US and in Japan, there are two 
ompetitorsto MEMPHYS, namely UNO and Hyper-Kamiokande. These proje
ts are similar in manyrespe
ts and the hereafter presented physi
s potential may be transposed also for thosedete
tors4. Currently, there is a very promising R&D a
tivity 
on
erning the possibility tointrodu
e Gadolinium salt (GdCl3) in side the 1 kT Water �erenkov prototype of the K2Kexperiment. The physi
s goal is to de
rease the ba
kground in many physi
s 
hannels bytagging the neutron produ
ed in the inverse beta de
ay intera
tion of ν̄e on free protons.For instan
e, 100 tons of GdCl3 in Super-Kamiokande would yield more then 90% neutron
aptures on Gd [17℄.3 Dete
tor Perfoman
es3.1 Proton de
ay sensitivityFor all relevant aspe
ts of the proton stability in grand uni�ed theories, in strings and inbranes see referen
e [18℄.Sin
e proton de
ay is the most dramati
 predi
tion 
oming from theories where thematter is uni�ed, we hope to test those s
enarios at future experiments. For this reason,a theoreti
al upper bound on the lifetime of the proton is very important to know aboutthe possibilities of future experiments.Re
ently a model-independent upper bound on the total proton de
ay lifetime has been4Spe
i�
 
hara
teristi
s that are not identi
al to the proje
ts 
on
ern the distan
e to a

elerators orrea
tors 7



pointed out [19℄:
τupper
p =

{

6.0 × 1039 (Majorana 
ase)
2.8 × 1037 (Dira
 
ase) }

×
(

MX/1016GeV
)4

α2
GUT

×
(

0.003GeV 3

α

)2 yrs (1)where MX is the mass of the superheavy gauge bosons. The parameter αGUT = g2
GUT /4π,where gGUT is the gauge 
oupling at the grand uni�ed s
ale. α is the matrix element. SeeFig. 4 and Fig. 5 for the present parameter spa
e allowed by the experiments.Most of the models (Supersymmetri
 or non-Supersymmetri
) predi
t a lifetime τpbelow those upper bounds 1033−37 years, whi
h are very interesting sin
e it is the possiblerange of the proposed dete
tors.In order to have an idea of the proton de
ay predi
tions, let us list in Tab. 2 the resultsin di�erent models.Model De
ay modes Predi
tion Referen
esGeorgi-Glashow model - ruled out [20℄Minimal realisti
non-SUSY SU(5)

all 
hannels τupper
p = 1.4 × 1036 [21℄Two Step Non-SUSY SO(10) p → e+π0 ≈ 1033−38 [22℄Minimal SUSY SU(5) p → ν̄K+ ≈ 1032−34 [23℄SUSY SO(10)with 10H , and 126H

p → ν̄K+ ≈ 1033−36 [24℄M-Theory(G2) p → e+π0 ≈ 1033−37 [25℄Table 2: Summary of some re
ent predi
tions on proton partial lifetimes.No spe
i�
 simulation for MEMPHYS has been 
arried out yet. We therefore rely onthe study done by UNO, adapting the results to MEMPHYS (whi
h has an overall better
overage) when possible.Due to its ex
ellent imaging and energy resolution, GLACIER has the potentiality todis
over nu
leon de
ay in an essentially ba
kground-free environment. To understand thepotential ba
kground 
ontamination for this kind of sear
h, we have 
arried out a detailedsimulation of nu
leon de
ays in Argon, i.e. in
luding �nal state nu
lear e�e
ts. This isvital sin
e (1) they 
hange the ex
lusive �nal state 
on�guration and (2) they introdu
ea distortion of the event kinemati
s. Atmospheri
 neutrino and 
osmi
 muon indu
edba
kgrounds have been fully simulated as well.In order to quantitatively estimate the potential of the LENA dete
tor for measuringthe proton lifetime, a Monte Carlo simulation for the de
ay 
hannel p → K+ν has beenperformed. For this purpose, the Geant4 simulation toolkit has been used [26℄. Not only8
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all default Geant4 physi
s lists were in
luded but also opti
al pro
esses as s
intillation,Cherenkov light produ
tion, Rayleigh s
attering and light absorption. From these simu-lations a light yield of ∼ 110 pe/MeV for an event in the 
enter of the dete
tor results.In addition, to take into a

ount the so 
alled quen
hing e�e
ts, the semi-empiri
al Birk'sformula [27℄ has been introdu
ed into the 
ode.3.1.1 p → e+π0Following UNO study, the dete
tion e�
ien
y of p → e+π0 (3 showering rings event) is
ǫ = 43% for a 20 in
h-PMT 
overage of 40% or its equivalent, as envisioned for MEMPHYS.The 
orresponding estimated atmospheri
 neutrino indu
ed ba
kground is at the level of
2.25 events/Mt.yr. From these e�
ien
ies and ba
kground levels, proton de
ay sensitivityas a fun
tion of dete
tor exposure 
an be estimated. A 1035 years partial lifetime (τp/B)
ould be rea
hed at the 90% C.L. for a 5 Mt.yr exposure (10 yrs) with MEMPHYS (similarto 
ase A in Fig. 6). Beyond that exposure, tighter 
uts may be envisaged to further redu
ethe atmospheri
 neutrino ba
kground to 0.15 events/Mt.yr, by sele
ting quasi ex
lusivelythe free proton de
ays.
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ted sensitivity on νK+proton de
ay as a fun
tion of MEM-PHYS exposure [28℄ (see text for de-tails).The positron and the two photons issued from the π0 gives 
lear events in the GLACIERdete
tor. We �nd that the π0 is absorbed by the nu
leus ∼45% of the times. Assuming aperfe
t parti
le and tra
k identi�
ation, one may expe
t a 45% e�
ien
y and a ba
kgroundlevel of 1 event/Mt.y. So, for a 1 Mt.yr (10 yrs) exposure with GLACIER one rea
hes
τp/B > 0.5 1035 yrs at 90% C.L. (see Fig. 8).10
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Figure 8: Expe
ted proton de
ay lifetime limits (τ/B at 90% C.L.) as a fun
tion of exposurefor GLACIER.In a liquid s
intillator dete
tor the de
ay p → e+π0 will produ
e a ∼ 938 MeV sig-nal 
oming from e+ and π0 showers. Only atmospheri
 neutrinos are expe
ted to 
auseba
kground events in this energy range. Using the fa
t that showers from both e+ and
π0 propagate ∼4 m in opposite dire
tions before being stopped, atmospheri
 neutrinoba
kground 
an be redu
ed. Applying this method, the 
urrent limit for this 
hannel(τp/B = 5.4 1033 y [29℄) 
ould be improved.3.1.2 p → νK+In LENA, proton de
ay events via the mode p → K+ν have a very 
lear signature. Thekaon 
auses a prompt monoenergeti
 signal (T=105 MeV) and from the kaon de
ay thereis a short-delayed se
ond monoenergeti
 signal, bigger than the �rst one. The kaon has alifetime of τ(K+) = 12.8 ns and two main de
ay 
hannels: with a probability of 63.43 %it de
ays via K+ → µ+νµ and with 21.13%, via K+ → π+π0.Simulations of proton de
ay events and atmospheri
 neutrino ba
kground has beenperformed and a pulse shape analysis has been applied. From the analysis an e�
ien
y of65% for the dete
tion of a possible proton de
ay has been determined and a ba
kgroundsuppression of ∼ 2 104 has been a
hieved [11℄. A detail study of ba
kground implying pion11



and kaon produ
tion in atmospheri
 neutrino rea
tions has been performed leading to aba
kground rate of 0.064 y−1 due to the rea
tion νµ + p → µ− + K+ + p.For the 
urrent proton lifetime limit for the 
hannel 
onsidered (τp/B = 2.3 1033 y)[30℄, about 40.7 proton de
ay events would be observed in LENA after a measuring time often years with less than 1 ba
kground event. If no signal is seen in the dete
tor within thisten years, the lower limit for the lifetime of the proton will be pla
ed at τp/B > 4 1034 yat 90% C.L. Although interesting, it may be too detailed here (
omment by JEC): If one
andidate is observed, the lower limit will be redu
ed to τ > 3 1034 y at 90% C.L. and theprobability of this event being ba
kground would be 32%.GLACIER uses dE/dx versus range as dis
riminating variable in a Neural Net to obtainthe parti
le identity. We expe
t less than 1% of kaons mis-identi�ed as protons. In this
hannel, the sele
tion e�
ien
y is high (97%) for a low ba
kground < 1 event/Mt.y. In
ase of absen
e of signal, we expe
t to rea
h τp/B > 1.1 1035 yrs at 90% C.L. for 1 Mt.y(10 years) exposure (see Fig. 8).For the MEMPHYS dete
tor, one should rely on the dete
tion of the de
ay produ
tsof the K+ sin
e its momentum (360 MeV) is below the water �erenkov threshold (ie.
570 MeV): a 256 MeV/
 muon and its de
ay ele
tron (type I) or a 205 MeV/
 π+ and
π0 (type II), with the possibility of a delayed (12 ns) 
oin
iden
e with the 6 MeV 15Nde-ex
itation prompt γ (Type III). Using the 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
kground is at 2100, 22 and 6 events/Mt.yr level. For the prompt
γ method, the ba
kground is dominated by mis-re
onstru
tion. As stated by UNO, thereare good reasons to believe that this ba
kground 
an be lowered by at least a fa
tor 2
orresponding to the atmospheri
 neutrino intera
tion νp → νΛK+. In these 
onditions,and using Super-Kamiokande performan
es, a 5 Mt.yr MEMPHYS exposure would allowto rea
h τp/B > 2 1034 yrs (see Fig. 7).3.1.3 Comparison between the dete
torsPreliminary 
omparisons have been done between the dete
tors (Tab. 3). For the e+π0
hannel, the �erenkov dete
tor gets a better limit due to their higher mass. However itshould be noted that GLACIER, although �ve times smaller in mass than MEMPHYS,gets an expe
ted limit that is only a fa
tor two smaller. Liquid argon TPCs and liquids
intillator dete
tors get better results for the ν̄K+ 
hannel, due to their higher dete
tione�
ien
y. The two te
hniques look therefore quite 
omplementary and it would be worthto investigate deeper the pro and 
ons of ea
h te
hniques with other 
hannels not yetaddressed by the present study as e+(µ+) + γ and neutron de
ays.3.2 Supernova neutrinosA supernova (SN) neutrino dete
tion represents one of the next frontiers of neutrino as-trophysi
s. It will provide invaluable information on the astrophysi
s of the 
ore-
ollapse12



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 × 1035Table 3: Summary of the e+π0 and ν̄K+ dis
overy potential by the three dete
tors. The

e+π0 
hannel is not yet simulated in LENA.explosion phenomenon and on the neutrino mixing parameters. In parti
ular, neutrino �a-vor transitions in the SN envelope are sensitive to the value of θ13 and on the type of masshierar
hy, and the dete
tion of SN neutrino spe
tra at Earth 
an signi�
antly 
ontributeto sharpen our understanding of these unknown neutrino parameters. On the other hand,a detailed measurement of the neutrino signal from a gala
ti
 SN 
ould yield important
lues on the SN explosion me
hanism.3.2.1 SN neutrino emission and os
illationsA 
ore-
ollapse supernova marks the evolutionary end of a massive star (M & 8 M⊙)whi
h be
omes inevitably instable at the end of its life: it 
ollapses and eje
ts its outermantle in a sho
k-wave driven explosion. The 
ollapse to a neutron star (M ≃ M⊙,
R ≃ 10 km) liberates a gravitational binding energy, EB ≈ 3×1053 erg, released at ∼ 99%into (anti)neutrinos of all the �avors, and only at ∼1% into the kineti
 energy of theexplosion. Therefore, a 
ore-
ollapse SN represents one of the most powerful sour
es of(anti)neutrinos in the Universe.In general, numeri
al simulations of supernova explosions provide the original neutrinospe
tra in energy and time F 0

ν . Su
h initial distributions are in general modi�ed by �avortransitions in SN envelope, in va
uum (and eventually 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 orpositron produ
tion, as well as with the dete
tor resolution fun
tion Re, and the e�
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 
ollapsing 
ore is roughly a bla
k-body sour
e of thermal neutrinos, emitted on a times
ale of ∼ 10 s. Energy spe
traparametrization are typi
ally 
ast in the form of quasi-thermal distributions, with typi
al13



Mass Hierar
hy sin2 θ13 p p̄Normal & 10−3 0 cos2 θ12Inverted & 10−3 sin2 θ12 0Any . 10−5 sin2 θ12 cos2 θ12Table 4: Values of the p and p̄ parameters used in Eq. 4 in di�erent s
enario of masshierar
hy and sin2 θ13.average energies: 〈Eνe
〉 = 9− 12 MeV, 〈Eν̄e

〉 = 14− 17 MeV, 〈Eνx
〉 = 18− 22 MeV, where

νx indi
ates any non-ele
tron �avor.The os
illated neutrino �uxes arriving at Earth may be written in terms of the energy-dependent �survival probability� p (p̄) for neutrinos (antineutrinos) as [31℄
Fνe

= pF 0
νe

+ (1 − p)F 0
νx

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 p and p̄ 
ru
ially depend on theneutrino mass hierar
hy and on the unknown value of the mixing angle θ13 as shown inTab. 4.3.2.2 SN neutrino dete
tionGala
ti
 
ore-
ollapse supernovae are rare, perhaps a few per 
entury. Up to now, super-nova neutrinos have been measured only on
e during SN 1987A explosion in the LargeMagellani
 Cloud (d = 50 kp
). Due to the relatively small masses of the dete
tors oper-ative at that time, only few events were dete
ted (11 in Kamiokande [1, 2℄ and 8 in IMB[3, 4℄). The three proposed large-volume neutrino dete
tors with a broad range of s
ien
egoals might guarantee 
ontinuous exposure for several de
ades, so that a high-statisti
ssupernova neutrino signal may eventually be observed.Expe
ted number of events for GLACIER, MEMPHYS and LENA are reported inTab. 5, for a typi
al gala
ti
 SN distan
e of 10 kp
. In the upper panel it is reported thetotal number of events, while the lower part refers to the νe signal dete
ted during theprompt neutronization burst, with a duration of ∼ 25 ms, just after the 
ore boun
e.One 
an realize that ν̄e dete
tion by Inverse β De
ay is the golden 
hannel for MEM-PHYS and LENA. In addition, the ele
tron neutrino signal 
an be dete
ted in LENAthanks to the intera
tion on 12C. The three 
harged 
urrent rea
tions will deliver informa-tion on νe and ν̄e �uxes and spe
tra while the three neutral 
urrent rea
tions, sensitive toall neutrino �avours will provide information on the total �ux. GLACIER has also the op-portunity to see the νe by 
harged 
urrent intera
tions on 40Ar with a very low threshold.The dete
tion 
omplementarity between νe and ν̄e is of great interest and would assure14



Figure 9: The number of events in a 400 kt water �erenkov dete
tor (left s
ale) and inSK (right s
ale) in all 
hannels and in the individual dete
tion 
hannels as a fun
tion ofdistan
e for a supernova explosion [34℄.

15



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 ∼ 10 νCC
e (12C, 12Nβ−

)GLACIER 380 νNC
x (40Ar∗)Table 5: Summary of the expe
ted neutrino intera
tion rates in the di�erent dete
tors fora 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 proton Elasti
 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�erentrea
tion 
hannels are listed, and for LENA they have been obtained by s
aling the predi
tedrates from [32, 33℄.a unique way to probe SN explosion me
hanism as well as neutrino intrinsi
 properties.Moreover, the huge statisti
s would allow spe
tral studies in time and in energy domain.We stress that it will be di�
ult to establish SN neutrino os
illation e�e
ts solely on thebasis of a ν̄e or νe �spe
tral hardening� relative to theoreti
al expe
tations. Therefore, inthe re
ent literature the importan
e of model-independent signatures has been emphasized.Here we fo
us mainly on the signatures asso
iated to: the prompt νe neutronization burst,the sho
k-wave propagation, the Earth matter 
rossing.The analysis of the time stru
ture of the SN signal during the �rst few tens of mil-lise
onds after the 
ore boun
e 
an provide a 
lean indi
ation if the full νe burst is presentor absent and therefore allows one to distinguish between di�erent mixing s
enarios asindi
ated by the third 
olumn of Tab. 6. For example, if the mass ordering is normal andthe θ13 is large, the νe burst will fully os
illate into νx. If θ13 is measured in the laboratoryto be large, for example by one of the forth
oming rea
tor experiments, then one maydistinguish between the normal and inverted mass ordering.As dis
ussed, MEMPHYS is mostly sensitive to the IβD, although the νe 
hannel 
anbe measured by the elasti
 s
attering rea
tion νx + e− → e− + νx [35℄. Of 
ourse, theidenti�
ation of the neutronization burst is 
leanest with a dete
tor using the 
harged-
urrent absorption of νe neutrinos, like GLACIER. Using its unique features to look at νeCC it is possible to probe os
illation physi
s during the early stage of the SN explosion,16



and using the NC it is possible to de
ouple the SN me
hanism from the os
illation physi
s[36, 37℄.A few se
onds after 
ore boun
e, the SN sho
k wave will pass the density region in thestellar envelope relevant for os
illation matter e�e
ts, 
ausing a transient modi�
ation ofthe survival probability and thus a time-dependent signature in the neutrino signal [38, 39℄.It would show a 
hara
teristi
 dip when the sho
k wave passes [34℄, or a double-dip featureif a reverse sho
k o

urs [40℄. The dete
tability of su
h a signature has been studied ina Megaton Water �erenkov dete
tor like MEMPHYS by the IβD [34℄, and in a Largeliquid Argon dete
tor like GLACIER by Ar CC intera
tions [41℄. The sho
k wave e�e
tswould be 
ertainly visible also in a large volume s
intillator like LENA. Of 
ourse, apartfrom identifying the neutrino mixing s
enario, su
h observations would test our theoreti
alunderstanding of the 
ore-
ollapse SN phenomenon.One unequivo
al indi
ation of os
illation e�e
ts would be the energy-dependent mod-ulation of the survival probability p(E) 
aused by Earth matter e�e
ts [42℄. The Earthmatter e�e
ts 
an be revealed by wiggles in energy spe
tra and LENA bene�t from a betterenergy resolution than MEMPHYS in this respe
t whi
h may be partially 
ompensatedby 10 times more statisti
s [43℄. The Earth e�e
t would show up in the ν̄e 
hannel forthe normal mass hierar
hy, assuming that θ13 is large (Tab. 6). Another possibility toestablish the presen
e of Earth e�e
ts is to use the signal from two dete
tors if one ofthem sees the SN shadowed by the Earth and the other not. A 
omparison between thesignal normalization in the two dete
tors might reveal Earth e�e
ts [44℄. The sho
k wavepropagation 
an in�uen
e the Earth matter e�e
t, produ
ing a delayed e�e
t 5− 7 s afterthe 
ore-boun
e, in some parti
ular situations [45℄ (Tab. 6).Exploiting these three experimental signatures, by the joint e�orts of the 
omplemen-tarity SN neutrino dete
tion in MEMPHYS, LENA, and GLACIER it would be possibleto extra
t valuable information on the neutrino mass hierar
hy and to put a bound on θ13,as shown in Tab. 6.Other interesting ideas has been also studied in literature, ranging from the pointing ofa SN by neutrinos [46℄, an early alert for SN observatory exploiting the neutrino signal [47℄,and the dete
tion of neutrinos from the last phases of a burning star [48℄.Up to now, we have investigated SN in our Galaxy, but the 
al
ulated rate of supernovaexplosions within a distan
e of 10 Mp
 is about 1 per year. Although the number of eventsfrom a single explosion at su
h large distan
es would be small, the signal 
ould be separatedfrom the ba
kground with the request to observe at least two events within a time window
omparable to the neutrino emission time-s
ale (∼ 10 se
), together with the full energyand time distribution of the events [49℄. In a MEMPHYS dete
tor, with at least twoneutrinos observed, a supernova 
ould be identi�ed without opti
al 
on�rmation, so thatthe start of the light 
urve 
ould be fore
asted by a few hours, along with a short list ofprobable host galaxies. This would also allow the dete
tion of supernovae whi
h are eitherheavily obs
ured by dust or are opti
ally dark due to prompt bla
k hole formation.17



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 6: Summary of the neutrino properties e�e
t on νe and ν̄e signals.3.2.3 Di�use Supernova Neutrino Ba
kgroundA gala
ti
 Supernova explosion will be a spe
ta
ular sour
e of neutrinos, so that a varietyof neutrino and SN properties 
ould be determined. However, only one su
h explosion isexpe
ted in 20 to 100 years. Alternatively, it has been suggested that we might dete
t the
umulative neutrino �ux from all the past SN in the Universe, the so 
alled Di�use Su-pernova Neutrino Ba
kground (DSNB) 5. In parti
ular, there is an energy window around
20 − 40 MeV where the DSNB signal 
an emerge above other sour
es, so that proposeddete
tors may measure this �ux after some years of exposure times.The DSNB signal, although weak, is not only �guaranteed�, but 
an also probe di�erentphysi
s from a gala
ti
 SN, in
luding pro
esses whi
h o

ure on 
osmologi
al s
ales in timeor spa
e. This makes them 
omplementary to ele
tromagneti
 radiation whi
h is mu
heasier to dete
t, but also mu
h easier to be absorbed or s
attered on its way.For instan
e, the DSNB signal is sensitive to the evolution of the SN rate, whi
h is
losely related to the star formation rate [50, 54℄. Additionally, neutrino de
ay s
enarioswith 
osmologi
al lifetimes 
ould be analyzed and 
onstrained [51℄, as proposed in [52℄.An upper limit on the DSNB �ux has been set by the Super-Kamiokande experiment[53℄

φDSNB
ν̄e

< 1.2 
m−2 s−1 (Eν > 19.3 MeV) (5)However most of the estimates are below this limit and therefore DSNB dete
tion appearsto be feasible only with the large dete
tor foreseen, through ν̄e inverse beta de
ay inMEMPHYS and LENA dete
tors and through νe + 40Ar → e− + 40K∗ (and the asso
iatedgamma 
as
ade) in GLACIER.Typi
al estimates for DSNB �uxes (see for example [54℄) predi
t an event rate of theorder of (0.1 ÷ 0.5) 
m−2 s−1 MeV−1 for energies above 20 MeV.5We prefer the "Di�use" rather the "Reli
" word to not 
onfuse with the primordial neutrinos produ
edone se
ond after the Big Bang. 18



The DSNB signal energy window is 
onstrained from above by the atmospheri
 neutri-nos and from below by either the nu
lear rea
tor ν̄e (I), the spallation produ
tion unstableradionu
lei by 
osmi
 ray muons (II), the de
ay of "invisible" muon into ele
tron (III), andsolar νe neutrinos (IV). The three dete
tors are a�e
ted di�erently these ba
kgrounds.GLACIER looking at νe is mainly a�e
ted by type IV. MEMPHYS �lled with purewater is mainly a�e
ted by type III due to the fa
t that the muons may have not enoughenergy to produ
e �erenkov light. As pointed out in [34℄, with addition of Gadolinium [17℄the dete
tion of the 
aptured neutron releasing 8 MeV gamma after of the order of 20 µs (10times faster than in pure water), would give the possibility to reje
t neutrinos other than ν̄ethat is to say not only the "invisible" muon (type III) but also the spallation ba
kground(type II). LENA taking bene�t from the delayed neutron 
apture in ν̄e + p → n + e+,is mainly a�e
ted by rea
tor neutrinos (I) whi
h impose to 
hoose an underground sitefar from nu
lear plants: if LENA is deployed at the Center for Underground Physi
sin Pyhäsalmi (CUPP, Finland), there will be an observational window from ∼ 9.5 to30 MeV that is almost free of ba
kground. The expe
ted rates of signal and ba
kgroundare presented in Tab. 7.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 (?-60)/30Table 7: DSNB expe
ted rates. The larger numbers are 
omputed with the present limiton the �ux by SuperKamiokande 
ollaboration. The lower numbers are 
omputed fortypi
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
kgroundhas been s
aled by the exposure. More studies are needed to estimate the ba
kground atthe new Fréjus laboratory.A

ording to DSN models [54℄ that are using di�erent SN simulations from the LL[55℄, TBP [56℄ and KRJ [57℄ groups for the predi
tion of the DSN energy spe
trum and�ux, a dete
tion of the DSN in this energy regime with LENA seems all but 
ertain.Within ten years, 20 to 230 events are expe
ted, the exa
t number mainly depending onthe un
ertainties of the Star Formation Rate (SFR) in the near universe. Signal rates
orresponding to three di�erent DSN models and the ba
kground rates due to the rea
tor19



Figure 10: Di�use supernova neutrino signal and ba
kground in LENA dete
tor in 10 yearsof exposure. Shaded regions give the un
ertainties of all 
urves. An observational windowbetween ∼ 9.5 to 30 MeV that is almost free of ba
kground 
an be identi�ed.(I) and atmospheri
 neutrinos are shown in Fig. 10 for 10 years of measurement with LENAin CUPP.Moreover, assuming the most likely rates of 2.8 to 5.5 DSN events per year, after ade
ade of measurement statisti
s in LENA might already be good enough to distinguishbetween the LL and the TBP model that give the most di�erent predi
tions on the DSN'sspe
tral slope and therefore event rates. This will give valuable 
onstraints on the SNneutrino spe
trum and explosion me
hanism.Finally, if one a
hieves a threshold below 10 MeV for the DSN dete
tion it might bepossible to get a glimpse at the low-energeti
 part of the spe
trum that is dominatedby neutrinos emitted by SNe at redshifts z > 1. About 25% of the DSN events in theobservational window will be 
aused by these high-z neutrinos. This might provide a newway of measuring the SFR at high redshifts. At these distan
es, 
onventional astronomylooking for Star Formation Regions is strongly impeded by dust extin
tion of the UV lightthat is emitted by young stars. The z-sensitivity of the dete
tor 
ould be further improvedby 
hoosing a lo
ation far away from the nu
lear power plants of the northern hemisphere.For instan
e, a near to optimum DSN dete
tion threshold of 8.4 MeV 
ould be realized bydeploying LENA in New Zealand.An analysis of the expe
ted DSN spe
trum that would be observed with a gadolinium-loaded Water �erenkov dete
tor has been 
arried out in [58℄. The possible measurements ofthe parameters (integrated luminosity and average energy) of supernova ν̄e emission havebeen 
omputed for 5 years running of a Gd-enhan
ed SuperKamiokande dete
tor, whi
h20
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Figure 11: Possible 90% C.L. measurements of the emission parameters of supernova ele
-tron antineutrino emission after 5 years running of a gadolinium-enhan
ed SK dete
tor or1 year of one gadolinium-enhan
ed MEMPHYS shaft [58℄.would 
orrespond to 1 year of one Gd-enhan
ed MEMPHYS shaft. The results are shownin Fig. 11. Even if detailed studies on 
hara
terization of the ba
kground are needed, theDSN events may be as powerful as the measurement made by Kamioka and IMB with theSN1987A ν̄e events.3.3 Solar neutrinosIn the past years Water �herenkov dete
tors have measured the high energy tail (E >
5 MeV) of the solar 8B neutrino �ux using ele
tron-neutrino elasti
 s
attering [59℄. Sin
esu
h dete
tors 
ould re
ord the time of an intera
tion and re
onstru
t the energy anddire
tion of the re
oiling ele
tron, unique information of the spe
trum and time variationof the solar neutrino �ux was extra
ted. This provided further insights into the �solarneutrino problem�, the de�
it of the neutrino �ux (measured by several experiments) withrespe
t to the �ux expe
ted by the standard solar models . It also 
onstrained the neutrino�avor os
illation solutions in a fairly model-independent way.With MEMPHYS, Super-Kamiokande's measurements obtained from 1258 days of data
ould be repeated in about half a year (the seasonal �ux variation measurement requiresof 
ourse a full year). In parti
ular, a �rst measurement of the �ux of the rare "hep"neutrinos may be possible. Elasti
 neutrino-ele
tron s
attering is strongly forward peaked.To separate the solar neutrino signal from the isotropi
 ba
kground events (mainly due tolow radioa
tivity), this dire
tional 
orrelation is exploited. Angular resolution is limitedby multiple s
attering. The re
onstru
tion algorithm �rst re
onstru
ts the vertex fromthe PMT times and then the dire
tion assuming a single Cherenkov 
one originating fromthe re
onstru
ted vertex. Re
onstru
ting 7 MeV events in MEMPHYS seems not to be a21



problem and de
reasing the threshold would imply serious 
are of the dete
tor radioa
tivitylevel as well as the laboratory environment as air free of radon (
f. SNO Laboratory). Tobe 
ompleted if needed by MEMPHYS...With LENA, one would get a large amount of neutrinos from 7Be, arround ∼ 5.4 103/day.Depending on the signal-to-ba
kground ratio, this would provide a sensitivity for time vari-ations in the 7Be neutrino �ux of ∼ 0.5% during one month of measuring time. Su
h asensitivity may give information at a unique level on helioseismology (pressure or temper-ature �u
tuations) and on a possible magneti
 moment intera
tion with a timely varyingsolar magneti
 �eld.The pep neutrinos neutrinos are expe
ted also to be re
orded at a rate of 210/day, thiswould provide a better understanding the global solar neutrino luminosity. The neutrino�ux from the CNO 
y
le is theoreti
ally predi
ted only with the lowest a

ura
y (30%) ofall solar neutrino �uxes. Therefore, LENA would provide a new opportunity for a detailedstudy of solar physi
s. However, the observation of su
h solar neutrinos in these dete
tors,through i.e. elasti
 s
attering, is not a simple task, sin
e neutrino events 
annot be sepa-rated from the ba
kground, and it 
an be a

omplished only if the dete
tor 
ontaminationwill be kept very low [60℄. Moreover, only mono-energeti
 sour
es as su
h mentioned 
anbe dete
ted, taking advantage of the Compton-like shoulder edge produ
ed in the eventspe
trum.Re
ently, it has been investigated the possibility to register 8B solar neutrinos by meansof the 
harged 
urrent intera
tion with the 13C [61℄ nu
lei naturally 
ontained in organi
s
intillators. Even, if the event signal does not keep the dire
tionality of the neutrino,it 
an be separated from the ba
kground by exploiting the time and spa
e 
oin
iden
ewith the subsequent de
ay of the produ
ed 13N nu
lei (remaining ba
kground of about
60/year 
orresponding to a redution fa
tor of ∼ 3 10−4) [62℄. Around 360 events of thistype per year 
an be estimated for LENA. A deformation due to the MSW-e�e
t shouldbe observable in the low-energy regime after a 
ouple of years of measurements.For the proposed LENA lo
ation in Pyhäsalmi (∼ 4000 m.w.e.), the 
osmogeni
 ba
k-ground will be su�
iently low for the mentioned measurements. Noti
e that Fréjus lo
ationwould be also good in this respe
t (∼ 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 the KamLAND dete
tor.The solar neutrinos in GLACIER 
an be registered through the elasti
 s
attering νx +
e− → νx + e− (ES) and the absorption rea
tion νe + 40Ar → e− + 40K∗ (ABS) followedby γs emission. Even if these rea
tions have low threshold (e.g 1.5 MeV for the se
ondone), one expe
ts to operate in pra
ti
e with a threshold set at 5 MeV on the primaryele
tron kineti
 energy to reje
t ba
kground from neutron 
apture followed by gamma rayemission whi
h 
onstitute the main ba
kground in some underground laboratory [63℄ asfor the LNGS (Italy). These neutrons are indu
ed by the spontaneous �ssion of the 
avernro
k (note that in 
ase of a salt mine this ba
kground may be signi�
antly redu
ed).The expe
ted raw event rate is 330,000/year (66% from ABS, 25% from ES and 9%from neutron ba
kground indu
ed events) assuming the above mentioned threshold on the�nal ele
tron energy. Then, applying further o�ine 
uts to purify separatly the ES sample22



and the ABS sample, one gets the rates shown on Tab. 8. 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 1,700Table 8: Number of events expe
ted in GLACIER per year, 
ompared with the 
omputedba
kground (no os
illation) in the Gran Sasso Laboratory (Italy) ro
k radioa
tivity 
on-dition (i.e. 0.32 10−6 n cm−2 s−1(> 2.5 MeV). The Absorption 
hannel have been splitinto the 
ontributions of events from Fermi transition and from Gamow-Teller transitionof the 40Ar to the di�erent 40K ex
ited levels and that 
an be separated using the emittedgamma energy and multipli
ityA possible way to 
ombine the ES and the ABS 
hannels similar to the NC/CC �uxratio measured by SNO 
ollaboration [64℄, is to 
ompute the following 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 neutrino os
illations are labeled with a
0). This double ratio has the following advantages: �rst it is independent of the 8B totalneutrino �ux, predi
ted by di�erent solar models, and se
ond it is free of experimentalthreshold energy bias and of the adopted 
ross-se
tions for the di�erent 
hannels. With thepresent �t to solar and KamLAND data (see se
. 3.7), one expe
ts a value of R = 1.30±0.01after one year of data taking with GLACIER. The quoted error for R only takes into a

ountstatisti
s.3.4 Atmospheri
 NeutrinosCreation by JEC 27/4/06 waiting for M. Maltoni Draft ∼22May3.5 Geo neutrinosThe total power dissipated from the Earth (heat �ow) has been measured with thermalte
hniques to be 44.2± 1.0 TW. Despite this small quoted error, a more re
ent evaluationof the same data (assuming mu
h lower hydrothermal heat �ow near mid-o
ean ridges)has led to a lower �gure of 31± 1 TW. On the basis of studies of 
hondriti
 meteorites the
al
ulated radiogeni
 power is thought to be 19 TW (about half of the total power), 84%23



of whi
h is produ
ed by 238U and 232Th de
ay whi
h in turn produ
e ν̄e by β de
ays. It isthen of prime importan
e to measure the ν̄e �ux 
oming from the Earth to get geophysi
alinformation, with possible appli
ations in the interpretation of the geomagnetism.The KamLAND 
ollaboration has re
ently reported the �rst observation of the geo-neutrinos [65℄. The events are identi�ed by the time and distan
e 
oin
iden
e betweenthe prompt e+ and the delayed (200 µs) neutron 
apture produ
ed by ν̄e + p → n + e+and emiting a 2.2 MeV photons. The energy window to look at the geo-neutrino eventsis [1.7, 3.4] MeV: the lower bound 
orresponds to the rea
tion threshold while the upperbound is 
onstraints by the nu
lear rea
tor indu
ed ba
kground events. The measuredrate in the 1 kT liquid s
intillator dete
tor lo
ated at Kamioka (Japan) is 25+19
−18 for atotal ba
kground of 127 ± 13 events. The ba
kground is 
omposed by 2/3 of ν̄e from thenu
lear rea
tors in Japan and Korea6 and 1/3 of events 
oming from neutrons of 7.3 MeVprodu
ed in 13C(α, n)16O rea
tions and 
aptured as in the inverse beta de
ay rea
tion.The α parti
les 
ome from the 210Po de
ays daughter of the 222Rn of natural radioa
tivityorigin. The measured geo-neutrino events 
an be 
onverted in a rate of 5.1+3.9

−3.6 10−31 ν̄eper target proton per year 
orresponding 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 and 60 TW for the radiogeni
 power).In MEMPHYS, one expe
ts 10 times more geo-neutrino events but this would implyto de
rease the trigger threshold to 2 MeV whi
h seems 
hallenging with respe
t to thepresent SuperKamiokande threshold set to 4.6 MeV due to high level of raw trigger rate120 Hz and in
reasing by a fa
tor 10 ea
h times the trigger is lowered by 1 MeV [66℄. Thistrigger rate is driven by a number of fa
tors as γs from the ro
k surrounding the dete
tor,radioa
tive de
ay in the PMT glass itself and Radon 
ontamination in the water. So, it isa general interest to study in details the possibility to ta
kle the natural radioa
tivity ofthe dete
tors and their environment. To be 
on�rmed by MEMPHYSIn LENA at the underground laboratory at CUPP a geo-neutrino rate of roughly 1000/yfrom the dominant ν̄e + p → e+ + n inverse beta-de
ay rea
tion is expe
ted. The delayed
oin
iden
e measurement of the positron and the 2.2 MeV gamma event, following neutron
apture on protons in the s
intillator provides a very e�
ient tool to reje
t ba
kgroundevents. The threshold energy of 1.8 MeV allows the measurement of geoneutrinos from theUranium and Thorium series, but not from 40K. We 
al
ulate for LENA at CUPP a rea
torba
kground rate of about 240 events per year in the relevant energy window from 1.8 MeVto 3.2 MeV. This ba
kground 
an be subtra
ted statisti
ally using the information on theentire rea
tor neutrino spe
trum up to ≃ 8 MeV. As it was shown in KamLAND a seriousba
kground sour
e may 
ome from radio impurities. There the 
orrelated ba
kgroundfrom the isotope 210Po is dominating. However, with an enhan
ed radiopurity of thes
intillator, the ba
kground 
an be signi�
antly redu
ed. Taking the radio purity levels ofthe CTF dete
tor, where a 210Po a
tivity of 35 ± 12/m3d in PXE has been observed, this6These events have been used by KamLAND to 
on�rm and measure pre
isely the Solar driven neutrinoos
illation parameters 3.8. 24



ba
kground would be redu
ed by a fa
tor of about 150 
ompared to KamLAND and woulda

ount to less than 10 events per year in the LENA dete
tor. An additional ba
kgroundthat imitates the geoneutrino signal is due to 9Li, whi
h is produ
ed by 
osmi
 muons inspallation rea
tions with 12C and de
ays in a β-neutron 
as
ade. Only a small part of the
9Li de
ays falls into the energy window whi
h is relevant for geo-neutrinos. KamLANDestimates this ba
kground to be 0.30 ± 0.05 [65℄. At CUPP the muon rea
tion rate wouldbe redu
ed by a fa
tor ≃ 10 due to better 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 would be a very 
apable dete
tor formeasuring geo-neutrinos. Di�erent Earth's models 
ould be tested with great signi�
an
e.The sensitivity of LENA for probing the unorthodox idea of a geo-rea
tor in the Earth's
ore was estimated too. At the CUPP underground laboratory in Pyhäsalmi the neutrinoba
kground with energies up to ≃ 8 MeV due to nu
lear power plants was 
al
ulated tobe around 2200 events per year. At CUPP a 1 TW geo-rea
tor in the Earth's 
ore would
ontribute 210 events per year and 
ould be identi�ed at a statisti
al level of better than
4σ after only one year of measurement and after 10 years a 4σ sensitivity for 0.3 TW wouldbe rea
hed.Finally, in GLACIER the ν̄e + 40Ar → e+ + 40Cl∗ has a threshold of 7.5 MeV whi
his too high for geo-neutrino dete
tion.3.6 Indire
t Sear
h for Dark MatterWIMPs that 
onstitute the halo of the Milky Way 
an o

asionally intera
t with massiveobje
ts, su
h as stars or planets. When they s
atter o� of su
h an obje
t, they 
anpotentially lose enough energy that they be
ome gravitationally bound and eventually willsettle in the 
enter of the 
elestial body. In parti
ular, WIMPs 
an be 
aptured by anda

umulate in the 
ore of the Sun.We have assessed, in a model-independent way, the 
apabilities that GLACIER o�ersfor identifying neutrino signatures 
oming from the produ
ts of WIMP annihilations in the
ore of the Sun [67℄. Signal events will 
onsist of energeti
 ele
tron (anti)neutrinos 
omingfrom the de
ay of τ leptons and b quarks produ
ed in WIMP annihilation in the 
ore of theSun. Ba
kground 
ontamination from atmospheri
 neutrinos is expe
ted to be low. We donot 
onsider the possibility of observing neutrinos from WIMPs a

umulated in the Earth.Given the smaller mass of the Earth and the fa
t that only s
alar intera
tions 
ontribute,the 
apture rates for our planet are not enough to produ
e, in our experimental set-up, astatisti
ally signi�
ant signal.Our sear
h method takes advantage of the ex
ellent angular re
onstru
tion and su-perb ele
tron identi�
ation 
apabilities GLACIER o�ers to look for an ex
ess of energeti
ele
tron (anti)neutrinos pointing in the dire
tion of the Sun. The expe
ted signal andba
kground event rates have been evaluated, in a model independent way, as a fun
tion ofthe WIMP's elasti
 s
atter 
ross se
tion for a range of masses up to 100 GeV.The dete
tor dis
overy potential, i.e. the number of years needed to 
laim a WIMP25



signal has been dis
overed, is shown in Figs. 12 and 13. With the assumed set-up andthanks to the low ba
kground environment o�ered by the LAr TPC, a 
lear WIMP signalwould be dete
ted provided the elasti
 s
attering 
ross se
tion in the Sun is above ∼
10−4 pb.
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tor as fun
tion of σelastic for three val-ues of the WIMP mass.3.7 Neutrinos from rea
torsIt has been shown in se
tions 3.2 and 3.5 that ν̄e originated from nu
lear rea
tors 
an bea serious ba
kground for di�use supernova neutrino and geo-neutrino dete
tions. But, aba
kground on one side 
an be also turned to useful foreground on an other side. In par-ti
ular, the KamLAND 1 kT liquid s
intillator dete
tor lo
ated at Kamioka had measuredthe �ux of 53 Japanese power rea
tors delivering 701 Joule/
m2 [68℄. The event rate of
365.2 ± 23.7 above 2.6 MeV in 766 ton.y exposure from this nu
lear power rea
tors wasexpe
ted. The observed rate was 258 events with a total of ba
kground of 17.8± 7.3. The
lear de�
it interpreted in terms of neutrino os
illation leads to the measurement of θ12,the neutrino 1-2 family mixing angle (sin2 θ12 = 0.31+0.02

−0.03) as well as the mass squareddi�eren
e ∆m2
12 = 7.9 ± 0.3 10−5eV2 (error quoted at 1 σ).The area of pre
ise measurement is now under investigation. Running KamLAND for2-3 more years would gain 30% (4%) redu
tion in the spread of ∆m2

12 (θ12). It has beenshown that using Water �erenkov loaded with Gadolinium to in
rease by a fa
tor 10 the26



neutron 
apture [69℄ one 
an expe
t 80% (34%) redu
tion of the spread of ∆m2
12 (θ12) in110 kT.y exposure at Kamioka using SuperKamiokande.Investigation of what 
ould be expe
ted using MEMPHYS loaded with Gadoliniumand LENA is under investigation: waiting for the Th. S
hwetz and S. Pet
ov letter.A. Bueno 
omment: There have been no studies 
on
erning the dete
tion of rea
torneutrinos with LAr TPC. I do not know whether this se
tion is relevant or not, given thesmall amount of information we are able to give.3.8 Neutrinos from beams3.8.1 Introdu
tionIn this se
tion, we review the physi
s program o�ered by the proposed dete
tors usingdi�erent a

elerator based neutrino beams to push the sear
h for non-zero θ13 value, orthe measurement in 
ase of previous dis
overy and the sear
h for possible leptoni
 CPviolation (δCP); to determine the mass hierar
hy (i.e. the sign of ∆m2

31) and the θ23o
tant (i.e. θ23 > 45◦ or θ23 < 45◦). We 
over the potentiality of the so far studiedMEMPHYS at Fréjus using a possible new CERN proton driver (SPL) to upgrade to 4MWthe 
onventional neutrino beams (so-
alled Super Beams) and/or a possible new s
hemeof pure ele
tron (anti)neutrino produ
tion by using radioa
tive ion de
ays (so-
alled βBBeam). 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 by meanof muon de
ays (so-
alled Neutrino Fa
tory) that may be dete
ted with a LAr dete
tor aslarge as GLACIER.3.8.2 The CERN-SPL Super BeamThe CERN-SPL Super Beam proje
t is a 
onventional neutrino beam although based ona 4MW SPL (Super
ondu
ting Proton Lina
) proton driver impinging a liquid mer
urytarget to generate an intense π+ (π−) beam with small 
ontamination of kaon mesons.The initial baseline [70, 71, 72, 73, 74℄ has been improved [75℄ 
onsidering the spe
i�
requirements of a CERN to Fréjus baseline (130 km). The SPL proton energy has beenin
reased to 3.5 GeV/
 and a new pion fo
using system optimized. As a net e�e
t theexpe
ted neutrino �uxes of the optimized version of the SPL beam line are shown onFig. 14 and the event rates are presented in Tab. 9 for 2 years running with neutrinos and8 years running with antineutrinos.The use of a near and far dete
tor will allow for both νµ disappearan
e and νµ → νeappearan
e studies. The physi
s potential of the SPL Super Beam with MEMPHYS hasbeen extensively studied [71, 73, 75, 77, 76℄; however, the beam simulation will need someretuning after HARP results [78℄.After 5 years exposure in νµ disappearan
e mode, a 3σ a

ura
y of (3-4)% 
an bea
heived on ∆m2
31, and an a

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. 15). The27



βB SPL
δCP = 0 δCP = π/2 δCP = 0 δCP = π/2appearan
e νba
kground 113 600

sin2 2θ13 = 0 24 41
sin2 2θ13 = 10−3 66 76 93 10
sin2 2θ13 = 10−2 285 314 387 126appearan
e ν̄ba
kground 127 500
sin2 2θ13 = 0 23 36
sin2 2θ13 = 10−3 64 10 74 104
sin2 2θ13 = 10−2 271 100 297 390disapp. ν 98178 21033ba
kground 5 1disapp. ν̄ 72762 15731ba
kground 6 1Table 9: Number of events for appearan
e and disappearan
e signals and ba
kgrounds forthe βB, SPL to Fréjus s
enario with MEMPHYS as far dete
tor [76℄. We have used 10years of running in total for ea
h beams. For the appearan
e signals the event numbersare given for several values of sin2 2θ13 and δCP = 0 and π/2. The ba
kground as wellas the disappearan
e event numbers 
orrespond to θ13 = 0. For the other os
illationparameters the following values are used here and in the text as default values: ∆m2

31 =
+2.4 × 10−3 eV2, sin2 θ23 = 0.5, ∆m2

21 = 7.9 × 10−5 eV2, sin2 θ12 = 0.3.
28
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Figure 14: Neutrino �ux of β-Beam (γ = 100) and CERN-SPL Super Beam, 3.5 GeV, at130 km of distan
e (Fréjus).use of atmospheri
 neutrinos (ATM) 
an alleviate the o
tant ambiguity in 
ase of non-maximal mixing as it is shown in Fig. 15. Note however, thanks to a higher energy beam(∼ 750 MeV), the T2HK proje
t7 
an bene�t from a mu
h lower dependan
e on the Fermimotion to obtain a better energy resolution 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
tual true value of δCP, is a
hieved for sin2 2θ13 & 4 10−3 (θ13 & 3.6◦)as shown on Fig. 16. For maximal CP violation (δtrue
CP = π/2, 3π/2) the same dis
overylevel 
an be a
hieved for sin2 2θ13 & 8 10−4 (θ13 & 0.8◦). The best sensitivity for testingCP violation (i.e the data 
annot be �tted with δCP = 0 nor δCP = π) is a
hieved for

sin2 2θ13 ≈ 10−2 (θ13 ≈ 2.9◦) where 75% of the possible value of δCP 
an be tested at 3σ(Fig. 17).Although quite powerful, the SPL Super Beam is a 
onventional neutrino beam withknown limitations due to 1) a lower produ
tion rate of anti-neutrinos 
ompared to neutrinoswhi
h in addition to a smaller 
harged 
urrent 
ross-se
tion impose to run 4 times longerin anti-neutrino modes; 2) the di�
ulty to setup a a

urate beam simulation whi
h impliesto the design of a non-trivial near dete
tor setup (
f. K2K, MINOS, T2K) to master theba
kground level. Thus, a new type of neutrino beam, the so-
alled βB, is taken as aattra
tive alternative and is des
ribed in the following se
tion as well as a 
ombination ofthe two kinds of beams.7Here, we make referen
e to the proje
t where a 4MW proton driver may be build at KEK laboratoryto deliver an intense neutrino beam, whi
h send to Kamioka mine is dete
ted by a large Water �erenkovdete
tor. 29
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tion ofthe true value of δCP (left panel) and as a fun
tion of the fra
tion of all possible valuesof δCP (right panel). The width of the bands 
orresponds to values for the systemati
alerrors between 2% and 5%. The dashed 
urves 
orrespond to the 
ombination of βB andSPL with 10 yrs of total data taking ea
h for a systemati
al error of 2%.3.8.3 The CERN-βB baseline s
enarioBeta beams have been proposed by P. Zu

helli in 2001 [80℄. The idea is to generate pure,well 
ollimated and intense νe(ν̄e) beams by produ
ing, 
olle
ting, a

elerating radioa
tiveions and storing them in a de
ay ring in 10 ns long bun
hes, to suppress the atmospheri
neutrino ba
kgrounds. The resulting βB spe
tra 
an be easily 
omputed knowing the betade
ay spe
trum of the parent ion and the Lorentz boost fa
tor γ, and these beams arevirtually ba
kground free from other �avors. The best ion 
andidates so far are 18Ne and
6He for νeand ν̄e, respe
tively. A baseline study for the βB has been initiated at CERN,and is now going on within the European FP6 design study for EURISOL.The potential of su
h βB sent to MEMPHYS has been studied in the 
ontext of thebaseline 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 theultimately a
hievable �uxes. First os
illation physi
s studies [81, 82, 83, 84℄ used γ6He = 60and γ18Ne = 100. But, it was soon realized that the optimal values were a
tually γ = 100 forboth spe
ies, and the 
orresponding performan
es have been re
ently reviewed in referen
e[76℄.On Fig. 16 the result of running a βB during 10 years (5 years with neutrinos and 5years with anti-neutrinos) is shown and prove to be better 
ompared to a SPL Super beamrun, espe
ially for maximal CP violation where a non-zero θ13 value 
an be stated at 3σ31
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for sin2 2θ13 & 6 10−3 (θ13 & 2.2◦). Moreover, it is noti
eable (Figs. 16,17) that the βBis less a�e
ted by systemati
 errors on the ba
kground 
ompared to the SPL Super beamand T2HK.Before 
ombining the two possible CERN beams, let us 
onsider LENA as potentialdete
tor. LENA (Comment by JEC: whi
h mass?) 
an as well be used as dete
tor fora low-energy βB os
illation experiment. Using a neutrino beam of about 600-800 MeV,muon events are separable from ele
tron events due to their di�erent tra
k lengths in thedete
tor and due to the ele
tron emitted in the muon de
ay after a mean time of 2.2 µs.In simulations it has been shown that for those energies, muons travel ∼ 3 m whileele
trons only ∼ 1 m as ele
trons undergo s
attering and bremsstrahlung. This results indi�erent distributions of the number of photons and the timing pattern, whi
h 
an be usedto distinguish between the two 
lasses of events. Further studies on the event positionre
onstru
tion will be performed to estimate the e�
ien
y of muon/ele
tron separation.In addition, muons 
an be re
ognized by observing the ele
tron of its su

eeding de
ay. Ithas been 
al
ulated that the e�
ien
y in the dete
tion of these ele
trons is ∼ 96%. Forthe rest of events the de
ay happens too fast and 
annot be resolved from the pre
edingmuon signal.It is important to point out that for the mentioned muon/ele
tron separation, a �du
ialvolume has to be de�ned to guarantee full 
ontained events. This would redu
e the �du
ialvolume of LENA by only 10%.The advantage of using a liquid s
intillator dete
tor for su
h an experiment is the goodenergy re
onstru
tion of the neutrino beam. Neutrinos of these energies 
an produ
e deltaresonan
es whi
h subsequently de
ay into nu
leon and pion. In Water �erenkov dete
tors,pions with energies under the �erenkov threshold 
ontribute to the error in the energy ofthe neutrino. In LENA these parti
les 
an be dete
ted.To 
on
lude this se
tion, let us mention a very re
ent development of the βB 
on-
ept: �rst, authors of referen
e [85℄ are 
onsidering a very promising alternative for theprodu
tion of ions, and se
ondly, the possibility to have mono
hromati
, single �avor neu-trino beams by using ions de
aying through the ele
tron 
apture pro
ess [86, 87℄. Su
hbeams would in parti
ular be perfe
t to pre
isely measure neutrino 
ross se
tions in a neardete
tor with the possibility of an energy s
an by varying the γ value of the ions.3.8.4 
ombining SPL Beam and βB with MEMPHYS at FréjusSin
e a βB uses only a small fra
tion of the protons available from the SPL, Super andBeta beams 
an be run at the same time. Their 
ombination leads to further improvementson the sensitivity on θ13 and δCP, as shown on Fig. 16. It pushes espe
ially at maximalCP violation the dis
overy potential down to sin2 2θ13 & 3 10−4 (θ13 & 0.5◦).Moreover, using only neutrino modes, νµ for SPL and νe for βB, if CPT symmetry isassumed, all the information 
an be obtained as Pν̄e→ν̄µ
= Pνµ→νe

and Pν̄µ→ν̄e
= Pνe→νµ

.We illustrate this synergy in Fig. 18. In this s
enario, time 
onsuming anti-neutrino running
an be avoided keeping the same physi
s dis
overy potential.33
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overy potential of a �nite value of sin2 2θ13 at 3σ (∆χ2 > 9) for 5 yrsneutrino data from βB, SPL, and the 
ombination of βB + SPL 
ompared to 10 yrs datafrom T2HK (2 yrs neutrinos + 8 yrs antineutrinos).One 
an also 
ombine SPL, βB and the atmospheri
 neutrinos (ATM) to alleviate theparameter degenera
ies whi
h lead to dis
onne
ted regions on the multi-dimensional spa
eof os
illation parameters8. Atmospheri
 neutrinos, mainly multi-GeV e-like events, are sen-sitive 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 due to os
illations with
∆m2

21.The result of running during 5 years on neutrino mode for SPL and βB, adding furtherthe ATM data, is shown on Fig. 19 [76℄. One 
an appre
iate that pra
ti
ally all thedegenera
ies 
an be eliminated as only the solution with the wrong sign survives witha ∆χ2 = 3.3. This last degenera
y 
an be 
ompletely eliminated using neutrino mode
ombined with anti-neutrino mode and ATM data [76℄, however the example shown is afavorable 
ase with sin2 θ23 = 0.6, and in general for sin2 θ23 < 0.5 the impa
t of theatmospheri
 data is weaker.So, as a generi
 
ase, for the CERN-MEMPHYS proje
t, one is left with the fourintrinsi
 degenera
ies. However, the important observation of Fig. 19 is that degenera
ieshave only a very small impa
t on the CP violation dis
overy, in the sense that if the truesolution is CP violating also the fake solutions are lo
ated at CP violating values of δCP.Therefore, thanks to the relatively short baseline without matter e�e
t, even if degenera
iesa�e
t the pre
ise determination of θ13 and δCP, they have only a small impa
t on the CPviolation dis
overy potential. Furthermore, one would quote expli
itly the four possible set8See referen
e [88℄ for the de�nitions of intrinsi
, hierar
hy, and o
tant degenera
ies34
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Figure 19: Allowed regions in sin2 2θ13 and δCP for 5 years data (neutrinos only) from
βB, SPL, and the 
ombination. Htr/wr(Otr/wr) refers to solutions with the true/wrongmass hierar
hy (o
tant of θ23). For the 
olored regions in the left panel also 5 years ofatmospheri
 data are in
luded; the solution 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 βBonly analysis (middle panel) an external a

ura
y of 2% (3%) for |∆m2

31| (θ23) has beenassumed, whereas for the left and right panel the default value of 10% has been used.of parameters with their respe
tive 
on�dential level. It is also 
lear from the �gure thatthe sign(∆m2
31) degenera
y has pra
ti
ally no e�e
t on the θ13 measurement, whereas theo
tant degenera
y has very little impa
t on the determination of δCP.Another feature of the ATM data is to provide a non-trivial sensitivity to the neutrinomass hierar
hy (i.e. the sign of ∆m2

31) as shown on Fig. 20 for 10 years run. The masshierar
hy 
an be identi�ed at 2σ CL provided sin2 2θ13 & 0.02 for βB and SPL 
ombined[76℄.Finally, before ending this se
tion, it may be worth mentioning that the 
ombinationof Super and β beams o�ers advantages, from the experimental point of view, sin
e thesame parameters θ13 and δCP may be measured in many di�erent ways, using 2 pairs ofCP related 
hannels, 2 pairs of T related 
hannels, and 2 pairs of CPT related 
hannelswhi
h should all give 
oherent 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, theunos
illated data for a given beam will give a large sample of events 
orresponding to thesmall sear
hed-for signal with the other beam, adding more handles on the understandingof the dete
tor response.3.8.5 
omparison with other proje
tsJEC: Is this se
tion 
orre
tly pla
ed? Is the text still valid?Before the advent of megaton 
lass dete
tors re
eiving neutrino from a Super Beam35
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and/or β Beam, several beam experiments (MINOS, OPERA, T2K, NoVA) and rea
torexperiments (su
h as Double-CHOOZ) will have improved our knowledge on θ13.If θ13 is found by these experiments, it will be "big" (above 4 degrees), and megatondete
tors will be the perfe
t tool to study CP violation, with no need for a NeutrinoFa
tory. If on the 
ontrary, only an upper limit around 2 to 3 degrees is given on θ13, onemight 
onsider an alternative between a staged strategy, starting with megaton dete
tors,to explore θ13 down to 0.5 degree and start a ri
h program of non os
illation physi
s,eventually followed by a Neutrino Fa
tory if θ13 is not found (see the following se
tion); ora more aggressive strategy, aiming dire
tly at Neutrino Fa
tories to explore θ13 down to0.3 degree, but with no guarantee of su

ess; in the latter 
ase, the non-os
illation physi
sis lost, but would be repla
ed by pre
ision muon physi
s (whi
h has to be assessed and
ompared with other proje
ts in this �eld).There is no doubt that a Neutrino Fa
tory with a dedi
ated dete
tor has a biggerpotential than a Super Beam or a βB with a Water �erenkov dete
tor for very low valuesof θ13 (below 2 degrees), and the only 
ompetition in that 
ase 
ould 
ome from so-
alledhigh energy β Beams. An abundant literature has been published on this subje
t (see[90, 91, 92, 93, 94, 95℄), but most authors have taken as granted that the neutrino �uxesfrom β Beams 
ould be kept the same at higher energies, whi
h is far from evident [96℄and implies a lot of R&D on the required a

elerators and storage rings before a useful
omparison 
an be made with neutrino fa
tories.Presently, the only relevant 
omparison is between the several megaton proje
ts, namelyUNO, Hyperkamiokande (HK) and MEMPHYS, or their variants using liquid argon te
h-nology (su
h as FLARE in the USA, GLACIER in Europe). In the previous se
tion, wehave shown a 
omparison between HK and MEMPHYS, showing a de�nite advantage forthe latter, due to the CERN-βB. However, re
ent variants of HK using a se
ond dete
torin Korea would have to be 
onsidered. UNO, for the time being, refers to a study of a verylong baseline (2500 km) neutrino wide band Super beam produ
ed at Brookhaven, whi
hgives a disappointing sensitivity on θ13 at the level of 4 degrees (this is due to the fa
tthat this multiGeV beam leads to high π0 ba
kgrounds in a Water �erenkov dete
tor, asexplained before).3.8.6 Neutrino Fa
tory LAr dete
torIn order to fully address the os
illation pro
esses at a neutrino fa
tory, a dete
tor should be
apable of identifying and measuring all three 
harged lepton �avors produ
ed in 
harged
urrent intera
tions and of measuring their 
harges to dis
riminate the in
oming neutrinoheli
ity. This is an experimentally 
hallenging task, given the required dete
tor mass forlong-baseline experiments.The GLACIER 
on
ept o�ers a high granularity, ex
ellent 
alorimetry non magnetizedtarget dete
tor, whi
h 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 
anassume that 
harge dis
rimination is available for muons rea
hing an external magnetized-37



Fe spe
trometer. Another interesting and extremely 
hallenging possibility would 
onsiston magnetizing the whole liquid argon volume [97℄. This set-up allows the 
lean 
lassi�-
ation of events into ele
tron, right-sign muon, wrong-sign muon and no-lepton 
ategories.In addition, high granularity permits a 
lean dete
tion of quasi-elasti
 events, whi
h bydete
ting the �nal state proton, provide a sele
tion of the neutrino ele
tron heli
ity withoutthe need of an ele
tron 
harge measurement.Table 10 summarizes the expe
ted rates for GLACIER and 1020 muon de
ays (expe
ted1 year of operation) at a neutrino fa
tory with stored muons having an energy of 30GeV [98℄. Ntot is the total number of events and Nqe is the number 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 −Table 10: Expe
ted events rates for the GLACIER dete
tor in 
ase no os
illations o

urfor 1020 muon de
ays. We assume Eµ=30 GeV. Ntot is the total number of events and Nqeis the number of quasi-elasti
 events.Figure 21 shows the expe
ted sensitivity in the measurement of the mixing angle be-tween the �rst and the third family for a baseline of 7400 km. The maximal sensitivity to
θ13 is a
hieved for very small ba
kground levels, sin
e we are looking in this 
ase for smallsignals; most of the information is 
oming from the 
lean wrong-sign muon 
lass and fromquasi-elasti
 events. On the other hand, if its value is not too small, for a measurement of
θ13, the signal/ba
kground ratio 
ould be not so 
ru
ial, and also the other event 
lasses
an 
ontribute to this measurement.Like for a B-Fa
tory, a ν-Fa
tory should have among its aims the over 
onstraining ofthe os
illation pattern, in order to look for unexpe
ted new physi
s e�e
ts. This 
an bea
hieved in global �ts of the parameters, where the unitarity of the mixing matrix is notstri
tly assumed. Using a dete
tor able to identify the τ lepton produ
tion via kinemati
means, it is possible to verify the unitarity in νµ → ντ and νe → ντ transitions. For thislatter, the possibility of a kinemati
al τ identi�
ation for wrong-sign muon events 
ouldallow for the �rst time a 
lear identi�
ation of this type of os
illations.The study of CP violation in the lepton system is a very fas
inating subje
t and prob-38
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Figure 21: GLACIER sensitivity for θ13.ably, the most ambitious goal of an experiment at a neutrino fa
tory. Matter e�e
t 
anmimi
 CP violation; however, a multi parameter �t at the right baseline 
an allow a simul-taneous determination of matter and CP-violating parameters.To dete
t CP violation e�e
ts, the most favorable 
hoi
e of neutrino energy Eν andbaseline L is in the region of the ��rst maximum�, given by (L/Eν)
max ≃ 500 km/GeVfor |∆m2

32| = 2.5 × 10−3 eV2 [99℄. To study os
illations in this region, one has to re-quire that the energy of the ��rst-maximum� be smaller than the MSW resonan
e energy:
2
√

2GF neE
max
ν . ∆m2

32 cos 2θ13. This �xes a limit on the baseline Lmax ≈5000 km beyondwhi
h matter e�e
ts spoil the sensitivity.As an example, Fig. 22 shows the sensitivity on the CP violating phase δ for two
on
rete 
ases. We have 
lassi�ed the events in the �ve 
ategories previously mentioned,assuming an ele
tron 
harge 
onfusion of 0.1%. We have 
omputed the ex
lusion regionsin the ∆m2
12 − δ plane �tting the visible energy distributions, provided that the ele
trondete
tion e�
ien
y is ∼ 20%. The ex
luded regions extend up to values of |δ| 
lose to π,even when θ13 is left free.
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Figure 22: GLACIER 90% C.L. sensitivity on the CP -phase δ as a fun
tion of ∆m2
21 for thetwo 
onsidered baselines. The referen
e os
illation parameters are ∆m2

32 = 3 × 10−3 eV2,
sin2 θ23 = 0.5, sin2 θ12 = 0.5, sin2 2θ13 = 0.05 and δ = 0. The lower 
urves are made �xingall parameters to the referen
e values while for the upper 
urves θ13 is free.4 Underground sitesThe proposed large dete
tors require underground site naturally prote
ted against 
osmi
rays that indu
e ba
kground events mainly for non-a

elerator type of physi
s. Other
onsiderations take pla
e as the a

essibility to the experiment, the possibility to pro
eedto large ex
avation at reasonable 
ost and time... The ILIAS European Resear
h A
tivity(JRA1) had main obje
tive to identify and measure the di�erent ba
kground 
omponentsof experiments 
arried out in the underground laboratories, and to design methods andte
hniques to suppress them. Some measurements are still underway and all undergroundsites are not at the same level of quali�
ation.Nevertheless in Tab. 11 some ba
kground 
hara
teristi
s are summarized for the under-ground laboratories that might host the proposed dete
tors. In this table the equivalentdepth is de�ned a

ording to referen
e [100℄ to the depth where the same muon intensity40
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SudburyFigure 23: The total muon �ux measured for the various underground sites as a fun
tionof the equivalent verti
al depth relative to a �at overburden. The smooth 
urve is a global�t fun
tion to those data taken from sites with �at overburden (equation 7) [100℄.o

urs for a �at overburden laboratory. In this 
ase the muon �ux Iµ (
m−2s−1) at a givendepth he (km.w.e) has been adjusted and it yields (Fig. 23):
Iµ(he) =

(

67.97e−he/0.285 + 2.071e−he/0.698
)

× 10−6 (7)Using the same equivalent depth, the muon-indu
ed neutron �ux (
m−2s−1) emerging fromthe ro
k 
an also be parametrized as
In(he) =

[

(4.0 ± 1.1)
0.86 ± 0.05

he
e−he/(0.86±0.05)

]

× 10−7 (8)and is shown on Fig. 24. In the following se
tions more details on the sites are given.4.1 Fréjus lo
ationThe site lo
ated in the Fréjus mountain in the Alps, whi
h is 
rossed by a road-tunnel
onne
ting Fran
e (Modane) to Italy (Bardone

hia), has a number of interesting 
hara
-teristi
s making it a very good 
andidate for the installation of a megaton-s
ale dete
torin Europe, aimed both at non-a

elerator and a

elerator based physi
s. Its great depth,the good quality of the ro
k, the fa
t that it o�ers horizontal a

ess, its distan
e fromCERN (130 km), the opportunity of the ex
avation of a se
ond (�safety�) tunnel, the veryeasy a

ess by train (TGV), by 
ar (highways) and by plane (Geneva, Torino and Lyonairports), the strong support from the lo
al authorities represent the most important ofthese 
hara
teristi
s. 41



Fréjus Pyhäsalmi Boulby Canfran
 Sieroszowi
eLo
ation Italie-Fran
e border Finland UK Spain PolandType Fréjus tunnel Mine Potash Mine Somport tunnel MineVerti
al Depth (km.w.e) 4.8 4.0 3.5 ? 2.5 ?Equiv. Depth (km.w.e) 4.2 ? 2.8 ? ?

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) ? ? ? ?

238U (ppm) Ro
k/Cavern 0.84/1.90 28-44 Bq/m3 0.07 ? ?

232Th (ppm) Ro
k/Cavern 2.45/1.40 4-19 Bq/m3 0.12 ? ?K (Bq/kg) Ro
k/Cavern 213/77 267-625 Bq/m3 1130 ? ?Rn (Bq/m3) Cavern (Vent. ON/OFF) 15-150 10-148 ? ? ? ?Table 11: Summary of some 
hara
teristi
s of some sites foreseen for the proposed dete
tors. The Rn 
ontent dependson the ventilation of the 
avity. To be 
ompleted and 
ross-
he
ked.
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Figure 24: The total muon-indu
ed neutron �ux dedu
ed for the various underground sitesdisplayed with the parametrization of equation 8 [100℄.On the basis of these arguments, the DSM (CEA) and IN2P3 (CNRS) institutionsde
ided to perform a feasibility study of a Large Underground Laboratory in the 
entralregion of the Fréjus tunnel, near the already existing, but mu
h smaller, LSM Labora-tory. This preliminary study has been performed by the SETEC (Fren
h) and STONE(Italian) 
ompanies and is now 
ompleted. These 
ompanies already made the study andmanaged the realisation of the Fréjus road tunnel and of the LSM (Laboratoire Souterainde Modane) Laboratory. A large number of pre
ise and systemati
 measurements of thero
k 
hara
teristi
s, performed at that time, have been used to make a pre-sele
tion ofthe most favorable regions along the road tunnel and to 
onstrain the simulations of thepresent pre-study for the Large Laboratory.Three regions have been pre-sele
ted : the 
entral region and two other regions atabout 3 km from ea
h entran
e of the tunnel. Two di�erent shapes have been 
onsideredfor the 
avities to be ex
avated: the �tunnel shape� and the �shaft shape� and the mainpurpose was to determine the maximum possible size for ea
h of them, the most sensitivedimension being the width (the so-
alled �span�) of the 
avities.The very interesting results of this preliminary study 
an be summarized as follows :1. the best site (ro
k quality) is found in the middle of the mountain, at a depth of4800 m.w.e (verti
al depth);2. of the two 
onsidered shapes : �tunnel� and �shaft�, the �shaft shape� is stronglypreferred;3. 
ylindri
al shafts are feasible up to a diameter Φ = 65 m and a full height h = 80 m(∼ 250000 m3); 43



Figure 25: Envisaged 
on�guration of the Fréjus underground laboratory.4. with �egg shape� or �intermediate shape between 
ylinder and egg shapes� the volumeof the shafts 
ould be still in
reased (see Fig. 26);5. the estimated 
ost is ∼ 80 Me per shaft. JEC 
omment: should we put this kind of
ost estimate ?Fig. 25 shows a possible 
on�guration for this large Laboratory, where up to �ve shafts,of about 250000 m3 ea
h, 
an be lo
ated between the road tunnel and the railway tunnel,in the 
entral region of the Fréjus mountain.Two possible s
enarios for Water �erenkov dete
tors are, for instan
e:
• 3 shafts of 250000 m3 ea
h, with a �du
ial mass of 440 kton (�UNO-like� s
enario).
• 4 shafts of 250000 m3 ea
h, with a �du
ial mass of 580 kton.In both s
enarios one additional shaft 
ould be ex
avated for a Liquid Argon and/or aliquid s
intillator dete
tor of about 100 kton total mass.5 SummaryThe three proposed dete
tors (MEMPHYS, LENA, GLACIER) based on 
ompletely dif-ferent dete
tion te
hniques (Water �erenkov, Liquid S
intillator, Liquid Argon) share to alarge extend a very ri
h physi
s panorama and in some 
ases their dete
tion spe
i�
ities are
omplementary. A brief summary of the s
ienti�
 
ase is presented both for non-a

eleratorbased topi
s and the a

elerator neutrino os
illation topi
 on tables 12 and 13, respe
tively.
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Figure 26: An example of �shaft shape� simulation, 
onstrained by the ro
k parametermeasurements made during the road tunnel and the present laboratory ex
avation. Asa rule of thumb, the main feasibility 
riterion is that the signi�
antly perturbed regionaround the 
avity should not ex
eed a thi
kness of about 10 m whi
h is about half of thelength of the longuest an
hors shown.
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Topi
s GLACIER LENA MEMPHYS(100 kt) (50 kt) (440 kt)Proton de
ay

e+π0 0.5 × 1035 - 1.0 × 1035

ν̄K+ 1.1 × 1035 0.4 × 1035 0.2 × 1035SN ν (10 kp
)CC 2.5 104(νe) 9.0 103(ν̄e) 2.0 105(ν̄e)NC 3.0 104 3.0 103 -ES 1.0 103(e) 7.0 103(p) 1.0 103(e)DSN ν (5 yrs Sig./Bkgd) ?-60/30 10-115/4 43-109/47 (*)Solar ν (1 yr Sig.) 4.5 104/1.6 105 (8B ES/Abs) 2.0 106/7.7 104/360 (7Be/pep/8B) 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) ? ?A

elerator νbaseline ? ? CERN-Fréjus (130 km)SPL + βB (5 yrs)

θ3σ
13 ≈ 1.7◦ (CP )

θ3σ
13 ≈ 0.6◦ (6 CP )

75% of all δCP (3σ) for

θ13 ≈ 2.9◦with ATM:degenera
ies, masshierar
hy, θ23-o
tantTable 12: Brief summary of the physi
s potential of the proposed dete
tors for non-a

elerator based topi
s. The (*)stands for the 
ase where one MEMPHYS shaft is �lled with Gadolinium.To be 
ompleted
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Dete
tor Beam type Running time ResultMEMPHYS CERN-SPL (disapp.) 5 yrs δ∆m2
31 = (3 − 4)% and δ sin2 θ23 = (5 − 22)%CERN-SPL (app.) 10 yrs θ3σ

13 ≈ 1.8◦ (δCP = 0, π) and θ3σ
13 ≈ 0.8◦ (δCP = π

2 , 3π
2 )CERN-βB (app.) 10 yrs θ3σ

13 ≈ 1.9◦ (δCP = 0, π) and θ3σ
13 ≈ 0.7◦ (δCP = π

2 , 3π
2 )SPL+βB (app.) 5 yrs θ3σ

13 ≈ 1.7◦ (δCP = 0, π) and θ3σ
13 ≈ 0.6◦ (δCP = π

2 , 3π
2 )SPL+βB (app.) 10 yrs θ3σ

13 ≈ 1.7◦ (δCP = 0, π) and θ3σ
13 ≈ 0.5◦ (δCP = π

2 , 3π
2 )

75% of all δCP at 3σ for θ13 = 3◦SPL+βB+ATM 10 yrs 2σ mass hier. for θ13 > 4◦, degenera
y redu
tionGLACIERTable 13: Brief summary of the physi
s potential of the proposed dete
tors for a

elerator os
illation topi
. To be
ompleted
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